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1. Laika notikumu registracijas un meriSanas sistemas
prototipu aprobacija dazados realiem apstakliem
pietuvinatos scenarijos, kur nepiecieSama
pikosekunzu precizitate

The main object of this year activity is to show real applications for event timing
systems requiring the picosecond precision for time measurements.

During this period of time research was done on the problems related to the Event
Timer (ET) using in the following real application systems:

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

e LIDAR and 3-D scan systems;

e Free-Falling Absolute Gravimeters;

¢ Single Photon Counting Systems.

Solving the first problem allows to register time measurements in the time-scale
related to UTC and using any pairs of time-tags for the corresponding range
calculation. The Event Timer module application in Time Analyzers requires special
transformation of analyzed signals into event sequences and registration of these
events with very high precision. LIDAR and 3-D Scan systems are the systems that
use ranging to get outlines of the scanned objects and for improved performance they
require using of Event Timers with high repetition rate and high time resolution. In
gravimetry systems, very small deviation of the gravitational acceleration has to be
detected and that requires time registration with appropriate very high accuracy. In a
number of physical measurements related to the considered studies, the properties of
matter requires high stability and linearity of time instant registration at photon
detection. The developed Event Timer can provide for achieving such high stability
and linearity.

1.1. Satellite Laser Ranging and Laser Time Transfer

Satellite Laser Ranging (SLR) systems measure the round trip time of flight of
ultra short pulses of light to satellites equipped with retroreflectors. The first
observation station with such systems appeared in 60s. In 1998 SLR stations around
the world have agreed to form the International Laser Ranging Service society to
enhance geophysical and geodetic research activities. Now about 80 SLR stations are
included in this society and 50 of them supply global data centers by ranging
information on a regular basis. Besides the precise orbit determination of the geodetic
satellites the global network of SLR stations has evolved into a powerful source of
data for studies of the solid Earth and its ocean and atmospheric systems. The precise
orbit determination provides for spaceborne radar altimeter missions mapping the
ocean surface, for mapping volumetric changes in continental ice masses, and for land
topography. SLR presents a means for subnanosecond global time transfer, and a
basis for special tests of the Theory of General Relativity. More information about
Satellite Laser Ranging and Earth Science is presented in [1.1].



1.1.1. Event timing in Satellite Laser Ranging

Routine SLR stations are working with lasers emitting pulses at 10 MHz
frequency for Low Earth Orbit and geodetic satellites (round trip time is less than 50
ms) and at 5 MHz for GPS satellites (round trip time is 130-140 ms). In such case the
round trip of the light pulse is completed before the next pulse is emitted and the
known Time Interval counters (SR620 from Stanford Reserach, HP5370 from Hewlett
Pakkard, SeTIC from IECS) are widely exploited for ranging. To support such “slow”
mode of ranging, the more precise A0O33-ET (A032-ET) is employed in a cyclical
mode and the internal gating can be used. The time diagram of the involved events
and procedures is shown in Fig.1.1.

Ranging period

Input A -- ---V ----------------------------------------------------------- L---  START
— GATE
o oYU 38 = | U """" [/" """""""""""" ---- STOP
START ’ STOP-s Arming
Arming | reading gqnﬁ; f reading and
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Figure 1.1 Time diagram of A033-ET operation in cyclical mode

Number of STOP events is defined by customer specifics. For example, Riga
Event Timing System designed for Riga SLR station [1.2] has additional STOP event
that characterizes the video impulse from the photomultiplyer. This information
provides for refinement of the registered range value. The structure and functionality
of this system is considered in [1.3].

In 2004 new Laser Ranaging systems appeared with ranging repetion rate 2 KHz
that was restricted by the specially developed event timer on the base of Dassay
timing modules having 400 us dead time [1.4]. Latter this SLR station has
successfully approbated our A032-ET for 10 KHz ramging [1.5]. The previously used
Time Interval Counters actually cannot be applied for KHz ranging as then multiplex
START-s and corresponding STOP-s would have to be incorporated into at least 80
(1) counters for geodetic satellite ranging in 2 KHz frequency:

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

In case of KHz SLR, the AO33-ET (A032-ET) is working in continuous mode
with external gating by mean of pulses arrived in Input GATE (Fig.1.2).
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Figure 1.2 Time diagram of A033-ET operation in continuous mode

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

e get timing data from ET, recognize the START events which in ET are
marked specifically, predict times of acording STOP-s and issue the GATE
pulse to the Input GATE of the ET;

o register the START event by simple timer with medium precision (0.5 ns is
enough), predict the time of acording STOP and issue the GATE pulse to the
ET or directly to Single Photon Avalance Diode (SPAD) control;

e control the laser pulse emission [START event] so that a corresponding STOP
pulse hit to predicted GATE area controlled via Input GATE of the ET or
directly at SPAD.

We developed the device of the first type and checked it in combination with
AO032-ET [1.6] and AO033-ET [1.7]. A similar device has been implemented in
Potsdam SLR station on the base of a microcontroller [1.8]. A number of devices of
the second type were developed in Graz and are used in some SLR stations [1.9]. The
devices of third type are developed and used in some China SLR stations [1.10] [1.11].

1.1.2. Event timing in Laser Time Transfer

Laser Time Transfer between Satellites and ground stations is based on SLR and
additional on-board Event Timer in Satellite. Such experiments are carried out from
2007 in the frameworks of international collaboration projects, but now the main
forces are concentrated in the project “Laser Time Transfer” of the European Space
Agency mission “Atomic Clock Ensemble in Space”.

The principle of Laser Time Transfer (LTT) is illustrated in Fig.1.3.
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Figure 1.3 The principle of Laser Time Transfer [1.12]

In accordance to the notations in Fig. 1.3, the clock difference AT between satellite
and ground clock is:

AT =7, ~T; ~T,, (1.1)

where
7,, - laser pulse flight time from the ground to satellite;

T - time difference between the pulse emission and 1PPS in the ground clock;
Ts - time difference between the received pulse and 1PPS in the satellite clock.

For LTT experiment in China, two Riga Event Timers are used on the ground
(Fig.1.4). Event Timer 1 is applied for measuring the start and stop events at high
precision SLR. Through identifying corresponding Start-and-Stop events, the laser
pulse flight time for ground-satellite-ground 7 is obtained. After considering the
correction of the Earth rotation (Sagnac effect), the laser pulse flight time for ground-
satellite up 7,, is to be calculated. Event Timer 2 measures the time interval T
between the start event and 1PPS on the ground clock. According to the principle of
LTT, the precision of measured up 7,, and T directly affects that of clock difference
between satellite and ground.

The precision of time transfer in these first experiments was about 200 ps, while
the accuracy for synchronizing ground clocks can be better than 50 ps, as the
continuous work in European Space Agency mission “Atomic Clock Ensemble in
Space (ACES)” shows. For such synchronization the collaboration with the
International Laser Ranging Service is needed for ACES module tracking and
receiving ranging data from the ACES.
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Figure 1.4 Riga Event Timers in LTT experiments [1.12]

1.1.3. Conclusions

So far 23 SLR stations have Riga Event Timers and this is almost 50 % of all
stations participating in the International Laser Ranging Service network. In the
framework of collaboration agreements with Scientific Institutions involved in SLR
problems, a number of KHz custom-specific ranging systems have been developed
and put into operation.

Shanghai SLR station was the first one from the China SLR stations that, in
collaboration with Riga Institute of Electronics and Computer Science, began using of
Riga Event Timer for SLR and the related applications. After integration of Riga ET
into specific event timing systems, it has been successfully applied for SLR and LTT
experiment. The analysis of the obtained measurement data has shown that the
performance characteristics of Riga Event Timer (such as RMS resolution, stability,
non-linearity, etc.) satisfy the high precision requirements of SLR and LTT.
Following the Riga ET applications at Shanghai SLR station, several SLR stations in
China also stared to use this ET for developing kHz SLR and for advanced test
equipment.

1.2. Signal Time Analyzer

The high measurement rate and high precision of the Event Timer A033-ET
allows to analyse signals and get both usual and very specific characteristics of these
signals.
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1.2.1. Event timing in Jitter analysis

1.2.1.1. Implicit jitter measurement

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

If we register the time instants {z,,?,,....t, ,...,t,, } when the clock signal crosses the
most significant level for this signal characterization, we can build a phase
progression on the timing interval ¢, —1, (Fig.1.5). For a sinusoidal signal and its
jitter characterization the most significant are instants when the signal has zero value.

AJ
k / Linear fit

8

§

)

£ T T

[ e —/F- 0

tsé

0 Phase progression k N

Figure 1.5 Phase progression of the timed clock generator

Deviation of the actual incrementing of the time-stamps from their ideally linear
incrementing represents dynamics of jitter accumulation. This acumulated jitter
presents the time difference between linear function and the real signal:

AJ, =t, —(kT, +t,), k=01,..,N. (1.2)

The accumulated jitter function is the basic function which characterizes the clock
generator deviations from the ideal clock with the stable period. All other known
jitters functions are derivatives from this accumulated 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 calculated in the same manner if it is
needed but their physical essence is not clear.

An approach to statistical jitter analysis, based on the simplified theoretical model
of jittered clock oscillators, provides correct quantitative interpretation of the
measurement results. Experimental research confirms the possibility of estimating
these parameters with femtosecond precision by using the event timer with a time
precision of about of two picoseconds. However, the model not always fully conforms
to the real cases, indicating a more complicated nature of jitter accumulation for
typical clock oscillators.
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Generally it seems that the considered technique of jitter measurement could
complement the traditional oscilloscope-based technique, offering comparable
precision, simpler and cheaper solution as applied to the jitter of input signals limited
in upper frequency to hundreds of MHz. Expected advantages of this technique also
concern a versatile characterization of clock oscillators in a wide time-range [1.13].

1.2.1.2. Explicit jitter measurement

The considered approach is applicable in the case where the analyzed generator is
characterized by the variance that is more than the measurement error of the ET. In
other cases the special method using Event Timer and a delay line should be used
[1.14].

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

On the basis of the developed methods, we have measured the jitter dependence
on the time interval values for time intervals generated by T5300U. Obtained
measurement results (Fig.1.6) differ from the given in T5300U generator data sheet
and they are more precise. The developers of this instrument from the Institute of
Telecommunications Department of Electronic Engineering of Military University of
Technology in Poland have agreed to that.
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Figure 1.6 Jitter dependence on time interval for generator T5S300U measured by A033-ET

1.2.2. Event timing in pulse signal modulation analysis

The measurements of time instants f;, when the modulated signal crosses the
preset level, can be used not only for estimating signal jitter characteristics, but also
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for revealing and reconstructing the modulation frequency (demodulate signal) in
cases of frequency or phase modulation of carrier signal with stable period. The
modulating frequency changes instantaneous periods #; — #x and they can be detected
by observing the period of the deviation function calculated from (1.3) and shown in
Fig.1.7). This function period can be calculated by means of FFT of this period
deviation.

Period deviation
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Figure 1.7 Period deviation function for frequency modulated signal

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

An amplitude modulation of the signal cannot be discovered from the time
instants of zero crossings but if the crossing level is shifted from the zero this
modulation become visible (Fig.1.8). Knowing the crossing level offset we can
calculate not only the modulation frequency but the amplitude variation range, too.
Considering the A033-ET performance characteristics, the maximal resolution for
amplitude modulation is for modulation depth about 0.1 % [1.15].
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Figure 1.8 Period deviation function for amplitude modulated signal

1.2.3. The event timing in analog signal representation
and analysis

More general approach for analog signal representation and analysis by mean of
event timing is considered in [1.16]. This approach is based on timing of crossing
instants of analyzed signal and reference sinusoidal signal. The reference sinusoidal
signal is the internal master clock signal of the Event Timer (ET) that is used for
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crossing instance timing. To support the high accuracy and precision the ET the
hardware provides for high stability of this reference signal both in constant phase
shift and constant amplitude. But for a detection of crossing events and deriving
specially selected events to the ET input the additional schematic has been developed
(Fig.1.9).

Analog Signal to Event Converter Event Timer
f > Inp+ ->| Pulse
Difference Comparator
Amplitier [ —sf 0T Shaper InputA
GND Enable ToPC
A A T
Input Tri
Controller FPGA put g
CLK
Master
1 o Ref 10 MHz
sine

Inputanalog signal

Figure 1.9 Crossing instant conversion into events for the Event Timer

The Difference Amplifier amplifies the difference between the input signal and
the sinusoidal reference signal to facilitate the Comparator operation. This is
necessary because the time deviation of Comparator output signal depends on the
input signal relative slope and this can impact crossing event timing. Pulse Shaper
forms a short sharp pulses and provides identical pulses that are registered by the ET
as events. Controller provides the selection of such crossing instants that are randomly
distanced in time and any interval is greater than the ,dead time* of the ET.
Randomly selected crossing events allow to represent and analyze the input signals
without aliasing for frequencies higher than half of the reference signal frequency.
Signal to the Input Trigg is used to start digitalization in predefined pseudorandom
sequence position that helps to reconstruct the random intervals values. The signal-to-
event convertor implementation is shown in Fig.1.10.

Figure 1.10 Analog signal-to-event converter implementation
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To illustrate this approach to digital representing of original analog signals, a
triangle waveform signal has been digitised. The signal-to-event converter generates
events at instants when the sin-wave signal crosses the triangle signal. These events
are timed by the ET and after the phase offset excluding these time values are
substituted into expression for the reference signal:

rt,) = A, sinaf.t,); k=12,..,N. (1.5)

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

While input signal parameter estimation often is simple enough, alias-free
processing of them in time and frequency domains, in particular, input signal
waveform reconstruction is more complicated. For this aim the so-called SECOEX
method (SEquential COmponent EXtraction method) is used and the spectrograms
given in Fig. 1.13 were obtained on the basis of it. This method is described in
sufficient detail in [1.17] and it can be used for versatile alias-free digital signal
processing, including Discrete Fourier Transform, signal parameter estimation,
analysis of this specific type of digital signals and signal waveform reconstruction.
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Figure 1.12 Power spectrum of the analized triangle waveform signal
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Figure 1.13 Spectrograms built by the SECOEX method

The results of the direct Fourier transform were used then for reconstructing the
signal waveform shown in Fig. 1.14.
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Figure 1.14 Triangle waveform reconstructed on the basis of the input signal spectrum analysis

1.2.4. Conclusions
All considered methods show the real applications of the Event Timer A033-ET
and Event Timer module that has been developed in the framework of this project.
This report presents approbation of the considered methods to estimate the usefulness
of the Event Timer in signal analysis area. Some of these methods will be used in
framework of another project related to the development of Multifunctional Signal
Time Analyzer [1.18].

1.3. LIDAR and 3-D scan systems

LIDAR and 3-D scan systems are very similar to the ranging system as it has been
seen in ILRS Wrokshops. A number of specialists in SLR 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 scan system is a time-of-flight
measurement for emitted laser pulses and reflected by particles in atmosphere or by
surface of the moving and stationary objects. The specifics of such measurements is in
multiple responses to a singlee shot. The cyclic mode of the Event Timer AO33-ET
can provide for such measurements carried out with high resolution (the time diagram
is identical to that shown in Fig.1.1 only the number of STOP-s in opened GATE is
usualy greater than two). The repetition rate for LIDAR and a especially 3-D scan
systems is very significant and the Event Timer module with USB interface can
provide average measurement rate equqal to more than 1 million measurements per
second and up to 20 millions in bursts for 2600 measurements.

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

Lately a lot of attention is paid to scanning and observing of space debris.
Although the Radars were used in routine scanning, now a new concept based on
»active® and ,,passive” LIDAR system is developing. The ,,active” LIDAR systems
operate in all spacecrafts and in many satellies and they are working in the same way
as Radar systems. The ,,passive* LIDAR systems are supposed to use a group of SLR
stations around the world for simultaneous observing the same space area but only
one of the SLR station is shooting by the laser into this space area. It is clear that in
this case all time scales should be syncronized and this can be done by the Laser Time
Transfer facilities.

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

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

1.4. Free-Falling Absolute Gravimeters

Gravimeters are used for petroleum and mineral prospecting, seismology, geodesy,
geophysical surveys and other geophysical research, and for metrology. Free-Falling
Absolute Gravimeters measure the local gravity in absolute units, usually Gal = 1
cm/s”. The milligal (mGal) and microgal (uGal) refer respectively to one thousandth
and one millionth of a gal. The standard gravity at Earth surface variates from 976 up
to 983 Gal, depending on latitude and elevation of the place where it is measured. The
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gravity variation with height is about 310 uGal per meter of height. Density variations
within the Earth’s crust cause variations of gravity up to hundreds of milligals.

1.4.1. Event timing in serial Gravimeters

The classical free-falling absolute gravimeter is based on precise tracking of a
free-falling object in vacuum. The falling object contains an optical retroreflector and
laser beam directed to this object interferes with the reflected beam and that produces
the optical fringes during the movement. The Fig.1.15 shows the laser beam traveling
between falling retroreflector and reference retroreflector until a superposition of the
emitted and reflected beams is registered by the photodetector.
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retroreflector
5{9
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fnnge5 lens splmser 2 splitter 1
Phaoto
detector

Catimator

Alignment
mirmor

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

Photo detector output generates a swept sinusoidal signal representing the fringes.
During the falling distance about 25 cm and the beam wavelength 633 nm
instantaneous frequency is increased from 4 KHz up to 7 MHz generating more than
million periods (fringes). The distance between fringes is equal to half of the beam
wavelength. An ordering number of the fringe defines the distance of the object from
the start point but the time interval from the falling start moment up to this fringe
defines the time of acceleration. In result we can calculate up million points of the
falling trajectory and find the gravity value.

There are many other factors as deviation from vertical, vibration, laser beam
instability, impact of near located great density objects and so on. All these factors
should be taken into account for precise gravity measurement. But there are at least
two factors that essentialy impact on the precision:
e Fringe detection by means of zero-crossing is not precise, because this
precision depends on rapidly variating frequency from 4 KHz up to 7 MHz
[1.22].

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

How to avoid zero-crossing we will consider in the next section but for increasing
the precision of zero-crossing timing we suggest to use Riga Event Timers. The 2.5 —
3.0 ps RMS resolution of these Timers and continuous time-loggs registration into
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internal memory at 12.5 MHz rate will allow to register all zero-crossings with high
precision. In all Riga Event Timers the internal timescale is syncronized with the
external 10 MHz Frequency Standard, usually GPS-disciplined crystall or rubidium
generator, and this provide the timescale stability on all measurement cycles.

1.4.2. Event timing in a specifically modified Gravimeter

One of the main problems in all existing free-fall absolute gravimeters is the
precise processing of the swept sine signal from the photodetector. Usual zero-
crossing can not solve this problem because of blurrines and essential distortions of
the optical interference signal. We propose to replace the laser interferometer with
very high resolution for distances measurement by other system that provides very
high resolution in time measurements.

Let us look at ballistic free-fall absolute gravimeter and suppose that the Event
Timer and picosecond pulse laser are used in such a configuration (Fig. 1.16).
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Figure 1.16 Modified optical part of the free-falling absolute gravimeter

The requirements for adjusting additional optical elements (splitters and mirrors)
in this configuration are not so strong as in the case of the laser interferometer. The
trigger pulses from the Event Timer are applied to the laser diode with preset stable
frequency synchronized with the internal timescale of the Event Timer. Time instants

of the emitted light pulses are denoted as ¢ jE in Fig.1.17.
Light

path
length

hy B @ oooooeeones °
hi.i

i
tk+1

Figure 1.17 The sequential tracked positions of a free-falling object
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The returned light pulses from the falling retroreflectors are detected by SPAD
(Single Photon Avalanche Diode) and their time instants #; are recorded by the Event
Timer.

The Event Timer does not register time instants ¢, it simply registers time instants
t, . Fig.1.18 presents discrete values of function F(¢) taken at precisely defined period
T. In this figure the scales are choosen for best visualization only.
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Figure 1.18 Tracking times for a falling object

Assuming the time begins at start of falling, we can express the k-th value of this
function as:

b

2 2 2
i kT -8 [T+ @2T)" +..+ (kT) ]:kT_gTz'k(k+1)(2k+1)
2-c 12-¢

(1.6)
where c is speed of light in vacuum.
The number N of points {f,,t,,...,t, ,...,ty } 1s defined by a choosen period T of the

ranging frequency and the time of falling. The time of free falling from the height 4o =
25 cm is:

Ton =20y /g ~/2:0.25/9.8 = 0.226(s) (1.7)
and the ,,dead‘ time of the Timer A033 is 50 ns, so the maximal number N is:
N=T,,/50ns ~ 4517540. (1.8)

In result the precision of one time-tag of the AO33-ET (that is equal to 3 ps or in
distance Ah =1 mm = 0.001 m) will be refined by averaging on N values for
4517540 =~ 2125 times and gives the relative error for g (m/s?) evaluation:

&=Ah/2h,/2125=0.001/0.5/2125~1-10"°. (1.9)

This precision is equalent to 1 uGal and teoreticaly can be obtained at one
measurement cycle. But there can be different problems in computation (the Least
Square fitting for 4.5 millions points is a hard work) or distortions in light pulses

reflections and so on. To estimate the real precision it is necessary to approbate the
proposed approach in real devices.
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1.4.3. Conclusions

The Riga Event Timer can provide measurements of a time for optical fringes with
much better resolution than the other known Time Analysers allowing to get the same
precision at about 200 times reduced number of repetitions.

The proposed free-fall gravimeter modification with the pulse laser and Riga
Event Timer provides the measurements of function F(¢) discrete values with 3 ps
precision for the free-falling object. After this function Least Square fitting the
relative error in the gravitational acceleration g evaluation becomes about 1 uGal that
allows essentialy to increase the precision of the existing gravimeters and to obtain
good results faster.

The considered approach has been presented in IAG Symposium on Terrestrial
Gravimetry: Static and Mobile Measurement, 17— 20 September, 2013, Saint
Petersburg, Russia, and it caused a lot of interest of Gravimeter developers from
Russia and China.

1.5. Single Photon Counting Systems

Time-resolved fluorescence spectroscopy is a powerful analysis tool in
fundamental physics as well as in the life sciences. Implementing it in the time
domain requires recording the time dependent intensity profile of the emitted light
upon excitation by a short flash of light, typically a laser pulse. The best solution of
this problems is Time-Correlated Single Photon Counting (TCSPC) [1.24]. With
periodic excitation (e.g. from a laser) it is possible to extend the data collection over
multiple cycles and one can reconstruct the single cycle 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 shown in Fig.1.19. A laser pulses
excitates an atom of an analyzed sample and after some very short time the last emites
photon which should be registered. Time intervals between the laser pulse emission
(Start pulse) and photon detection (Stop pulse) and their distribution characterize the
analyzed sample in the best way. To achieve good results it is necessary to provide for
high precision (about tens picoseconds) and very large number of such accumulated
intervals.

So far the Time Interval Counters have been used for such measurements. The
main problem of using these Counters is the low repetition rate that leads to long-
continued analysing process taking into account only 1 up to 5 percent from laser the
pulses producing the photon emission.

The resolution of interval estimation should be high as well because this
resolution defines the accuracy of these interval histogram that is the main facility for
specifying different substances. In TCSCP methods the resolution usually is specified
by Full Width Half Maximum (FWHM) of the timing error distribution.
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1.5.2. Event timing in Single Photon Counting System

The Riga Event Timer can provide very high repetition rate up to 20 MHz for
2600 measurements and 12.5 MHz for internal buffer memory. The ,,dead time* of
AO033-ET is 50 ns and this defines the maximum repetition rate not allowing direct
measurement of the fluorescence decay that lasts from tens picoseconds up to some
nanoseconds. However this problem can be resolved by using two Timers, one of
which measures times of Start events while the second one measures the time instants
of Stop events. To check the possibility of such measurements and the measurement
resolution, we did an experiment with one signal source splitted to inputs of two
Event Timers AO33-ET. The time-tags differences of the corresponding time-tags are
presented in Fig.1.20 and their histogram in Fig.1.21.
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Figure 1.20 Short interval measurements executed by two Event Timers A033-ET
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The time interval between two measurements is 80 ns and in one measurement
cycle 16380 intervals are measured (restricted internal memory of A033-ET). After
this the timing data are read from the Timer memory, written into disc file and then
new measurement cycle starts. Ten such cycles take more than 10 min. In result some
time trend of the measured interval values can be seen as it is shown in Fig.1.20. In
spite of this trend the resolution in standard deviation (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 two Event Timers A033-ET

1.5.3. Interpolator linearity estimation

The TCSPC method requires very high interval linearity of all measurements.
Very small nonlinearities lead to Histogram distortion and impair the capability of

distinguishing substances with similar properties.

To check the AO33-ET linearity, randomly distributed intervals from O up to 100

ns were used in the test setup shown in Fig.1.22.

Oscillator A 10 MHz L | TimerA033 PC

</

Oscillator B 12.47... MHz TimerA033 —|

Figure 1.22 Test setup for nonlinearity verification

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

Calculated standard deviation of numbers of intervals in one bin is 225. For the
mean number 50000 in one bin we get a relative error less than 0.5 % and for 1 bin
equal to 1 ps we get the nonlinearity less than 5 femtosecond.

1.5.4. Conclusions

The experiments with couple of Event Timer A033-ET, executed in accordance
with requests from the HORIBA representative Dr.D.Mc.Classky, show that Event
Timers satisfy requirements of TCSPC method in repetition rate, resolution in couple
and linearity.
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2. Superplatjoslas impulsu tuvdarbibas radara
sistemas prototipu aprobacija realiem apstakliem
pietuvinatos scenarijos zemgarozas kartografija un
objektu fikseSana caur EM caurlaidigu sienu

This year we have continued to improve our ultra wide band radar system to be
able to perform GPR surveys and human tracking through electromagnetic transparent
wall. Results achieved this year:

e perceived shortcomings in the applications (Section 2.1);

e improved receivers dynamic range from 24dB to 71.3dB (Section 2.2);
e signal processing improvements (Section 2.3);

e software, user interface and feature improvements (Section 2.4);

e hardware reliability improvements (Section 2.5).

2.1. Perceived shortcomings in the applications

Field experiments were performed with following UWB radar system prototype.

Distance Transmit Unit
encoder
Boost Impulse
DC/DC generator .
Control Unit T
USB USB/UART YARTy  Equivalent
time Receive Unit
PC sampling |
clock ’_. DAC = Clocked 1 !
USB | USB/4UART generator CPLD | Comparator _1
F 3
RS485

Figure 2.1 Universal multi-channel UWB radar system prototype

System is universal 4 receiving antenna system (In Figure 2.1 only 1 receiving
antenna is depicted) for through-wall imaging (TWI) and ground penetrating radar
(GPR) systems.

Radar system is designed as universal multi-channel UWB radar system. In order
to see how this system performs in various radar applications we test it both for GPR
and through wall imaging applications. Several initial experiments were performed to
test system in real environment for GPR and TWI. Experiment objective was to find
out problems system has to deal with during application based tasks.
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2.1.1. GPR experiment

The described system is mounted on wheelbarrow as GPR. System uses distance
encoder to sample each A-scan in equally spaced distance. Each A-scan is visualized
on PC while performing survey.

In this experiment a metal plate (40x20cm) was buried in 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 detected. As it turned out later, system
was unable to detect such reflections because of low receiver dynamic range. To
overcome this issue and increase receiver dynamic range, an adaptive compensation
algorithm was developed.

2.2. Dynamic range improvements

Radar receiver is designed as clocked comparator. Both comparator inputs are
connected to wideband bowtie antenna and so called input signal tracking is
performed using feedback where voltage change on one input is compensated with
equivalent voltage change on second input (Figure 2.4).

RS-485 PC

CLK

ceo P8 DAC

*A

Figure 2.4 Clocked comparator radar receiver

If the voltage on comparator output is positive, DAC’s output voltage is increased,
but if the voltage on comparator output is negative, DAC’s output voltage is
decreased by some voltage step. Voltage step can stay constant over time or it can be
varied to adapt input signal properties. It is experimental tested that using adapting
voltage step a greater receiver’s dynamic range can be achieved.

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

A=A, tstep=A4, ,F2-step.  (2.])

Signal is considered to be tracked and voltage step is halved if n, n-2, n-4, n-6 and
n-8 samples equivalent:

Apn=Ap 2=An 4= Ans=4Ans- 2.2)

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

Input signal amplitude is changed between 100uV and 1V. Error is calculated as
error energy over input signal energy:

=m\;;(1' —_15}

e

(2.3)

1)

= ) 7,

et (2.4)

where x — input signal, y — tracked signal, I¥ll — input signal norm.

In Figure 2.5 it can be seen, that for 10% error threshold input signal can be
received with amplitude 20uV to 735mV. Receiver’s dynamic range then is

735-107®

Eﬁ;ﬁﬁ;)=?13d5.

20 - logye |

Modeling receiver with constant voltage step 100uV, it can receive signal for 10%
error threshold with amplitude within 700uV and 11mV (Figure 2.6). Receiver’s
dynamic range then is

11-107%

ﬁariag)=24d5.

20 - logso (

30



o
o

o
w

Normeta kludas energija
o
~

o
o

©
—

Um, [V]

Figure 2.6 Receivers error threshold using constant voltage step

Now, when using adaptive signal tracking algorithm, metal plate buried in Im
depth can be distinguished from surrounding clutter (Figure 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 moving human body tracking through
electromagnetic transparent wall was developed.

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

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

In order to test UWB radar system with new signal processing algorithm for
through wall imaging applications, two experiments were performed. First, object
tracking in 1D using one receiving antenna, second, object tracking in 2D using 2
receiving antennas. In both experiments objects are located in radar’s line of sight. To
extract distance between each receiving antenna and dynamic, object, a complex
signal processing algorithm based on Karhuen-Loeve transformation is used.

In 1D tracking a metal plate is located in front of radar in 1.7 meter distance
(Figure 2.8). Metal plate is moved closer and further from radar with 30cm amplitude
and data is recorded with UWB radar and ultrasound sensor 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 movement is clearly 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 radar in 2m distance (Figure 2.10).
Man is walking slowly towards receiving antenna RX?2 keeping distance to radar
constant. Radar is now using two receiving antennas and distance from object to each

receiving antenna is transformed into object coordinates in 2D coordinate system.

Y4
e R 3
2m E
RX1(—0.3m,0) TX(0,0)  RX2(0.3m,0)
Figure 2.10 Setup of 2D experiment

HV

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

2.4. Software, user interface and feature improvements
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Figure 2.12 Radar software user interface
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Radar software (Figure 2.12) is based on MATLAB engine with added features
like:

e 4 channel data storing;
e casy radar reconfiguration (time window, samples per trace, etc);
e distance encoder sampling and configuring;

e SEGY file format support.

2.5. Hardware reliability improvements

Since last year a great deal of effort was devoted to make our radar hardware more
reliable and user friendly. In this respect a new radar prototype was designed which is
mounted into a plastic enclosure (Figures 2.13 and 2.14). 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 sistemas sensoru tiklu prototipu
aprobacija  realiem  apstakliem  pietuvinatos
scenarijos, kas saistiti ar 3D datorredzes
pielietoSanu, sensoru datu ieguvi un apstradi, ka ar
ar cela infrastruktiras attistibu

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

Real-time object tracking in 3D space is an actual research topic in several
domains as robots and smart vehicles. Traditional methods in most cases rely on
relatively expensive active elements as radars, lasers or LIDaR's (LIght Detection and
Ranging). Relatively inexpensive solutions as passive 3D stereo vision based tracking
methods yet are relatively slow and therefore unsuitable for time critical systems as
Adaptive Cruise Control (ACC) or Advanced Driver Assistance Systems (ADAS). In
this paper a method for real-time image processing is proposed that is capable to track
an object using only 0.1-0.2ms for processing of each frame and is based on the
segmentation in dense point cloud data.

3.1.1. Related work

Passive 3D stereo vision for vehicles has been an active research interest for years
now [3.7] [3.8] as it can significantly increase safety and efficiency of transportation
systems. Existing safety systems mostly use tracking-by-detection, robust, but
characterized by slower calculations and in turn slower response times. System
described in [3.2] uses multiple cues for pedestrian detection and tracking and takes at
least 100ms per frame. Solution mentioned in [3.8] uses evolutionary algorithm for
vehicle detection and tracking and takes about 30ms per frame. Approach explained in
[3.7] uses structure from motion together with several descriptors for complete
dynamic 3D scene analysis that takes more than 300ms per frame. For systems as
ACC or a frontal collision detection fast and precise tracking is the most important
characteristic therefore detection could be performed on less frequent basis. Modern
computer technologies are capable to do real-time stereo vision on CPU as well as on
GPU (graphics processing unit)(for a good comparison on stereo algorithms running
on GPU see [3.6]). Embedded techniques allow up to 200FPS [3.10]. All this is a
well-formed basis for the creation of new tracking methods based on performance of
computer hardware and software.

3.1.2. Proposed method

The method described in this paper is based on fast execution speed for a robust
target tracking using constrained per-frame segmentation of the point cloud data and a
6D Kalman filter for filtering of the position and velocity. 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 showing the ground and sky plane removal(1),
segmented surface (2), reprojected tracking point (3), distance to the tracked vehicle (4), speed of
the tracked vehicle (5) and reprojected path of the tracked vehicle (6)

The first step consists of acquiring and rectifying of stereo images using the
intrinsic and extrinsic parameters calculated during calibration. Next step is
calculation of disparity using rectified images. As the method relies on performance
then the execution time stereo matching algorithm is highly significant, LIBELAS
described in [3.4] was selected for this task. All calculations are done in the absolute
units of length and not in pixels therefore allow setting realistic constraints.
Calculation into a point cloud can be done with transformation:

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

(1)

where d is disparity at screen coordinate (x,, ys), ¢y and ¢y are the x and y of the optical
center, b the baseline between cameras, c,, difference between left and right camera x
optical center (usually O or close to 0) and f the 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 — potential reason for segmentation
leak and encompassing the whole ground surface. In proposed stereo system the
camera height value is used as the point’s y coordinate representing the vertical
position relative to the cameras in absolute units of length. If cameras are mounted A,
distance from the flat ground, then ground can be removed by checking if point y
position is above a certain threshold y > —h., where y = 0 at camera level. In typical
case cameras are not perfectly parallel to the ground and the points have to be rotated
with angle a around the cameras as origin. There are several known methods to detect
ground that would allow the calculation of the angle a. Some are using homeography
[3.1], v-disparity [3.11] or ground plane detection in Euclidean space [3.9]. Trough
testing detection in Euclidean space was chosen. While it is slower than v-disparity
because of RANdom Sample Consensus algorithm, it returns better results with
smaller error (for comparative study see [3.9]). In an outdoor environments sky has to
be removed the same way, because the disparity algorithm tends to calculate
erroneous disparity for the sky. The value A is 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)

where D, is disparity at position (x; y) and therefore invalidates all points outside the
range [-h.; hs] and o is the angle between the ground plane and cameras. Because the
execution speed of the system is essential, the ground detection is not performed
every frame, but twice a second. The influence of minor road bumps which would
cause segmentation problems if the ground is not removed entirely is mitigated in next
steps using Kalman filter.

3.1.2.2. Detection

An obligatory prerequisite for the tracking of the object is at least one initial point
on its surface. This point is found via plan-view occupancy map, which is used for
general purpose obstacle detection in front of the observer. The occupancy map works
by point binning. The observed world is divided into x/z bins. Vertical direction is not
used because the ego vehicle cannot move in the vertical direction and thus any object
after the ground and sky removal is a potential obstacle. Bin size B; was empirically
chosen as 25x25cm as a compromise for speed, precision and the possibility to
distinguish smaller individual objects. Bins are assigned a value B,, which shows how
many points are inside the bin. Then maximums are found in the occupancy map
which corresponds with individual objects. To ignore small ground irregularities a bin
is considered to have an obstacle in it if there is at least B, points inside it. Obstacles
are only searched in a region in front of the vehicle. Point binning is performed and
maximums are found using equations:
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T?ERI[Z Gol|(z,2) — q|) - Bulz,2)] (4)

where p(x; z) is the point, B;(x; z) is the bin i at position x; z, G, being the Gaussian
convolution operator and S being the size of the kernel. When an obstacle is detected,
then one point inside the bin is taken and reprojected as the seed point (x; y,) for
segmentation. Fig.3.2(a) shows the reprojected occupancy map where height and
color represent the number of points in the bin and Fig. 3.2(b) shows the detected
objects with circles reprojected underneath them showing the position.

(a) (b)

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

3.1.2.3. Segmentation

The detected initial point is assumed as the seed point and afterwards used for the
segmentation in the disparity map via constrained flood fill algorithm. Constraints are
C; - the z distance from the seed to the current point and C, - the z distance from the
current point and its parent point (i.e. the adjacent point it came from). The point
cloud gets less dense farther from the camera and a compensation value C; must be
added to the constraints. Relation between disparity and distance is:

(3)

(3]
Il

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

Cd:‘d:':‘f'bi

| |18 6
ad| ~ |d- ©)

L=
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Segmentation is done by checking every point starting at the seed for these
constraints as:

| Zry — :l‘u-.l.'cl < .+ €y and
S(x,y) = " 2ry — 22y, € Cp +Cu .M
0

where z is the depth position in absolute units of length, (x; y) is the point position,
(X0, ¥o) 1s the seed position and (x, y,) is the parent position. Effectively, this
operation segments a surface whose points are in a certain depth range. The C;
constraint deals with noise and allows the segmentation to stop at steep gradients,
while still allowing different shapes for the targets. The C, constraint limits the
maximum segmentation depth and is used to at least partially escape segmentation
leaks in the case that ground plane forms a smooth gradient. The worst case scenario -
overflow to horizontally adjacent objects (see Fig. 3.4(a)) is solved in next steps using
Kalman filter.

After segmentation the target object is selected and corresponding area is the
detected surface. It should be noted that this segmentation can not be used for
disjointed objects — it can not segment a part of a larger object as it would converge
on the largest perpendicular surface to the observer.

3.1.2.4. Tracking point update

The calculation of the centroid in the detected surface is performed with:

|I.'
O = Ezzlpi_ (8)

The centroid position is the measured tracking point (x,,, y,) position in 3D space
and the average distance for all points on the surface is the approximate z,, position.
This seed point could be erroneous due segmentation leaks (see Fig. 3.4(a)) and
subsequently - the reason for losing the tracking target. So before it is used in Kalman
filter the position of the point (X, Yu, zZm) is validated using following constraints |x,,—
xi-1l £ Cyy and |j—y;—4l < Cyy and |21l < C; + Cy4, where C,, the maximum (x; y)
jump distance per frame, C; maximum z jump distance per frame, and (x,—;; y—1; Z-1)
the tracking point in the previous frame. Constraint for z is different from (x; y),
because points projected in 3D space have varying density - points closer to the
camera are denser than the ones farther away and therefore distance difference
increases when the target moves away from the observer. This is also why density
compensation constraint C, is used.

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

A standard Kalman filter uses a prediction step and an update step to estimate the
state of a system, where measurement and the predicted state must be related with a
linear transform. 6D Kalman filter is used to filter targets state space xk = (x; y; z; Vy,
vy, v;) which has 3D position and velocity. The state transition model F and
covariance Q are defined as:

/1. 0 0 At 0 0O

010 0 At 0
F_|001 0 0 A
“looo 1 0 o
000 0 1 0
\0 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
a2 o 0 A2 0 0
0 A2 0 0 A2 0
\ 0 0 AS/2 0 0 A

[y

where At is the time between frames. Then the measurement z; = (X, Vi, Zm) 18 used
to update the Kalman state space x;. Tuning of Kalman filter parameters allows
filtering out erratic jumps and still tracking a fast moving target. Kalman filter also
allows calculation of the approximate direction in which the object is traveling
relative to the ego vehicle. After filtering the position is reprojected back into 2D
plane as the next seed point by doing the reverse of (1) expressed as:

W = f/z
T, =W -z 4 ep, (10)
Vs =W-y+ey

where (x; y; z) is the 3D position of the point filtered by the Kalman filter and (x;; y;)
is the reprojected 2D point. Reprojection in 2D space instead of using 3D space is for
the ease of segmentation as the point cloud represents the 2D image projection into
3D space and thus points do not overlap in such a fashion that would make 3D flood
fill behave differently from a constrained 2D flood fill.

3.1.2.6. Ego motion compensation

Ego vehicle motion makes Kalman filtered position relative, but it is possible to
compensate it using visual odometry. Here LIBVISO2 was used for fast visual
odometry [3.5]. It calculates homogeneous transformation matrix R, which allows
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transforming a point from previous frame p,-; into current frame p, with relation p, =

R, . pi-;. For motion compensation the translation and rotation must be separated into
two homogeneous matrices:

By = (Praa)y Peza) Pusay 1)
Per,1y Peinzy Pein,a) 0 _
Ro — | Ptz1) Pezz2) Piz3) 0} (11)
R=

Pt(31) Pusz Pias 0

0 0 0 1

Ego vehicle speed now must be calculated. This is done by Kalman filtering the
extracted translation matrix Ry . Used Kalman filter is the same as in previous section,
but here Ry is used as measurement to get ego vehicle state estimate Rx = x;. To
compensate the ego motion the target’s position is transformed into global coordinates

by:
r' T
¥1=1Y| Ra+kr, (12)
1 1
To compensate speed:
i";« Uy gh': 1,1}
Uy _ Uy ) K(51) ]
vy fi-. e+ Ry |’ (13)
1

Direction is the calculated speed vectors direction. Magnitude 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, then it is possible to track multiple
targets using the same method. Only difference is that one ownership relation must be
used. That means only one point in the point cloud can belong to one object. If the
tested point belongs to another object, then it dismisses the point as if tresholding
constraint had been broken. This also reduces impact of any leaks as objects cannot
overlap. In case of occlusion the tracker will stop, because C, constraint will be
broken and then detection is used to start tracking when the target is visible again.
Example of tracking multiple targets can be seen in Fig. 3.3.
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Figure 3.3 (a) Image showing segmented objects (b) Output image showing tracked objects

3.1.2.8. Error recovery

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

Other reasons for an invalid value could be broken constraints, as target moving
too fast relative to frame rate or segmentation leak. In all these cases error recovery is
performed, and if recovery process fails, then detection is performed on the input
images to reacquire the target for tracking.

3.1.3. Implementation

The proposed tracking algorithm was evaluated on a mobile 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 Firewire camera with 24cm
baseline mounted on a minivan roof-racks 174cm from the ground. All calculations
were performed using 4 core 2.9GHz Intel 15 processor.

Developed software uses OpenCV for general purpose 10 and drawing, LIBELAS
library for fast disparity calculations, LIBVISO2 library for visual odometry,
PointGray FlyCapture SDK for synchronized camera input, PointGray Triclops SDK
for Bumblebee XB3 stereo rectification. Written in C++ and many parts are multi-
threaded using OpenMP. Input images has the resolution of 640x480px and disparity
is calculated and tracking done on a 640x210px region. Frame 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 algorithm, was evaluated on a
mobile platform by tracking vehicles in several urban scenarios, as well as on datasets
used in [3.3]. During the tests the proposed method was able to track a vehicle
constantly until it either went out of the field of view or was in a distance exceeding
50 meters. The tracking itself typically took about 0.1-0.2ms depending on the
distance to the target (as closer targets have more segmented points and that requires
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more calculations) while disparity calculation and visual odometry took about 15-
25ms running in parallel. Video demonstration of the system can be seen at [3.12].

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

In Fig. 4.4(b) it can be observed that the target vehicle is turning fast to the right
and almost out of the field of view of the cameras. The ego vehicle was turning at that
intersection as well and tracking was not lost during the turn. The problem can arise
when the fast turning target stops as the Kalman filter has some delay which moves
the tracking point too far and that can cause tracking loss. It is possible to tune the
Kalman filter parameters to have less delay, but then it would have less robustness to
noise. If the tracking is lost then the obstacle detector can be used to rediscover the
target.

(a) (b)

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

3.1.5. Approbation

Approbation of the developed prototype was performed together with American
car club [3.13] and society “MB Club.lv” [3.14] — members of the Association of the
Latvian car clubs [3.15]. Approbation included test drives with a car equipped with
the developed prototype. Setup of particular test car is shown in Fig. 3.5. Test drives
were performed using different road types including city streets and intercity
highways during different lighting conditions including daytime and late evening time
characterized by darkness. Approbation showed that particular solution has some
minor flaws to be resolved (Appendix 3, Appendix 4) but overall is capable to be
extended to commercial available technology.
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Figure 3.5 Setup of the test vehicle during approbation activities

3.1.6. Conclusion and Future Work

In this work a robust real-time tracking method for traffic related scenarios was
proposed that is able to track vehicles using 0.1-0.2ms per target and is configurable
using main constraint parameters in absolute units of length. It was noticed, that while
the approximated constraint values can be used there is still some experimental fine
tuning necessary for best results. The segmentation could be improved by searching a
volume in 3D space while knowing the size of the target - this would allow tracking
partially obstructed objects. Maximum tracking distance could be increased by
increasing the baseline of the system.

The tracking performed in the point cloud allows the usage of this method with
LIDaR or Kinect - in this case performance will increase as the slowest operation is
the disparity calculation and the visual odometry (which can also be calculated from
point clouds). During tracking of multiple targets the performance can be increased by
running all the individual calculations in parallel. Other potential performance
improvements include usage of GPU or embedded solution that makes the tracking
more robust and appropriate for faster targets. The improved system is intended as a
prototype for Advanced Driver Assistance system and Adaptive Cruise Control
system.

3.2. Smart road studs for dangerous road situation
warnings

Safety is an important aspect of transportation systems for both, the drivers and
pedestrians. Significant part of road accidents are related to driver inability to react in
time on sudden hazardous situations, such as pedestrians or wild animals on the road,
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a car stopped in case of emergency, or a slippery pavement segment. In this paper we
propose an embedded system for driver visual notification in case of a hazard. The
system can be unobtrusively added to existing road infrastructure, it is solar-powered
and can function autonomously without human intervention. The evaluation shows,
that proposed solution is able to detect several types of hazardous situations and report
them to drivers.

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

3.2.1. Hardware

The hardware of the IMilePost embedded device was slightly redesigned after first
real world tests. Main changes included alternative temperature and humidity sensor
SHT21 that was better suited information exchange protocol as well as alternative
pyroelectric infrared sensor with integrated controller that was characterized by
improved sensitivity and therefore longer detection distance. The hardware structure
of redesigned embedded device is given in Fig. 3.6 and first prototype — in Fig. 3.7.

: — i radm

| TEPTs600 | =l m

I ! Ve

| L4 X

i te:’npeﬁltl;re i ADC MCU power
uma k| MSP430G2553

| sHT21 || : supply

| I

l PIR sensor i .

| with integrated | . visual

i controller ! interface

] sensors i LED's

Figure 3.7 First prototype of IMilePost embedded device
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3.2.2. Software
Flowchart of IMilePost embedded software is shown in Fig. 3.8.

On energy
check timer

On waming
fimer

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

'\ sleepmode J i

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

During startup of the system (not shown in flowchart for simplicity) sensing and
energy check timers are initiated. Periodically sensing interval is adapted, based on
available energy budget.

In each sensing cycle, daylight time check is performed first. System is operating
only in dark time of the day. All digital and analog sensors are being sampled, and
warning thresholds are updated based on long-term averages. Sequential hazard
detection is performed, based on priorities, described above. If at least one hazard is
detected, warning sequence is initiated and warning timer is enabled.

In each warning cycle, LED status is updated according to actual displayed hazard
type, and timer is disabled, when warning sequence is finished.

3.2.3. Evaluation

First evaluation of the experimental device was performed through tests of
detection of approaching vehicles head lights. These tests were carried out during time
of darkness (after 11PM) in urban environment on illuminated street. Weather
conditions were typical for late autumn - it was cool and moist. The sensitivity of the
experimental device is designed as adaptive configurable value. During this activity
three sensitivity levels were tested - 100 m, 50 m, and 15 m. Each test scenario was
performed with the set of 30 approaching vehicles.
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During test with most sensitive configuration 83% of approaching vehicles were
successfully detected (true positive). 7% of approaching vehicles had defect right
head light and therefore not detected (false negative). 10% of approaching vehicles
followed another approaching vehicle by small distance and therefore did not induce
separate detection case. As peculiar false positive test case could be mentioned
detection of a bicycle with working head light.

During test with medium sensitive configuration 90% (true positive) of
approaching vehicles were successfully detected. Remaining 3% of approaching
vehicles had weak head light reflectors, 3% drove during time of darkness without
head lights turned on (!), and 3% followed another approaching vehicle by small
distance.

During test with least sensitive configuration 87% (true positive) of approaching
vehicles were successfully detected. The reasons for false negative cases were similar
as in two previous test scenarios - 10% due following of another approaching vehicle
by small distance as well as 3% due weak head light reflectors.

Conclusions from this test session were:

1. True positive rate of detection of approaching vehicles head lights could be
assumed as sufficient for practical purposes but there is a need to determine
critical boundary for vehicles with weak head light reflectors.

2. It is possible that there is a need to determine exact number of vehicles in
approaching column as it could be significant according situation
DangerPassingVehicle.

Second evaluation of the experimental device was performed through tests of
detection of approaching vehicles head lights in urban and non-urban environment as
well as detection of approaching human beings in non-urban environment. Other test
parameters were similar to first test session. Each vehicles-related test scenario was
performed with the set of 50 approaching vehicles but the human test subjects-related
test scenario - with 12 approaching human test subjects.

During test in urban environment 76% (true positive) of approaching vehicles
were successfully detected. The main reason for false negative cases were selection of
a street with 2 lanes in each driving direction for the experiment - therefore vehicles
from the second lane were detected just partially. Following tests in non-urban
environment with similar lane configuration and much higher true positive rate
conformed that this relatively low rate is characteristic for particular urban
environment with illuminated streets that is not the primary environment for proposed
solution.

During test in non-urban environment 94% (true positive) of approaching vehicles
were successfully detected. The main reason for false negative cases were following
of another approaching vehicle by small distance.

During human test subjects-related test scenario experimental device was placed
in non-urban environment and test person walked towards the device from the 40
meters distance. In the moment when device detected approaching person the actual
distance between the device and the person was measured. Maximal detection
distance was 24 meters, minimal distance - 6 meters, and average distance — 16 meters.
In the 66% of all test cases measured distance was greater than average distance.

Conclusions from this test session were:
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1. True positive rate of detection of approaching vehicles head lights could be
assumed as sufficient for practical purposes in typical environment for
particular application.

2. The actual average detection distance for particular PIR sensor requires the
placement of similar devices each 40 meters. That is less than typical distance
between regular road side items but it could be applicable for particular
locations with high wild animal density.

3.2.4. Conclusion and Future Work

This work describes an autonomous solar-powered embedded system for detection
of particular dangerous road situations and creation of corresponding warnings to
drivers using visual interface. The system was evaluated using real world scenarios
including urban and non-urban traffic during time of darkness. The results show, that
the system is able to detect separate approaching vehicles with reliability at least 83%,
and detect separate approaching human test subjects in the average distance of 16
meters. Therefore it is suitable for warning of the drivers about particular dangerous
road situations. The future work includes development of additional functionality for
detection of other dangerous road situations as well as expansion of the hardware part
with the aim to create specific homogeneous or heterogeneous wireless sensor
network.

3.3. Published results

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

The results of smart road stud related activities are described in paper ,,IMilePost:
Embedded Solution for Dangerous Road Situation Warnings” [3.18] as well as
presented in the Ist International Conference on Artificial Intelligence, Modelling and
Simulation (AIMS 2013, December 3-5, 2013) in Sabah, Malaysia.
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4. Plaukstas attélu un kermena muguras formas datu
registracijas un informacijas apstrades sistému
aprobacija

4.1. Biometric person recognition system

During previous year, biometric recognition system was developed. System
allowed for person recognition using palm vein pattern, making it potentially safer
than many authorization systems, as it is based on biological property that is hard to
acquire without person knowing that. During this year system was tested in real life.
Changes were made to biometric data processing algorithms to reduce chance of false
positives and false negatives.

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

e module that connects our system with already existent electronic door
locking system (relay module);

e palm capturing device, consisting of camera and LED control module.

More in depth these modules are explained in following sub-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 system was to provide galvanically
isolated switch that has to be closed to unlock the door. Simple low voltage relay was
chosen to provide isolation. To increase reliability and provide some basic safety
against errors in software, band pass filter was inserted between output of computer,
and driver of relay, thus output signal from PC has to be toggled in order to open the
door (Figure 4.1). This means, that door won't stay open if computer hangs up in state
when output level is high, as oppose to directly controlling relay by high/low states
from computer. Interfacing with computer is done by using FT232RL chip.

$
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Existing door control system

Figure 4.1 Connection with existing door locking system
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4.1.1.2. Palm capturing device

Palm capturing device consists of mechanically rigid body, Videology 21K352
USB-C camera, LED control board, optics for camera. Camera has 1/4" Sony Ex-
view® CCD, combined with IR transmissive objective and cold mirror, provides
ability to acquire images of palm in near infrared spectrum, widely used to capture
images of blood vessels in human palm. Illumination is provided by 16 LED’s
emitting 850nm light.

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

4.1.1.3. Software

Biometric recognition software is complement with external hardware, and is
responsible for determining if person is allowed to enter through door or not.. Even
though multithreading is used to improve performance of software, by splitting
workload between processor cores, algorithm still is following simplified program
flowchart provided in Figure 4.2.
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Dretect ROL

F.eset data

Filter image

L 2

Extract
data vector

Hash
data vectror
¥

Compare
agamntst database

Figure 4.2 Simplified flowchart of recognition software
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Image filtering is done by using Fast NH-CMF [4.1] and result is added to buffer,
reducing noise and enabling to detect blood vessels not visible by filtering just one
image.

Extracting data vector is done by dividing region of interest into cells and finding
maximum vector in cell. As practical tests has shown this approach is prone to cases
where there are multiple blood vessels (resulting in "jumping vector") in one cell, or
where one vessel is located on border between cells (can result in "jumping vector" in
multiple cells).To reduce these effects, weighted summation of extracted data vectors
is done. This summation is done to each vector element individually before hashing is
done. This results in value beeing same as value of vector from ROI, if always one
vector in cell is detected, and weighted midpoint in case vector is "jumping". Actual
value is closer to value detected more often. Contribution to performance is visible in
Figure 4.3 (without summation) and Figure 4.4 (with summation).
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Figure 4.3 FAR and FRR without using summation of data vector
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Figure 4.4 FAR and FRR using summation of data vector
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Hashing is done using Biohash [4.2], providing one-way data conversion from
values that describe vein pattern, into sequence of bits (biocode). If it were possible to
reconstruct data from stored biocode into vectors describing most intensive vectors, it
would be also possible to reconstruct image neccessary to cheat system into
preceiving image shown to camera as palm shown by person described in database,
leading to opening of door.

In case person has been recognised, or if palm has left camera view, buffers used
for summing filtered image and for summing data vectors.

4.1.2. Possible further improvements

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

4.1.3. References
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Processing, IWSSIP 2011, Sarajevo, Bosnia and Herzegovina, June 16-18, 2011, pp.
109-112.
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Biometrics (ICHB) 2011, Hong-Kong, China, 17-18 Nov. 2011, pp. 268-273.

4.2. Kermena muguras formas datu registracijas
sistémas aprobacija

During last year project entered approbation phase. We collaborated with
specialists from the field of medicine and patient rehabilitation in order to obtain
professional feedback for applicability of our posture monitoring system, necessary
prototype improvements and further development strategies of hardware and software
to improve overall medical utility of the method. Our experimental prototypes were
tested with real patients in both private and state medical institutions and received a
number of suggestions for possible improvements, however, an overall positive
feedback was received about system potential for medical applications. Based on
received feedback we developed a new improved prototype which entered second
approbation stage.

Also several publications and presentations were done covering the results of new
innovative methods used in technical part of the posture monitoring system.

Results obtained in this period:
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e approbation of 16 sensor prototype device;
e development of new improved prototype device;
e approbation of 2" 63 sensor prototype device;

e publications and exhibitions.

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

Our first prototype [4.3] was approbated in “Unihouse Ltd” [4.4]. “Unihouse Ltd”
is a technical orthopedics company, which deals with various types of limb prosthesis,
orthosis, production and adaptation. Company staff includes some of the leading
Latvian specialists in the field of orthopaedics. The aim of approbation was to
evaluate systems utility in orthopaedics and physiotherapy. Approbation was
performed in real life conditions, working with teenage (13-15 years old) patients with
considerable posture defects, and was controlled by medical specialist.

During approbation process a number of possible improvements for the prototype
device were pointed out and amended, such as sensor integration in sport style jacket
for more facilitated use and sensor mounting on patient, more clear posture model
visualisation, and improved functionality of data processing application. Also our
technical specialist participated in physiotherapy classes to obtain better insight about
specific monitoring and feedback requirements in physiotherapy process.

Several imperfections were emphasized such as limited posture measurement
resolution, error of obtained posture model, requirement for more convenient sensor
integration and reduction of data acquisition module size. However, overall feedback
for possible system application in posture monitoring and feedback was positive. It
was suggested that system could be applied as home exercise set to help scoliosis
patients perform correct posture after treatment with hard braces. Another potential
user group can be teenagers, who have potentially hazardous posture habits, but the
deformations have not developed as far to diagnose scoliosis. System could help to
improve posture and reduce development of spine deformations.

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

4.2.2. Development of new prototype with 63 sensor
nodes

Taking into account results from the first approbation stage a new prototype was
designed. To improve system resolution and accuracy the amount of sensors was
increased almost four times reaching 63 sensors. To implement such an improvement
a new method for sensor data acquisition was designed. Method is particularly
effective for data acquisition from network of large number garment embedded sensor
nodes. For new prototype the sensor nodes and data acquisition board were redesigned
in order to implement our data acquisition method, reduce size of the hardware and
allow more convenient hardware integration into clothing. Several features and
improvements for the prototype were added, during approbation process.
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4.2.2.1. Efficient data acquisition

In order to implement effective real-time data acquisition from sensor network and
at the same time allow relatively easy sensor node integration into garment, a new
method for data acquisition was designed [4.5]. Data acquisition was achieved by
connecting devices in line topology (Figure 4.5). This allows to overcome addressing
problems which occur in networks with large number of nodes. Method also reduces
number of wires and provides simple wiring structure for convenient integration into
garment or similar medium. At the same time method requires only conventional low-
power hardware and provides reasonable data transfer speeds, which are essential
aspects in number of applications.
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Data Data Data
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CLK G | node 1 Kol node2 | ¥ _ | noden
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Figure 4.5 Structure of the sensor network [4.5]

Method is based on daisy-chained SPI, however several modifications have been
applied, such as clock signal repetition in each sensor node. This reduces the network
to multiple relatively simple and independent links between two adjacent sensor nodes
in chain. The whole network can be formed with only 4 wires in total: 2
communication lines which connect sensors in series and 2 parallel power supply
lines. In theory method allows to connect several hundred sensor nodes using
conventional low-cost hardware (Figure 4.6).

Figure 4.6 Sensor network with line topology [4.5]
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After sensors have been connected in line, their layout can be customised
depending on application, however, the line topology is always maintained. Sensor
network was embedded in wearable garment according to layout visible in Figure 4.7.
After first tests during approbation for more convenient and robust system operation
the sensor network was integrated in custom made orthosis 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 method a new sensor node was
designed. Each node consists of acceleration sensor LSM303DLHC, microcontroller
MSP430G2553 and few miniature external passive components resulting in total size
of just 13 x 13 x 2 mm (Figure 4.8). These nodes were specifically designed for
connection with our data acquisition method and include all the necessary hardware.
The on board microcontroller is the key component which provide interface between
digital acceleration sensors and our sensor network topology. It also provides clock
repetition with integral analogous comparator, thus reducing the number of external
components and reducing total size of the sensor node.

Sensor node
—J Microcontroller
SPI module I /

1
/
|:~| Comparator module I/

—I Timer module I

I 12C module I

MISO

SCLK

SCL SDA
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 topology a new data acquisition
board was custom designed. The board can be divided in several modules depending
on their task:

e Data acquisition module is based on microcontroller MSP430G2553, and is
directly connected to acceleration sensor network. It acts as a master for sensor
network communication, receives all sensor data and transfers them to
wireless module.

e Wireless module is based on Bluetooth transceiver BTM-222. It receives data
from data acquisition module and transfers it to portable computing device, for
example smartphone or tablet.

e Power module consists of 3.7V 3000mAh lithium polymer battery pack,
voltage regulator TPS63031DSKT and battery charging circuit MAX1555. It
provides power for both data acquisition board and sensor network and can
last for up to 40 hours on a single charge.

The data acquisition board was enclosed in protective casing. The casing was
custom CAD designed and manufactured with 3D printer (Figure 4.9).

Figure 4.9 Data acquisition board

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

4.2.3. Second 63 sensor prototype approbation in
rehabilitation centre “Més esam lidzas”.

The second prototype was approbated in rehabilitation centre “Mes esam lidzas”
[4.6]. This rehabilitation centre mainly deals with cerebral palsy patients, especially
children with different movement disabilities. The aim of the approbation was to
evaluate prototype operation in real rehabilitation conditions, when medical staff is
using the system in work with real patients, and to evaluate systems potential for
assisting the rehabilitation process.

During the approbation process (Figure 4.11) there was a close cooperation
between the staff of Institute of Electronics and Computer Science and rehabilitation
centre to improve the utility and convenience of experimental system. Based on
recommendations from staff of rehabilitation centre a number of improvements of the
system were introduced. In data processing application several new features were
added such as more detailed user statistics. Also it was suggested to reduce the
sensitivity of certain sensors in order to allow user more free arm movements before
generating feedback alert, as it is necessary for users to perform certain actions during
the rehabilitation trainings. Also based on several suggestions the application was
modified to become more user friendly.

In addition, more convenient solution for the wearable harness was found in
collaboration with Tonus Elast Ltd. The sensors were embedded in custom made
orthosis. This solution also increased the protection of the electronic components,
which made prototype device more robust to mechanical damage.

During the approbation process system proved to be useful in work with kids and
teenagers who are diagnosed with decreased body muscle tonus and have posture
defects. It was suggested that the system could potentially be used in rehabilitation,
orthopedics and physiotherapy. Commercialization of such a system will give benefit
in economic development.
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Figure 4.11 Prototype approbation in rehabilitation centre ''Més esam lidzas"

In addition, medical staff from rehabilitation centre in collaboration with
researchers from Institute of Electronic and Computer Science participated in “25th
European Academy of Childhood Disability” (EACD 2013), where they presented
poster “Virtual Reality Rehabilitation System for Children with Cerebral Palsy” [4.7],
which was based on the results obtained in approbation process.

Full approbation review form rehabilitation centre “Mes esam Iidzas” can be
found in Appendix 7.

4.2.4. Published results

During last year of the project several scientific publications have been done
covering different parts of our system. Publication about our first prototype was
presented in ‘“2nd International conference on Medical Information and
Bioengineering (ICMIB2013)”, and was published in “Journal of Medical and
Bioengineering” [4.3]. Some innovative sensor network data processing ideas were
presented in “17th International Conference Electronics 2013” [4.8]. The new data
acquisition method described in section 4.2.2 was presented in “2013 IEEE
Conference on Open Systems” [4.5]. Some of the results obtained during approbation
process in rehabilitation centre were presented in “25th European Academy of
Childhood Disability” [4.7]. In addition, some reasearch results were described in
master thesis by R. Cacurs [4.9].

Our system was presented in several exhibitions to rise popularity of the research
results. Our experimental prototype was presented in 20th International trade fair for
innovative electronics production ‘“Productronica 2013”, held in Miinchen, Germany.
Also system was presented in exhibitions "Innovations in fashion and textile industry"
held by Baltic Fashion Federation in Art Academy of Latvia and international
invention exhibition ‘“2nd International Invention Exhibition MINOX 2013”.
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5. Uz rotacijas lenkiem balstitas datu parraides
iekartas prototipa aprobacija realiem apstakliem
pietuvinatos scenarijos

P&étijumi bija saistiti ar uz rotacijas lenkiem balstitu ortogonalo transformaciju
izpéti. So pétijjumu galvenie rezultati ir sekojosi:

e izstradatas jaunas Visparinata FElementara Jakobi Rotatora arhitekturas
(potencials pieteikums patentiem);

e atseviSki So arhitektiiru varianti realizéti uz FPGA bazes;

e izveidots stradajoSs Simulink modelis uz Visparinato Unitaro Rotaciju (VUR)
balstitai sakaru sistémai;

e atseviskas Simulink modela sastavdalas jau ir realiz€tas uz FPGA bazes (piem.,
Jakobi rotators, SVD algoritms).

Lidz gada beigam ir planots pabeigt ar1 reala laika stradajoSu maketu uz FPGA
bazes.

Petijumu rezultati apkopoti divas publikacijas [5.1] [5.2]. Divas citas publikacijas
[5.3] [5.4] ir iesniegtas un gaida public€Sanu nakoSaja gada. Rezultati ir bijusi par
pamatu ar1 vienam promocijas darbam [5.5].

5.1.1.Main research directions
e Novel classes of real and complex (unitary) transforms (1D&2D);
e novel parametrical DeRe (like wavelets) filters (1D&2D);
e shape resonance;
e novel data transmission systems (GONDM);
e Matlab/Simulink Toolbox;
e tools for automation of VHDL/Verilog code generation of “angular” devices;

e architectures for rotators (rotation cells).
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5.1.2. Today and in the future: Some directions of the

work

e Unified approach to complex fast orthogonal transforms(“theory’);
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e unified approach to real fast orthogonal transforms;

e digital signal processing of acoustical signals (speech, biomedical, research of
materials);

e parametricalorthogonalfilters;

e wavelets and phi-functions;

e prototypes of generalized data transmission systems (like IEEE 802.11);
e implementation of (prototypes of phi-devices)into FPGA.

5.1.3. Perspektivas

e Nepartrauktu signalu rekonstrukcija (visparinata, “rotacijas lenkubalstita”
diskretizacijas teoréma);

e uz rotacijas lenkiem balstital-D signalu kompresija;
e uz rotacijas lenkiem balstitaatt€lu (kompresija, filtracija etc.);

e uz VUR balstTtu sakaru sisteémas.
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6. Elastigas antenas izstaroto signalu parametru
novertésana

The results obtained in the period:
e Estimation of the antenna capabilities (Section 6.1).
e Estimation of the shielding capabilities (Section 6.2).

6.1. Estimation of the antenna capabilities

6.1.1. Introduction

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

The most popular antennas, which are used in remote sensing are % monopole,
folded dipole, ceramic antennas. These conventional antennas are not effective
enough, in case, when a human body is located in the antenna near zone. The
significant part of output power is absorbed by the body. The microstrip patch antenna
resolves this problem. The chapter contains description of the most popular portable
and textile antennas, modern e-textile materials, transmitter technical data, schematics,
calculation methods that are needed to design rectangular patch antenna.

The practical part of the work contains patch antenna design solutions. The target
of work there is to develop patch antenna design algorithm, which can be used to
produce textile antennas for clothing and remote sensing. To achieve the goal the
following methods are used: antenna calculations, modelling with HFSS software,
parametric analyzing, optimization, antenna prototype building, S11 measurements,
tuning, antenna test with transmitter and receiver, results analyzing.

The 2.45 GHz ISM band is very popular for low power wireless communications.
This band has some advantages and disadvantages. The advantages are a short wave
length (12 cm), small antennas and universality of the band. The disadvantages are the
spectral pollution of the band and poor propagation through the buildings. A lot of
wearable textile antennas were designed for this band. For example antenna for fire
fighter garments [6.12] [6.13], eight-element e-textile antenna array for body-worn
communication and navigation [6.14] and other textile antennas for 2.45 GHz band
[6.15]. A lot of these systems were tested in anechoic chambers and the authors get a
good efficiency of the communication. But in real life this band can be polluted by
high power signals from Wi-Fi, Bluetooth transmitters and microwave ovens. This
results in a sudden decrease of communication efficiency. But it cannot be allowed for
emergency or rescue workers. The alternative way is using the 868 MHz band which
is allowed in Europe. This band is less polluted and the wave has the better
propagation in towns. The radio-frequency identification RFID tags also use this band,
and some flexible antennas are designed for RFID purposes [6.1] [6.2] [6.3]. A
wearable textile antennas for 868 MHz band communications in not distributed
widely. We decided to make an antenna for this band using the new conductive
pigment technology.
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The conductive inks became very popular today. It widely use for ISM band
antennas [6.4] [6.5]. A paper or polymer films are used as substrate. The inks with
nano-silver particles were used for creation of the conductive layer. The Dimatix
DMP 2800 printer usually was used for printing of conductive layer. Also, the
conventional ink-jet printer Epson C90 can be used for printing of the conductive
layer [6.3]. A lot of print is needed to achieve good conductivity. This technology is
more suitable for antennas with thin conductors, for example dipole. But we are
focused on the microstrip patch antenna, because it is directional antenna. The ISM
band 868 MHz patch antenna has a large radiator and ground. The dimensions of the
radiator are 170x115 mm. The dimensions of the ground plane are 200x270 mm. It
can be smaller if the substrate has higher dielectric constant of the substrate. The
simple rectangular 868 MHz band patch antenna doesn’t need a very high precision
and the pigment can be drawn manually without special printer. Textile materials can
be used as antenna substrate. The common use substrates for flexible antennas are a
polyester, cotton, felt, aramid or combinations of these materials. The dielectric
constant of the materials is 1.3 — 2.0 and loss tangent 0.0004 — 0.04 [6.6] [6.7]. A lot
of measurement methods are available for characterization of the dielectric properties.
The most popular is ring resonator [6.2], dielectric loaded waveguide cavity method
[6.6], microstrip patch radiator [6.7], matrix-pencil two-line method [6.8]. For the
material and patch antenna characterization we use a full sheet resonance method
which is described in [6.9] [6.10] and standard IPC-TM-650 2.5.5.6. Also this method
is recommended for the tests of materials for circuit boards for example Rogers
RO4000, but it is suited well for any structure which forms a planar resonator.

6.1.2. Geometry and materials of the antenna

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

Figure 6.1 Patch resonator and ground plane
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The antenna is flexible. It can be roll up in pipe with diameter 15 mm without
deformation or degradation of the conductive layer. The conductive layer is quite
strong. The “Fig. 6.2” demonstrates the flexibility of the 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 tested by full sheet resonance
method. We used the sweep generator X1-43 with frequency range 0.5 — 1250 MHz.
The amplitude-frequency response (AFR) was observed. The “Fig. 6.3” shows the test
circuit. Patch resonator was connected to generator by using loose electromagnetic
coupling on the corners. The coupling can’t influence significant to current
distribution of the resonator. The “Fig. 6.4” shows the test conditions. There were
prepared two tests. The patch resonator with conductive pigment was tested first.
After that the patch resonator with aluminum foil was tested. The dimensions of the
aluminum patch resonator are the same as of the pigment resonator. The substrate of
the aluminum resonator is fiberglass.

tracking generator

A
] WA
output input

¥ ¥

parallel plate resonator

\

_ N

# ] Loase Coupling

Corner-to-Corner Transmission

Figure 6.3 Measurements of resonance response of the resonator
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Figure 6.4 Patch resonators. Left — with conductive pigment. Right — with aluminum foil.

The AFR of the both resonators is shown on “Fig.6.5” widely. The resonator with
conductive pigment has not significant peaks on the display. It means that is has low
Q factor or high losses. The same structure with foil has significant signal
amplification in two frequencies. The resonance frequencies are 723 MHz and 992
MHz. The result demonstrates that the resonance frequencies of the patch antenna can
be found simply by using the full sheet resonance method. This method gives the
opportunity to compare different materials for the antenna and estimate electrical
loses in the working frequency. The test shows that the aluminum foil and fiberglass
structure is more efficient than conductive pigments and cotton structure.

''TVIBOP f1Ag MCC/\E[JOBAHHQ A

8 Moo

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 structure

The surface resistance of the pigment was measured with ESCORT ELC-3131D
equipment on two frequencies 120 Hz and 1 kHz. The results on both frequencies are
the same. The test results are presented on Table 1. The resistance is not uniform and
it is not stable enough. The line between points 5 and 7 is a 0.25 A transformer. It has
too high resistance and the transformation of the impedance is not expressive enough.
In some papers are described the impact of the resistance to effectiveness of the
antenna. For example a carbon conductive layer for microstrip patch antenna was
researched in [6.11]. There was described that the conductivity of the radiator must be

better than 10° (S/m), otherwise the effectiveness of the antenna will be too low.

170

1 2 3

116

70
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70

3.0

8

Figure 6.6 Resistance measurement points of the antenna

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

The patch resonator has the capacitive properties on the low frequencies. The
capacitance of the structure was measured in order to find parameters of the dielectric.
But the results were controversial. The tests equipments cannot show the capacitance
value correctly because of high loss tangent.

6.1.4. Measurements of resonance of the textile Bi-Quad
antenna

The Bi-Quad directional antenna was produced and tested. This antenna consists

of two loops. The loops are connected in parallel. The loops can be rectangular or

circle. The length of elements of the antenna is equal to wave length which is 32 cm.
This antenna is very popular on wireless internet devices, Wi-Fi 2.45 GHz.
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The input impedance of the antenna was tested with high frequency (HF) bridge.
On resonance mode the antenna input resistance is pure active. The best case is then
antenna input resistance is active and equals to 50 €. This is the matched load mode.
When the antenna is in matched mode, then antenna receives all power of the
transmitter. Amplitude of the current in the elements of the antenna is higher in
matched mode. The higher current generates more powerful electromagnetic (EM)
field. If the antenna is unmatched (reactive load or #50 ) than a part of energy are
reflected from antenna input. The reflected power absorbs in the output stage of the
transmitter, as a result the antenna radiates less power. The transmitting distance was
reduced due to this absorption. The HF bridge compares the impedance of the antenna
with etalon 50 Q load. If the antenna impedance is 50 € than output voltage of the HF
bridge is OV. The predicted resonance frequency is 800 — 900 MHz. The textile
antenna doesn’t have expressed resonance on all frequency range. It works like a
resistor. The same antenna on FR4 substrate was tested. The test of FR4 antenna
shows the expressive rising edge on the 820 MHz frequency. It means that antenna
impedance is active and close to 50 Q. 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
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Figure 6.9 Comparison of two antennas

6.2. Estimation of the shielding capabilities

6.2.1.Microwave transition and reflection

TEROOOT.BRAP

The transition and reflection coefficients of microwave were measured. The
microwave frequency is 10 GHz. The waveguide method was used. The test circuit is

demonstrated at “Fig. 6.10”. The photo of test shows “Fig. 6.11”.

Microwaves

propagate in waveguide with dimensions 23x10 cm. The load was connected in the
end of the waveguide. The load parameters are known. The material of the antenna
was located between waveguide output and the load input. The microwave field was
distorted by the antenna material. The amplitude and phase differences of the field
were observed by using the slotted line.

—

—

3
4

HE

From generator

Figure 6.10 Measurements of microwave transition, schematics.

1 - Coaxial to waveguide adaptor, 2 - slotted line, 3 - investigated material, 4 — reactive load
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Figure 6.11 Measurements of microwave transition, image.
1 - Coaxial to waveguide adaptor, 2 - slotted line, 3 - investigated material, 4 — reactive load

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

The phase and amplitude differences were plotted on the Smith 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 was found. The transmission and
reflection properties (S12, S11, S22) can be extracted from the complex impedance.
The textile antenna material was compared with graphite layer. The surface resistance
of the graphite layer is 500 €/o. Data are collected in Table 2. The physical meaning
of these parameters is explained below on “Fig. 6.14” S12 — transition of the
microwave through antenna material, S11 — reflection if the wave propagates from
metal side to textile side, S22 — reflection if the wave propagates from textile to metal
side.

522
Conductor .
Textile
Figure 6.14 Description of the S parameters
Table 2
Transmission and reflection coeficents
1S12] IS111 S22| Absorption
Transmission | reflection | reflection 1-(1S121+1S111)
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 resistance of the hand-covered conductive
pigment is too high for using it for antenna or resonator. The effect of resonance was
not very expressive, because the surface resistance of the conductive layer is not
uniform enough. The high frequency (HF) field concentrates on places with better
conductivity and distribution of the HF field was distorted.

The microwave transition test shows that the pigments are more effective as
shielding material than graphite layer. The pigment layer can be used as grounding of
the static charge in the electronic devices which has a plastic case. Sometimes an
additional shielding is needed in the electrical devices. The conductive pigment layer
can be used for additional microwave absorber.

The resistance of the pigment layer should be reduced in order, to use the pigment
for antenna design. The microstrip patch antenna is very sensible to resistance and
thickness uniformity. The best way is to use automatic conductor covering, which is
able provide better uniformity of resistance and thickness. The thicker substrate (1.5 —
5 mm) is needed for patch antenna design. Not only textile can be used for antenna
substrate. For example, a rubber or flexible composites can be used as antenna
substrate.
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7. Komunikacijas sistemas prototipa aprobacija
realiem apstakliem pietuvinatos scenarijos, kas
saistiti ar mobilo objektu vietas noteikSanu ar
augstu precizitati, ka ari bezvadu datu apmainu
starp kustigiem objektiem un attalinatiem serveriem

7.1. Performance Calculation of Two layer
Communication Vehicular Network

Our goal is to demonstrate the performance of IEEE802.11g in the mobile
environment. The similar studies estimate the realistic scenarios of the urban traffic
with the WLAN performance at very low speeds. They varied the module schemes
and analyzed bandwidth throughput. The obtained results of the research are
important for the multimedia and for the other real-time applications.

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

We are interested in the real traffic situations in order to calculate the maximum
capacity of IEEE802.11g standard.

7.1.1. Distribution of the vehicle in the coverage area of
the base station

Base station throughput depends on vehicular (client) number in coverage zone. It
is clear, the large client number reduce base station throughput. Throughput in
vehicular networks is estimated as goodput. In networks, goodput is the application
level throughput. Base station goodput is varied with distance between BS and client.

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

100m & 100m
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Figure 7.1 Vehicle cyclic network
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Besides that the actual speed of data transmission will be depend on the number of
objects, which are in the coverage area of the station. Supposing that the average
length of the automobile is 5 meters, and the necessary distance on the road between
automobiles is 5 meters.

Then, in the length of the road of 600 meters the maximum automobiles that can
fit in are 60 automobiles. The road section of 600 meters we divide into 12 subareas in
50 meters, then0 <m, <5. Where m, - length of the distance (50 meters).

For vehicles number investigate a closed network consisting of M independent
nodes with N incoming customer. We assume that the parameter @, according to the

highway speed on the movement on highway is characterized by density. Customer
service intensity @, in zone i is related with length of zone and vehicle (customer)

velocity in zone [7.1.1].

If the zone length equals Si , and vehicle movement speed equals 4 , then the
intensity of vehicle service by road interval equals:

@ =318, (7.1)

According to (7.1) the intensity of vehicle service is depended on from initial
vehicle flow rate into the road interval as from the density of vehicle location on the
road interval.

In fact, to determine how to grow the speed of the vehicle was made an
experiment. Results are presented in Fig. 7.2.
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Figure 7.2 Speed of vehicle 9,
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The speed of movement of vehicles on the highways is characterized by the
density of placement of vehicles on the road section. For the calculation of the
average speed of automobiles on the certain road section there is an expression:

(7.2)
9 = ,90[1_£j.
k

c

Where, k_ - is the maximum allowable flux density, 9, - the speed of the free

movement of the flow (the maximum allowable) Fig. 7.2, k - the number of vehicles.

The speed grow can be depending on the vehicle technical parameters. Vehicle
speeds in the various zones are presented in Table 7.1:

Table 7.1 The vehicle speed.

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

4 (km/h)

Intensity @, 0.264 0.34 0.41 0.465 0.514

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

i is estimated by the system of equations[4]:

;X = ?;11 ;X Py - (7.3)

From nature of model we may calculate that *1 = I and the next step is calculated
as follows:
@, @, @, (7.4)
X2 = WXy = Xy =——
@, @, @,

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

No. 1 2 3 4

0 1 1 1 1 1

9 1 4.111 10.63 22.535 42.284
10 1 4.19 11.038 23.835 45.569
19 1 4.443 12.377 28.432 57.991
20 1 4.447 12.414 28.562 58.370

Probability that i — zone is occupied:

G(N -1) (7.5)
- _

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

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

M K G(N-k) (7.6)
E[”l] =2 g Gt GV

Table 7.3 Average number of queries.

Vehicle (N) Zone 1 Zone?2 Zone3 Zoned4  Zone)5
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 the wireless network. At the first stage
the data is transmitted from the mobile object to the nearest Access Point along the
protocol IEEE 802.11 g. However, the distance from the AP object should not exceed
200 meters. Further from the AP the data are transmitted to the remote base station on
the protocol IEEE 802.16 (WiMax). This variant provides the data transmission at the
distance up to the several kilometers. Thus, the object of the research represents the
two-level system of the wireless networks. This object can be represented by the two-
level network model, as it is shown in Fig. 7.3. Null node stimulates the data

transmission from a movable object with the intensity of the data transmission o
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Figure 7.3 Two layers vehicular network model

The second node stimulates the AP wireless network providing the data reception
and transmission from the mobile objects of the null node. The intensity of the data

processing is equal to #1.

w=F. an

Where B is the data — transmission rate in the wireless network IEEE 802.11g
depending on the distance to the base station as is shown in the Fig. 7.3 [7.1.2].

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

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

In its turn AP connects with the remote base station along the wireless network
with the IEEE 802.16 standard. The intensity of the data transmission of the second

node is to be taken to be equal to 2.

The route of the data transmission keeps the track from the null node to the first
node and then to the second, if the file transfer is considered from the car to the BS.
From the BS is transmitted the ACK confirmations on the packet’s transmission. In
this case the average time for the transmission will be varying: more time is spent on

the transmission of the data packets, which we denote as E@ "). The ACK transmission

takes less time denotes it as “?0). Then the average time of the data processing in the
first node will be:

E(t)=Et)+E(t,)/2. (7.8)

If on the top of each transmitted packet we receive the ACK confirmations. In this
case the intensity of the processing in the first node will be:
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o =1/E(t,). (7.9)

The model participates in the parameter N determining the number of data
transmission initiators, which compete for the resource sharing of the 1 and 2 nodes.
In our case this is the number of automobiles in the AP coverage area. Then three-
node and two-level model of the goodput can be expressed by the (7.17) formula. In
this formula the parametersa, X; and X, determine by the value from (7.10). The
valuation problem of the goodput provided by the model consists of the determination
of the value N — the number of cars in the AP coverage area. Moreover, in the
wireless network standard IEEE 802.11g the speed of data transmission depends on
the remoteness of the vehicles from AP.

The terminal count in each vehicular wireless network is usually high.

Bandwidth equation for a two layer network:

(7.10)

X, =t x =ax;; a=t1p,.
P Hy

The intensity of the y, :

w, =1/t. (7.11)

t=1,1V,. (7.12)

Where Vi effective data transfer rate for the IEEE 802.16e protocol. For the data
transmission between the Access Point and the base station is used IEEE 802.16e

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

The packet length will be/, =1500bytes , but the actual speed is determined in the
following way:

V, =V, /2. (7.13)

Starting point for the calculation is the normalizing function G(N), that is chosen

from the principle of the sum of probabilities being one. P0:™1>"2) where i in

vector = (1:m2m3) i he inquiry count in { —? node. The resulting equation for

G(N) calculation looks like this:
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3 3 (7.14)
G(N) = ZE(Xi)"i, ne {(nl,nz,m)/Zni =N,n, > ov,}.

n i=1

Where 7 - number of vehicles.

The function of the studied two layer vehicular network looks like this:

(7.15)

N
G(N) :ﬁ;X{(l—af“)

J

Goodput 7 of the two layered network is defined as the count of processed
inquiries in a unit of time. The finished task is put out trough the subsystem of
input/output, and instantly trough it a new task is loaded. Probability of a lack of
inquiries in i-th node:

p{ni =0}= [G(N)-X,G(N -D]/G(N). (7.16)

We get the result of:
n=HFoud- p{ni = 0}) . (717

From equation (7.17) we can calculate n for each segment. On the network

performance influences the probability of transmission of the confirmation ACK, as
increases ACK, increases the number of packages per unit time.

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

500

i) :

(] ¢ 7 : : ;

[]

DtE 200
150

100

50 | i i | i | i
1 3 4 5
Zones

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

Packet/sec.

o i i | i I
3 4 5
Zones

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

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

7.1.3. Opnet Simulation of Two Layer Network Model

OPNET is a research oriented network simulation tool that directly uses real-life
applications and protocol stack to generate high-fidelity simulation results. Figure 7.7
shows two layer network model with WiFi and WiMAX:

WLAN_wrstn_t

-

=
WiMAX Backbone 1 :j:]
192,0.1.0/24 JLAN HOt 5pot {WLAN wistn D
Regquires static route 'gz_n_g_n.-'24
configuration when usim ;
"Framing Module Enabled
wistn

o
S5_WiMAX_WLAN E

WLAN

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

We used OPNET Modeler 15.0 to simulate IEEE 802.11 and IEEE 802.16e.
OPNET provides high-fidelity modeling, simulation, and analysis of wireless
networks such as interference, transmitter/receiver characteristics, including MAC,
routing, higher layer protocols, and applications. [7.1.2]. Goodput for a simple
scenario with one access point (Wifi) and one workstation, present in Figure 7.8.
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Figure 7.8 Goodput for Aplication

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

Table 7.4 Network setting for Opnet

. Work

Base station .

Parameter (WiMax) station
(Wifi)

Antenna | 4p 1dB
gain
Transmeted 38W 0.5W
power

Wireless Wireless
Pf)lfgle OFDMA OFDMA
p 20MHz 20MHz

OPNET modeler can give us the result as graphs form a relation between the
studied metric and simulation times or other effected factor like number of users.
HTTP is the foundation of data communication for the World Wide Web (WWW).

Figure 7.9 shows the HTTP traffic sent by the server.
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Figure 7.9 HTTP traffic sent by the server

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

W wifi_dproject_Multi_mobileWP-DES-1
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Figure 7.10 FTP traffic sent by the server
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On average throughput increases approximately in the same order as the number
of users increase. The WLAN throughput is shown in Figure 7. 11.
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Figure 7.11 Throughput for 2, 4, and 8 WLAN users

In this work we have simulated many different scenarios with one AP and one
work station; two layer network model with IEEE 802.11 and IEEE 802.16e. From
the simulation result, WiFi access points were compared and the delay in WiFi router
was higher than the delay in the WiMAX base station. From this scenario we see that
Goodput in access point and base station dependent on the amount of traffic [7.1.4].

7.1.4. Experimental estimation of vehicular network

7.1.4.1. Experimental Estimation of IEEE802.11n for
Short Range Vehicular Network
The estimation was made by the means of IxChariot software. The main feature is
the fact of speed measurement of the data transmission depending on the remoteness

of the mobile object from the base station and its moving speed. The base stations are
connected with the primary station, using WDS (Wireless Distribution System)

connection Figure 7.12.
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Figure 7.12 Measurement setup using IEEE 802.11n devices

Data transfer rate as a function of location of the mobile object, during its
movement at speeds of 20km/h is shown in Fig.7.13. Data transfer rate as a function
of location of the mobile object, during its movement at speeds of 40km/h is shown in
Fig.7.14. Data transfer rate as a function of location of the mobile object, during its
movement at speeds of 60km/h is shown in Fig. 7.15. Data transfer rate as a function
of location of the mobile object, during its movement at speeds of 100km/h is shown
in Fig.7.16.
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Figure 7.13 Data transfer rate as a function of location of the mobile object,
during its movement at speeds of 20km/h
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Figure 7.14 Data transfer rate as a function of location 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 location of the mobile object,
during its movement at speeds of 60km/h
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Figure 7.16 Data transfer rate as a function of location 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 in this article, were continued in the
direction of the creation of the analytical model for performance assessment of not
only the mobile unit - Access point, but also further from the Access point to the
remote server.

The adequate model in this case can be a closed network model of queuing
systems, consisting of two nodes. The experiments took place in Rumbula, Riga,
research polygon (Fig. 7.17).

The initial node simulates terminals of the mobile units; it is directly connected to
AP models with the controller and the router that connects AP to a remote server,
which simulates the third node of the network model.

In order to determine the model parameters, such as the intensity of the processing
in the nodes and probability of transitions, it is necessary to evaluate the physical
parameters of the prototype. In order to create such a prototype, the Cisco equipment
has been used.

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

It is obvious that the goodput will be largely dependent on the data transfer rate
from AP to the server, i.e. from the data transfer characteristics. For such studies the
router CISCO C819 M2M with two output channels has been used. One channel
provides data transfer in GPRS mode. The second channel, being characterized by a
high data transfer rate, uses LTE mode — the mode of the next generation of mobile
communications. Scheme “test-bed” is presented below (Figure 7.18):

Ethernet

AP

[(NRY} 3 saddions: 7__‘ e »
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. — o
802.11n 802.11n 802.11n

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

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

2. Two stage goodput with 3G and 802.11n at speeds of 20km/h is shown in Fig.
7.20.

3. Two stage goodput with 3G and 802.11n at speeds of 40km/h is shown in Fig.
7.21.

4. Two stage goodput with 3G and 802.11n at speeds of 70km/h is shown in Fig.7.22.
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Figure 7.19 3G goodput at the steady mode
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Figure 7.20 Two stage goodput with 3G and 802.11n at speeds of 20km/h
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Figure 7.21 Two stage goodput with 3G and 802.11n at speeds of 40km/h
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Figure 7.22 Two stage goodput with 3G and 802.11n at 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 growing demand for the Internet and
its services. Information base is being used to provide good services, the latest
wireless networks and corresponding standards to dedicated short-range
communications. Considering this part, the wireless base stations can be set up along
the priority roads, which will provide communication to the vehicles independently
from the network infrastructure.

At the setting up of wireless network, the certain problems occurred with for
moving objects, which are required to be solved by the manufacturers. One of the
problems is the amount of vehicles on priority roads in respect to the amount of base
stations along the priority roads. The certain problem is significant as the certain
amount of the customers is located in the coverage of the base station with the
recommended data transmission speed, which is called “goodput”. The data
transmission speed depends on the traffic intensity. The second problem is the
presence of the neighbouring wireless networks.

The main task in this experiment is the approximate data transmission speed in
accordance with the distance to the base station, as well as the second task should be
resolved, when the Internet speed should be fixed in accordance with the N moving
objects, which are located in the coverage of the wireless network base station.

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

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

There are mathematical formulas to calculate the amount of packet transfer per
second, as well as the possibility of obtain the curves which will show the optimal
speed for the moving object in order to receive more packages.

The very first experiment was carried out with the use of access point in each
direction at the distance of 60 meters from the controller in accordance with the
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principle as shown in the scheme. This means that the access points are located at the
distance of 120 m from one another, we use 3 access points and the client was moving
with a speed of 30 km/h. It should be mentioned that these experiments have no
authority controllers. Throughput - permeability and Elapsed time are denoting the
experimental measurement time. Mbps - Mbit/s (Figure 7.23).
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Figure 7.23 Throughput graph at the client travel speed of 30 km/h along the access points

After studying of the graph we can see that the secured speed is a bit lower than
expected but this reflects the real internet speed to the server. In accordance with
IxChariot program indexes, the average internet speed attained only 5,909 Mbit/s., by
using LTE (4G) network the speed should be greater. In this experiment the maximum
internet speed was 12.121 Mbit/s. while the minimum rate was 0.311 Mbit/s. The
lowest speed is explained by the fact that at that time was switching from one access
point to another, so for a short time the data transmission speed is reduced. Response
time from the device, seconds and Elapsed time are denoting the experimental
measurement time (Figure 7.24).
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Figure 7.24 Response time graph at the client travel speed of 30 km/h along the access points

Upon comparing of this graph and the previous graph, we can see association that
the response time of the client depends on the speed at that moment or the action.
When the client switches from one access point to another with a very low Internet
covering, he moves for several meters with almost no internet.

The average response time for this attempt was 0.135 seconds, while a very good
index is the minimum response time of 0.066 seconds or 66 ms. Response time graph
shows that at this time much less data packages are being transferred than with the
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lower response time. So, within 51.398 seconds 38.200.000 bytes were transferred or
382 transmissions took places. This means that one single transmission included
100.000 bytes or 0.1 MB and in total 38.2 MB were sent, which is generally a good
index during the transmission of information.

The next experiment was carried out at the speed of 60 km/h, traveling down the
road along the access points.

But now we used only two access points to see precisely at the switching moment.
The distance between the access points is 120 meters (Figure 7.25 and Figure 7.26).
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Figure 7.25 Throughput graph for the client at the travel speed of 50 km/h along the access points
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Figure 7.26 Throughput graph for the client at the travel speed of 90 km/h along the access points

Having investigated the graph, we can see that the connection is not lost even
during the switchover, as the minimal Internet speed is 0.132 Mbit/s. The average
speed for this experiment made only 4.412 Mbit/s, and the maximum internet speed
made 11.268 Mbit/s, which is quite a good speed for the vehicle. While making this
measurement, 188 transmissions of 100000 bytes took place. The total transferred
data amount reached 18.8 MB only at the distance of 240 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 performance of the wireless network
depends on the number of customers as well as on the transmission type of traffic
(HTTP or FTP).In the given piece of work was developed the model for defining the
real speed of the data transmission depending on the number N of the moving objects
which were in the coverage area of the base station of the wireless network. On the
basis of this piece of work the real speed of the data transmission will depend on the
number of the objects interacting with the base station and their remoteness from it.
On the basis of the experimental data were developed the mathematical model, the
connecting number of vehicle and data transmission feature. In this paper were
developed the model to determine the actual speed of data transmission depending on
the number of mobile objects which are in the coverage area of the base station of the
wireless network. In fact, we have derived practical analytical models for the
distribution of the number of packets that a vehicle can download from a two layer
network system with access point and base station. It can be concluded that the
performance of a base station depends on the number of vehicle and speed. For our
calculations we assumed that the rate increases exponentially.

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

The rapid motor transport development, in terms of both quality and quantity, has
generated quite a few problems in the sphere of road traffic safety. Modernization of
the existing road infrastructure and creation of new state-of-the-art systems, especially
in communication, are aimed at reducing the number of road traffic accidents. [7.2.1].
Given results work presents the possibilities to use GNSS system with phase
measurements and real time data correction to establish location of dynamic objects.
Test was done by using specially equipped vehicle, which was equipped with high-
precision two systems (GPS and GLONASS) phase meter Topcon GRS-1 and a real-
time correction system, which used GSM GPRS data transfer format [7.2.2].
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7.2.1. Devices used in the research

Structure of the used satellite system devices presented in Fig.7.28. Receiver
antenna W1 was installed on the roof of vehicle. For control purposes, in the car was
installed a simple satellite signal receiver Holux BU-353 with a proven ability to work
at high speeds of movement, but with the lower accuracy.

Correction stations are part of EUPOS-Riga system, consisting of five stations
near Riga. In some researches also were used LATPOS correction stations, covering
all Latvia territory. For research without satellite system, there were also two types of
inertial sensors installed, to autonomously determine the movement of the vehicle in
restricted satellite visibility conditions.
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Figure 7.28 Structure of satellite system devices

One of the inertial sensors was MEMS acceleration sensor STEVAL-MKI024V1,
another - acceleration and position sensor Xsens MTI-G with built in receiver without
correction (Fig. 7.29). Inertial sensors were placed on the roof of the vehicle, next to
the satellite receiver antenna, but the sensor output signals were transmitted to the
recorder hardware, that was in the car.

GRS-1
antenna
. W1

STEVAL
-MKI024V1

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 good precision evaluation in static
mode. The first experiment purpose was to determine the influence of environment
(trees and buildings on either side of the road) on the number of satellites available for
GRS-1 device and the respective precision errors. The path that contains different type
of environment on either side of the road (trees and buildings) was chosen (Fig.7.30).

[——

Figure 7.30 The first experiment trajectory on the Google aerial map

After traveling the chosen path the navigation data from GRS-1 was processed
and marked on the map. Fig.7.31 illustrates the RMS (that is accuracy) dependence on
the number of satellites available for every measured position along the path.
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Figure 7.31 RMS dependence on the number of the satellites

TopSURV software provides several types of the position calculation methods:
fixed — positions are computed by RTK engine, the carrier phase measurements from
a base station and receiver. Integer ambiguities are fixed; autonomous — differential
corrections are not available; float - integer ambiguities are not fixed.

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

During the experiment, measurements were carried out for certain vehicle velocity
parameters. Vehicle begins moving with acceleration, reaching top velocity — 40
kilometers per hour. Vehicle moves at the top velocity, and then begins to slow down.
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The route for the experiment was selected at the straight stretch of the road. Using
GRS-1 in static mode the road has been marked in two points: “start” and “finish”. By
GRS-1 calculation, the distance between these two points is 182.3728 meters (Fig.
7.32).

Figure 7.32 Orthophoto of the road

The vehicle moves specified distance at the given velocity parameters, while the
GRS-1 measures position every second. As a result, we have obtained the samples of
coordinates along the entire route with an interval of one second.

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

We use simple relation in among the sides of a right-angled triangle to calculate
distance between two points of the way (7.18).

Diz\/(Xifl_Xi)2+(Yi—l_Yi)2’ (7.18)

where Dj is the distance between two points, at the beginning it will be the first
measured point (Xi.1,Yi.;) and the second measured point (Xj,Y;). xi.1 and X; are the
corresponding values of longitude in meters of the first and the second measured point,
and Y;; and Y, are the values of latitude in meters of the first and the second
measured point, accordingly.

We know that the distance between two points is traveled in one second time
interval; therefore we can calculate velocity for every point of the route and then
convert values to kilometers per hour according to (7.19).

D,
V, =—x 3600, (7.19)
1000

i

where V; is a velocity at the (Xj,Y;) point of the route.

We can calculate directions for the start and finish points and for every point
along the route by using the point’s values in meters. We use (7.20) to calculate
direction.

=arct (u) 7.20
7, =areig (- (7.20)

1
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Fig.7.33 shows the results of velocity calculation by using the algorithm described
above. The graph shows the typical velocity increase when the vehicle begins to move,
then velocity remains relatively constant for some time interval, and then it decreases.

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

s 4 e

Figure 7.35 Route of the experiment

Experiment results at maximum speed are presented in Fig.7.36.
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Figure 7.36 Velocity determination with satellite systems devices, V=100km/h

As can be seen from presented results, at maximum speed measurements of
mobile object location obtained with phase meter and real-time correction (Topcon
GRS-1) was very similar, if compared with high dynamic receiver BU-353rd position
measurements. In order to compare the correction stations networks EUPOS-Riga and
LatPos, measurements by using these networks were carried out. Results are presented
in Fig. 7.37 and 7.38.

The results show the possibility of position measure in dynamic mode, using both
real-time correction systems.
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Figure 7.37 Changes in travelled distance using correction from EUPOS-Riga
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Figure 7.38 Changes in travelled distance using correction from LATPOS system

If from previous figures looks like precise system GRS-1 and non precise system
works similar, then now let’s take a look at more detailed systems research results
(Fig.7.39 and 7.40).

Figure 7.39 Comparison of satellite systems with and without RTK - GRS-1 measurements
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Figure 7.40 Comparison of satellite systems with and without RTK -
Xsens built in GPS receiver measurements without correction

As we can see from shown measurements results, phase measurements with RTK
have much higher accuracy and there is no variation in measurements, as for receivers
without correction.

7.2.3. Research of complex system

Location determination experiments with high-precision satellite systems in dynamic
mode, even using all available GPS and GLONASS system satellites showed, that in
both urban and rural forest massifs are possible disruptions of satellite signal
reception. To avoid position measurement loss, incurred during the capture of satellite
signals, inertial acceleration sensors were used for automotive sharp lines: x -
longitudinal, y - lateral direction.

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

a, =a, —a, (7.21)

any = aiy - asy (722)

where a,x and a,y - acceleration bias in the respective x and y accelerometer axes, ajx
and ajy - inertial acceleration meter values in the respective axes, ai and agy —
acceleration in the respective axes, calculated from satellite device data.

It is important to note, that acceleration bias will not be constant thought the trip, but
will fluctuate, respective the accelerometer data noise and error values, mainly caused
by vehicle vibration and tilting during the trip. So we made conclusion, that it is
necessary for obtained acceleration bias values to apply filtering algorithms. The
simplest filter model was selected for this purpose: low - pass filter, which can be
described by the following equation:

1

Xy =X +; . (xl.e‘_ — xl.ziil) (7.23)

X; . . . X, .
where ~ % - filter output value in the current time moment, ~“- - filter output value

in the previous time moment, k _ filtration coefficient, ~* - filter input value, in our
case, acceleration value in the current time moment.

In the case, if navigation signal is lost during the trip, processing algorithm will use
accelerometer measurement results to determinate position and movement parameters,
by using obtained filtered acceleration bias value for accelerometer measurements
correction. For navigation data obtained during the experiment were simulated 20-
second interval, when navigation data were not available and the position was
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determined by using only accelerometer data. Results obtained without filtering are
shown in Fig.7.41.

Figure 7.41 Straight line movement without filtration

With A green arrows are marked vehicle movement and position, when navigation
signal was available. With A red arrows are marked vehicle movement and position,
for section, when we simulate navigation signal lost, and parameters were obtained by
using only inertial sensor measurements. With / yellow arrows are marked
determined vehicle movement and position, in case, if navigation signal lost isn't
simulated.

Results obtained by using acceleration bias filtration for the same road section are
shown in Fig.7.42. As can be seen in this case, we obtain accurate trajectory without
using satellite measurements.
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Figure 7.42 Position determination by using inertial sensors data with bias filtration

For acceleration filtration also can be used variable window method or Kalman.
Variable window method can be described by the following equation:

1 n

xavg =7 Z'xi (724)
k i=n—k

where x,,, - filter output value, k - window length, n - count of input values, x;- filter

input value.

Let's look at the experiment results acquired by using data processing with window
method. As we can see from Fig.7.43, filtration with optimal window length (20
cycles) give results very similar to those described above. And it can be concluded,
that in principle, we can acquire same results with different processing methods, but
in autonomous mode error is most affected by motion unevenness.

Accelerometer results are good enough to determinate position and movement
parameters of vehicle when moving in straight direction. But in case when complex
movement is made, previously acquired bias value can change and calculated
movement trajectory can be different than actual, as that shown in Fig.7.44.
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Figure 7.44 Trajectory by accelerometer in complex movement, filtration
with optimal window length (70 cycles)

107



To improve determination of vehicle movement trajectory, instead of accelerometer
can be used gyroscope. Gyroscope measure direction change and are more stable in
specific axis against vibrations. Some bias still can affect the measurement, but it is
possible to compensate it with the mentioned filtering techniques. Example of result is
shown in Fig.7.45.

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

7.2.4. Conclusions

Results of our experiments for TOPCON GRS-1 show, that GRS-1 receiver has much
higher accuracy parameters than other GPS receivers. The accuracy of GRS-1
receiver is affected by the road environment and the number of active satellites in
spite of the corrections provided by the base station. GRS-1 can be used for the
different velocities, and it is possible to test this receiver in dynamic mode, which will
be our future GRS-1 testing aim. Position parameters can be estimated by using the
accelerometer offset filtering, when satellite signal is temporarily unavailable. High-
precision phase system satellite receivers with real-time data correction can be used
for dynamic object location and motion parameters determination up to speed 100 -
110 km/h. To ensure uninterrupted determination of mobile object location in poor
visibility conditions, it's required to use additional inertial sensors and simplest
complex signal processing with a data comparison and filtration. Complex system
with high precision phase satellite receiver modeling and experimental results show
that straight road section error is less than 2.5 m, 400 s after satellite signal is lost.
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7.3. Appraisal of Feasibility of Using Vehicle-to-Vehicle
Communications for Safe Passage of Unsignalled Road
Intersection under Varying Conditions

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

7.3.1. Algorithm application feasibility

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

d

T
e

Figure 7.46 Vehicle stopping distance

In order to stop a car, the kinetic energy must be reduced to zero or the kinetic energy
must equal the energy given by the friction force as shown in (7.25):

mv
Fd = —F!‘L = Upad (7.25)
here Fs - frictionforce; m -vehicle’s mass;
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vo-vehicle’s initial speed;  d - stopping distance;
g= .8m/s 2 ; - coefficient of friction between the tires and the road.

For calculating minimum stopping distance, a value of 0.8 is a nominal value for the
coefficient of static friction between good tires and a good road surface. Almost
always, coefficients of kinetic friction are less, and are dramatically less for wet, icy,
slick, sandy, dirty very smooth or oily surfaces. It can be 0.7 or 0.6 for a vehicle with
normally driven and worn tires. Poor condition tires might yield 0.5 or 0.4 for a closer
representation of friction.

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

. X 'I’J
d=t,+ , v+ =" - (726)
:"iu

where tg4, - driver's  reaction time;

tor — braking system’s

The Graphs in Fig. 7.47 show the distance covered by a vehicle to a full halt versus
the initial speed of the vehicle for various values of coefficient of friction between the
tire tread and the road surface. For this purpose, the average time of driver’s reaction
to the brake actuation is assumed to be 1.2 sec, and the braking system’s reaction time
—0.2 sec.
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Figure 7.47 Stopping distance/initial speed relationship for different p values
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It is obvious, that within the boundaries of a populated area, given the maximum
allowed speed of 50 km/h, the minimum distance covered by a vehicle to a standstill
under the worst conditions will be 44 m. Outside the boundaries of populated areas,
given the maximum allowed speed of 90 km/h, the aforesaid parameter will increase
to 114 m.

7.3.2. Vehicle equipment configuration

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

\ i GARMIN GP5-25LVC
GPS

HCT RE§-232 PC

F

1.536 Mh/s
5.8 GHz

DSRC

RF MMicrodevice
ML5805

Figure 7.48 Structural flowchart of vehicle onboard equipment

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

A 5.8 GHz DSRC transceiver shown in Fig. 7.49, based on a ML5805 microchip,
enables the exchange of the obtained information with another transport vehicle.

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

| : s e s
: e il -
e —

Figure 7.50 Car with onboard equipment

As a result, the transmission via a low bit rate port of a microcontroller to PC contains
a time marker and information about the position, speed and heading angle of the two
tested vehicles. Coordinates conversion and mathematical implementation of the
algorithm of possible collision warning at an intersection are performed by a personal
computer (PC).

7.3.3. Tests results

The performed tests resulted in determination of the maximum possible ranges of
reliable-service distances for various terrains, which confirms the feasibility of the use
of the given algorithm for safe passage of a road intersection.

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

The results of Test drives 2 and 3 demonstrate the possibility of V2V communication
in the area with two-three-storey buildings around the road intersection and with a low
development density of the area as shown in Fig.7.51.
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Figure 7.51 Road intersection with low-rise urban structures

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

During the test drive, one of the tested vehicles was in static position at various
distances to a road intersection, while the second car was moving towards the
intersection by crossing course.

0 .
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Vehicle e
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\
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# Moving

Vehicle

Figure 7.52 Road intersection with multi-storied urban structures

The data obtained as a result of the performed tests are shown in Table 7.5:
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Table 7.5 Tests results

Test Nr.

dl. m

L1 1

d2, m D . m q. %
1 350 350 495 93
2 80 140 161 85
3 80 180 197 87
4 60 26 635 63
5 15 83 85 75

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

The q parameter estimates the ratio of the correctly received data sets number to the
total number of data sets transmitted during the communications period. The number
of data sets transmitted during the communications period is determined using time
markers and the known transmission periodicity of 1s. The validity of the received
data set is confirmed by a checksum.

bl chings I

buildings

Figure 7.53 Scheme of road intersection
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In conditions of direct visibility (test Nr.1) — absence of any constructions — the
maximum distance between cars enabling information exchange is 495 m, which is
equivalent to the distance of about 350 m to the intersection. In the given case,
therefore, the use of the vehicle-to-vehicle communications system for safe crossroad
passing will be possible even at the speed of 90 km/h, i.e. outside populated areas.

In conditions of low-rise urban structures (up to 3 storeys high), the maximum
possible operable distance of the system is significantly lower, as shown in Table 1,
tests Nr. 2 and Nr.3. That can be explained by the different conditions of radio-wave
propagation, re-reflection and the low altitude of location of the transceiver antenna.

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

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

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

In such cases, sustained exchange of information is only possible at 15-25 m to the
intersection, which is insufficient according to the chosen speed criterion of 50 km/h.
It is obviously impossible to apply the algorithm for safety passing of an intersection
under the said conditions on the basis of vehicle-to-vehicle communications alone.

The accomplished tests have shown that the presence of buildings and other obstacles
significantly reduces the V2V communication rate in comparison with the estimated
rate for free space.

When comparing the test drive results with the aforesaid criteria, it becomes evident
that the use of the proposed algorithm for safe passage of an unsignalled intersection
is feasible under the conditions of line-of-sight and low-storey development.

In conditions of multi-storey urban development, it is impossible to use vehicle-to-
vehicle communication alone for intersection passage safety purposes. In the given
case, it is worthwhile applying algorithms based on an integrated use of the V2V and
V21 communication systems.

7.3.4. Conclusions

The present work provides the feasibility criteria for the application of the algorithm
for safe passage of an unsignalled intersection using the vehicle-to-vehicle
communication system only.

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

Further possibility research of applying of the algorithm provide for tests for moving
cars, as well as increasing the vehicles involved in the tests.
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8. Viedo radio tiklu sistéemas modela izveide un
aprobacija realiem  apstakliem  pietuvinatos
scenarijos, kas saistiti ar efektivu daudzu celu video
datplusmu parraidi mobilos bezvadu ad-hoc tiklos,
t.sk., izmantojot viedas antenas savstarpéjo
traucéjumu samazinasanai

Pétijuma meérki:

e Izstradat analitisku metodi daudzu celu datu parraides veiktsp&jas noteikSanai

bezvadu ad-hoc tikla sistémas modelim ar virzienu darbibu un bez tas (Nodala
8.3);

e Integrét bezvadu ad-hoc tiklu sist€émas modeli Matlab r1ka, kas lautu statistiski
izvertét daudzus gadijuma rakstura tikla scenarijus (Nodala 8.4);

e Ar imitacijas rika palidzibu giit priekSstatu par dazadu tikla un celu izvéles
raksturlielumu ietekmi uz daudz-celu parraides efektivitati un izstradat
krit€rijus celu izvelei (Nodala 8.5);

e Izmantot imitacijas riku lai pétitu daudzu plusmu parraidi ad-hoc tiklam ar
viedajam antenam, novertgjot optimalo celu skaitu, starp-celu attaluma, antenu
masiva elementu skaita un adaptivu algoritmu ietekmi uz veiktsp&ju (Nodala
8.6).

8.1. levads

Datu parraide vienlaicigi pa vairakiem celiem tiek piedavata ka risinajums
augstakas caurlaides sp€jas sasniegSanai bezvadu ad-hoc tiklos [8.1] [8.2] [8.3].
Pieaugums tiek panakts, nevis palielinot viena kanala caurlaides sp&ju, bet izmantojot
telpu vairakam vienlaicigam parraidém. ST pieeja liekas loti piemérota video parraidei,
kurai ir augstas prasibas pret caurlaides sp€ju, aizturi, ka ar1 pakeSu zudumiem. Tomer
iepriek$€jie peétijumi [8.1] [8.3] ar1 parada, ja celi ir izveleti nepareizi, paral€las
plismas rada savstarp€jus trauc€jumus, un gaidito pieaugumu var arl nesasniegt.
Tapat ir svarigi novertét celu caurlaides sp€ju, jo, ka noverots [8.4], p&tot video datu
parraidi, ja apakSplismu bitu atrums parsniedz noteiktu slieksni, video kvalitate
strauji kritas.

Traucgjumi, kas noved pie datu atruma samazinajuma, rodas galvenokart kanala
piekluves protokola nepilnibu dé]. Bezvadu ad-hoc tiklos tiek izmantots CSMA/CA
piekluves protokols. Tas bloké vienlaicigu datu parraidi starp jebkuriem mezglu
pariem, ja tas varétu radit savstarp&jus traucg€jumus, bet atlauj raidit, ja raidoso mezglu
pari atrodas ,,dro§a” attaluma viens no otra, t.i. nerada savstarpgjus traucgjumus. Sie
apstakli — konkurence uz kanalu un vienlaiciga raidiSana kanala — ir divi galvenie
kanala caurlaides sp€jas samazinaSanas c€loni. Papildus ietekmi atstaj sléptie (hidden)
un paklautie (exposed) mezgli.

Parraidot video pa vairakiem celiem, min€tas problémas vél vairak aktualizgjas -
paradas vairak vienlaiciga datu parraid€ iesaistito mezglu paru, kopigie gala punkti
(stititajs, sanémejs) rada gritibas izveidot noSkirtus celus, méginajumi celus attalinat
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noved pie papildus mezglu iesaistiSanas un pretgji gaiditajam nedod ieguvumu,
intensivas datu pliismas tiklu piesatina. Tad€l viena no galvenajam problémam, ar
kuru jasaskaras daudz-celu parraidé, ir celu savstarpgjie traucjumi. ST pétijuma
mérkis ir padzilinata analize par ietekmi, ko trauc&jumi atstaj uz daudzu celu parraides
efektivitati, ka ar1 veidiem to mazinasanai.

Izvirzot par mérki trauc€jumu ietekmes samazinasanu, ir divas iesp&jas: cinities ar
trauc&jumu c€loniem jau celu izvéles faz€, vai mazinat sekas péc tam. Vispirms,
izveloties optimalu celu skaitu un tadus celus, kas rada mazakus savstarp&jos
trauc€jumus, var méginat sasniegt lielaku agregéto tikla caurlaides sp&ju. Lai to veiktu,
ir jabut skaidram priekSstatam par tikla un celu raksturlielumiem, kuri var ietekmét
caurlaides sp&ju. Ka més paradijam iepriek$gja darba [8.5], tikla caurlaides sp&ju
ietekmé loti daudzi savstarp€ji saistiti tikla parametri kombinacija ar celu izvé€les
algoritmu, padarot optimizacijas uzdevumu loti sarezgitu. Petijuma tiks novertéta ar
tikla struktiiru (mezglu skaits, izvietojums) un celu izveéli saistitu raksturlielumu
ietetkme uz starp-celu trauc€umiem un attiecigi caurlaides sp&ju. Tiks mekl&ts
optimalais celu skaits pie dazadiem sutitaja-sanémeéja attalumiem, ka ar1 parbaudita
starp-celu attaluma (celu noskirtibas) ietekme uz caurlaides sp&ju, kurai, ka noverots
[8.1] [8.3], ir noteicoSa loma.

Otra iespgja ir pielietot pan€mienus starp-mezglu un starp-celu trauc€umu
mazinasSanai jau izv€letiem celiem. Ka viens no efektiviem, bet, diemzel, bezvadu ad-
hoc tiklos sarezgiti realiz€jamiem, ir virziendarbiba [8.6], realizéta ar digitalo staru
kii]a forme&Sanu (BF). Sadas antenas virtuali Jauj pavérst antenas diagrammas galveno
staru konkréta virziena, tad€jadi mazinot trauc€jumus uz citam (vai no citam)
vienlaicigi notieko§am parraideém. Papildus pielietojot nevélamo virzienu nospieSanas
(zerro-forced) BF panémienus uztvergja, var tikt mazinati trauc€jumi no nevélamiem
virzieniem. Darba tiks parbauditi dazadi ar virziendarbibu saistiti jautajumi
(virziendarbibas carrier sense, zerro forced BF algoritimi) un to ietekme uz daudz-
celu parraides efektivitati.

Bezvadu ad-hoc tikla darbibas imiteéSanai Saja darba tiks uzlabota analitiska
metode [8.7], uz kuru balstoties izstradats arT ad-hoc tikla modelis un MATLAB riks
ta petisSanai. Tas tiks pielietots statistiskai sasniedzamas caurlaides sp&jas novertéSanai
daudziem gadijuma rakstura scenarijiem. Misu pienesums originalajai metodei ir
precizaka Physical Carrier sense mehanisma ievieSana un papildinasana ar daudzcelu
parraides iespgjam gan ar virziendarbibu, gan bez tas (omni-directional). Lai arl
metode balstds uz ideala parraizu planoSanas (schedulingl) algoritma esamibu un
iegiitais atrums reala dzive ir nesasniedzams, tas katram scenarijam laus iegiit labako
sasniedzamo raditaju, uz kuru tiekties. Ievakta statistiska informacija sniegs atbildes
uz pamatjautajumiem, saistitiem ar daudz-celu marsSrutéSanas efektivitati kopuma, ka
ar1 laus definét metrikas interference-aware celu izvéles algoritmiem.

Nodala 8.2 tiks veikta literattiras analize par citiem m&ginajumiem novertét ad-hoc
tiklu un daudzcelu parraides caurlaides sp&ju. Nodala 8.3 izklastisim analitisko metodi,
uz kuru tiks balstiti petijumi. Nodala 8.4 tiks aprakstits izstradatais MATLAB riks, ka
arl apstiprinata rezultatu pareiziba, salidzinot ar specializ€tu tiklu model€Sanas
programmu. Nodala 8.5 metode tiks pielietota, lai noveért€tu caurlaides sp&ju pie
dazadiem izvéleto celu parametriem. P&d€ja nodala tiks pieradita virziendarbibas
efektivitate ad-hoc tiklos.
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8.2. Literatdras parskats

Jau kops IEEE802.11 standarta pienemSanas 90to gadu beigas ir bijusi daudzi
méginajumi izstradat analitiskus modelus un metodes bezvadu ad-hoc tiklu caurlaides
sp&jas novertesanai [8.3] [8.7] [8.8] [8.9]. Kopiga iezime $Tm metodém, kas tas
idealize, ir centrala koordinatora esamiba, kas regulé kanala piekluvi, ka ar1 trafiku
pieskirtaja laika slota. Neraugoties uz to, rezultati var tikt izmantoti ka labakais
scenarijs uz kuru tiekties.

Viens no autoritativiem rakstiem [8.8] piedava teorétiskos limitus bezvadu ad-hoc
tiklu veiktspéjai. Tiek atseviski noteikta sasniedzama caurlaides sp€ja:

e protokola limeni, darbojoties gadijuma piekluvei ar drosibas attalumu
koliziju mazinaSanai (piemeéram, CS apgabals);

o fiziskaja Itmeni, kur trauc€jumu apstaklos janodrosina SNIR attieciba,
lielaka par kadu slieksni, kas nepiecieSams veiksmigai parraidei.

Protokola modelim tiek pieradits, ka atrums, ar kadu var sazinaties divi mezgli

gadijuma rakstura tikla (mezglu izvietojumus un trafika raksturs ir gadijuma), kritas
— . kur W ir mezglu parraides atrums, n ir mezglu skaits.
yrlogn

asimptotiski ka

Vislabakaja gadijuma, kad mezglu novietojums, trafiks, raidiSanas attalums katrai

e - . W . - .

parraidei ir optimali izv€lets, tas nevar parsniegt = Interesanti, ka noteiktas robeZas
y

paliek speka ar1 fizikalam modelim, kur uzstadijums ir nodroSinat SNIR Iimeni virs
noteikta sliekSna. Atrastas sakaribas parada bezvadu ad-hoc tiklu protokolu ,,globalas”
problémas un ierobezojumus. Atskiriba no [8.8] talak apskatitie darbi [8.3] [8.7]
[8.9], ka arT miisu pé€tijums ir orientéts nevis uz teorétiskam tikla veiktsp€jas robezam,
bet uz realu tikla topologiju analizi, kuru veiktsp&ja biis zem teorétiska limita. Sajos
darbos tiek piedava metodologijas caurlaides sp&jas noteikSanai.

Darba [8.9] autori piedava visparigu metodologiju, balstitu uz konfliktu grafiem,
ar mérki maksimizet datu plismu starp vienu sttitajs-sanémejs pari, izmantojot vienu
vai vairakus celus. Vienkarsakaja gadijuma, negpemot vera trauc&jumus, probléma tiek
formul€ta ka lineara programma, kur tiek maksimiz€ta plisma no avota (zinama ka
max flow metode). Lai aprakstitu kanala konkurenci un traucgjumus, vienadojumu
sistéma tiek papildinata ar nosacijumiem no konfliktu grafa. Konfliktu grafs apraksta
vienlaicigi pielaujamos aktivo mezglu parus (linkus) tikla. Grafs tiek zimé&ts tadgjadi,
ka grafa virsotnes ir linki, savukart ta malas vai savienojumi apzimé vienlaicigi
neiesp&jamus linkus. Butiba §ie grafi lauj sastadit neatkarigus linku komplektus
(independent sets) — tadus, kas var vienlaicigi but aktivi. Ar grafu palidzibu tiek
uzlikti papildus nosacijumi max flow linearai programmai optimalas pliismas un tai
atbilstosa laika schedule atraSanai.

Lai uzzimétu konfliktu grafus, Iidzigi ka [8.8] tiek atseviski izdalits protokola un
fizikalais modelis. Protokola modeli vienlaicigi ir jaizpildas nosacijumiem:

d:;;=R; (1)

Neviens cits mezgls ni , kura attalums d ;= R;.:’ neraida.

119



Trauc&jumu ietekme starp diviem vienlaicigi raidoSiem mezglu pariem fizikalaja
modelt tiek novertéta:

WPl — Ppj
v Py ()
i —N
SINRy '@

Reali ta ir uztverta trauc€jumu jauda pret pielaujamo (nosaka SNIR slieksnis). Jo
mazaks biis w, jo lielaks bus iesp€jamais datu atrums.

Ka atzist ar1 pasi autori, Sie modeli neatbilst precizai IEEE802.11 darbibai.
Pirmkart, protokola modelt traucgjumi tiek novertéti tikai no uztvergja puses, bet ne
raiditaja. Reala tikla gan CS mehanisms raiditaja, gan SNIR slieksnis uztvergja
noteiks, vai linki ir pielaujami aktivi vienlaicigi. ST apstakla ignorésana nelauj precizi
novertet Carrier Sense Threshold (CST) ietekmi uz caurlaides sp&ju. Sava darba mes
cenSamies precizak implementet CSMA/CA mehanismu, veicot CS parbaudi tieSi
raiditaja pus€. Tas lauj novertét ari CS sliekSna ietekmi uz caurlaides sp&ju. Otrkart,
papildus neprecizitati protokola modelt ienes apstaklis, ka netieck npemts véra
summarais traucéjums, ko var radit divi vai vairak traucétaji. Trauc€jumu apgabals
R!, palielinasies, traucgjoSo mezglu skaitam augot. Saja gadijuma nevar operét ar
attalumiem, bet ir japariet uz uztvertas jaudas slieksni.

Darba [8.9] tiek apskatita arT ar skaitloSanu saistita probléma - atrast visus linku
komplektus, kas ir aktuala arT misu darba. Atskiriba no musu darba, tai skaita ar1 [8.3]
[8.8], autori apskata arT scenarijus, kad mezgli nav noslogoti visu laiku (brusty traffic)
—vidgjais trafiks ir zemaks par maksimalo. Tiek atrasts, ka §ada gadijuma vairs nav
speka sakaribas [8.8], kur caurlaides sp€ja samazinas, mezglu skaitam pieaugot.

[8.9] konfliktu grafu metode tiek pielietota un talak attistita [8.3], kur§ veltits tieSi
daudzcelu parraides pétiSanai. Darba [8.3] tiek mekl&ta caurlaides sp&jas atkariba un
izveleto celu noskirtibas (radio-disjointness), un Iidz ar to atSkiriba no [8.9] paradas
konkrétas celu kombinacijas (komplekti). Tiek mekléts celu paris, kur§ nodroSina
visaugstako plismas atrumu protokola un fizikalo trauc&umu apstaklos. Pie tam,
atskiriba no citiem darbiem, tiek nemti véra ari fona trafika (BTL) raditie trauc&jumi.

Lai atrastu neatkarigas paru kopas, tiek sastaditi konfliktu grafi. Tas tiek veikts,
atrodot m?f (2) starp katriem diviem pariem. Netiek veérteti tie pari, kur vienlaicigu
parraidi nepielauj CS vai kopigs mezgls, dalgji tas risina [8.9] problému, kur konfliktu
grafs tiek sastadits tikai no uztvergja perspektivas, nenemot vera CS. Tomér
saglabajas otra problema, jo CS slieksni nosaka attalums, nevis jaudas Iimenis. Par
traucgjoSiem linkiem tiek uzskatiti tadi, kur vienlaicigi parraide parsniegs SNIR
slieksni (gadijuma w>1), un attiecigi tie nevar atrasties viena linku komplekta.
Netraucgjosi ir tadi, kur ir pielaujama vienlaiciga parraide - tadgjadi tiek iegiita
sasniedzama parraides sp&ja dazadiem celu komplektiem. Metodes tiek parbauditas ar
OPNET modelésanas palidzibu.

Tiek salidzinata topologija ar vienu celu un tris topologijas ar diviem celiem -
pilniba radio-disjoint, dal€ji radio-disjoint un traucgjosi, un, ka jau bija sagaidams,
vislabakos rezultatus uzradija otra topologija. Visas multi-path topologijas tika
parbauditas pie vienada celu garuma, tikai mainoties attalumam starp celiem. Te
netika nemts vera, ka reala dzive, lai celus attalinatu, var biit nepiecieSams vairak
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lecienu, un attiecigi - iesaistito mezglu. Ka més talak paradisim Saja darba, tad garaki
celi var arT nedod gaidito efektu, Tpasi, ja linki tiek maksimali noslogoti.

[8.7] ievies jédzienu tikla kapacitates regioni, kuri raksturo iesp&jamas caurlaides
sp€ju kombinacijas visiem tikla linkiem, pie tam, darbojoties kadai parraides
stratégijai, ka, pieméram, mainiga atruma parraide, viena léciena vai daudz-lécienu
marSrutéSana, jaudas kontrole, interferences mazinasana. Vienlaicigi pielaujami
raidoSie mezglu pari tiek sadaliti parraides shémas, kuram tiek vari€ts aktivais laiks,
veidojot tikla kapacitates regionu. Metode ir pietiekami universala un parraides
shémas var tikt balstitas gan uz protokola, gan fizikalo modeli, gan arT citiem
nosacijumiem. Parraides shému kopums ir analogija ar konfliktu grafu ieprieks
apskatitajos darbos, savukart pati parraides shéma ir independent set. Optimalas
veiktsp&jas raksturoSanai tiek piedavats jédziens — uniform capacity — kas raksturo
maksimalu atrumu, vienmérigu pa visu tiklu, kuru var sasniegt, darbojoties kadam
kanala piekluves protokolam, pie optimala scheduling datu parraidém. Vairak par So
metodi nodala 8.3, jo ta tiks izmantota par pamatu talakiem pé&tjjumiem. Originala
metode tiks pielagota vairaku celu apstakliem ka ari tiks papildinata ar CSMA/CA
protokola darbibas mehanismu un virziendarbibas iespé&ju.

8.3. Analitiska metode

Analitisko tikla veiktsp&jas aprékinu pamata ir ,,veiktsp&jas regionu” metode, kuru
savos petijumos pielieto Toupis un Goldsmith [8.7]. Miisu pétijumos interes€ pielietot
So metodi, lai mekleétu 802.11 ad-hoc tikla caurlaides sp&ju, parraidot datus pa
vairakiem paral€liem celiem vienlaicigi starp vienu siititaja un sanéméja pari. levacot
statistiskus datus par daudzam gadijuma rakstura topologijam, izpétit dazadu
parametru ietekmi uz celu kvalitati un attiecigi izstradat krit€rijus celu izvélei.
Papildus ta tika pielietota, lai novért€tu virziendarbibas efektivitati starpcelu
trauc€jumu mazinasanai.

8.3.1. Teorétiskie pamati

Cela caurlaides sp&ju nosaka atsevisku ta linku caurlaides sp&ja, darbojoties
konkurences apstaklos ar citiem linkiem. Atrumu, ar kadu var sazinaties divi mezgli,
nosaka uztverSanas apstakli un izmantota bezvadu tehnologija. Lielaki atrumi ir
sasniedzami ar ,,sarezgitakam” modulacijam, bet tadu pielietoSana uzliek augstakas
prasibas ar1 kanala apstakliem. Lai sanemtie dati biitu atkod&jami, kludu skaits (BER)
nedrikst parsniegt noteiktu ITmeni.

UztverSanas apstakli var tikt raksturoti ar signals-troksnis-attiecibu (SNIR). Tas
tiek aprékinats ka deriga signala jauda pret trokSnu un traucgjoSo raiditaju jaudu
summu.

PRx
SNIR=—5 (3
* Neo B+ 3P, (3
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Mezgli sazinasies ar tadu atrumu, kuri pie SNIR uztver€ja ieeja spés apmierinat
BER prasibas. Tas tiek realizéts, izv€loties vienkarSaku vai sarezgitaku nes&ja
modulacijas veidu.

8.3.1.1. SNIR aprekins

SNIR formula balstas uz to, ka ir zinama gan uztverta deriga signala jauda, gan
katra atseviska trauc€taja jauda. Sis jaudas var aprékinat, izmantojot radio vilgu
izplatiSanas modelus. Brivai telpai:

P Tx er GRI *‘12

PRx(d}: (41)2d?

(4)

-

o= A
- (%}zdz

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

(6)
G =0kad i =j

Attiecigi jauda, ko mezgls j uztver no raiditaja i
P}- = Pz' . GE'}' . G:‘ . G}- (?j
Pie virziendarbibas G; un G; bus raiditagju un uztveér€ja antenu pastiprinajuma

koeficienti virziena virziena vienam uz otru. Omni-directional gadijuma G; = G; = 1.

8.3.1.2. Datu parraides atruma noteiksana
Zinot SNIR Itmeni, var iegut parraides atrumu vairakos veidos:
a) pec Shannon Theorem parraides atruma limitu starp diviem mezgliem nosaka:

€= B-logs(1+SNIR) [biti/s] (8)

122



b) empiriski noteiktus parraides atruma Ilimenus. PEtijumos izmantotas
NS2 802.11 fizikala modela vertibas:

Modulacija SNIR Datu atrums (20 MHz kanals)
BPSK 2.5 6 Mbps

QPSK 5 12 Mbps

QAMI16 15.8 24 Mbps

QAMO64 100 54 Mbps

¢) izmantojot konkréta uztvéréja BER liknes. Sis panémiens talaka petijuma netiek
apskatits.

8.3.2. Metode tikla veiktspéjas novértésanai

Tikla konkréta laika momenta notiekoSo aktivitati var raksturot ar parraides shemu.
ST shéma atainos datu parraides starp visiem taja bridi aktivajiem (raidogiem-
uztveroSiem) mezglu pariem. Tas biis visas vienlaicigas parraides, kuras pielauj tikla
protokols, pieméram, CSMA. Var sastadit galigu skaitu iesp&jamo parraides shému,
kuras veidos dazadas paru kombinacijas. Secigi parejot no vienas shémas pie
nakamas, var realizét pilno datu parraidi kada laika intervala. Tiek pienemts, ka katrai
datu paketei tikai viens konkréts merkis (nav multicast/broadcast).

Apskatisim scenariju ar Cetriem mezgliem, kur nl stta datus uz n4, bet n4 uz nl (8.1.
att.). Ta ka pa vidu ir kads Skérslis tad tas tiek izpildits ar diviem 1€cieniem.

8

ni

Figure 8.1 Scenarijs ar ¢etriem mezgliem un Skersli

8.2.a. att€la pirmais solis, kad vienlaicigi ir aktivi divi mezglu pari. To var
aprakstit ar parraides shému:

nl — n_Z]
n4 —= n_3
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Ja pienem, ka mezgls vienlaicigi nevar uztvert un raidit, tad citi aktivi pari Saja
shéma nav iesp€jami. Nakosa laika momenta, kad pakete (dati) starp pirmajiem
pariem ir parsitita, aktivi bus nakamie divi (8.2.b att.), kurus aprakstis shéma:

[71_2 — n_4]
n3d = n.l
nig ﬁs mbps j nz2 nig g n2
"?g @ g nd n3

2 mhps

I
I

sdgui g
) I
sdguu

n

)

Figure 8.2 Divi parraides soli

Konkrétajam tiklam ir iesp€amas ari citas shémas. No visa kopuma var tikt
atlasitas tadas, kuras nodroSinatu maksimalu veiktsp&ju un efektivitati. Parraides
shému kopums ir analogija ar conflict graph un pati parraides shéma ir independent
sets citos darbos [Kamal Jain, Kuladinithi].

Ta ka aprekinos tiek operéts ar datu atrumiem, tad no parraides shémam notiek
pareja uz datu atrumu matricam. Datu atrumi tiek noteikti ar iepriekS apskatitajiem
panémieniem, balstoties uz SNIR un radio vilpu izplatiSanas modeliem. Sis matricas
sev1 ietvers ne tikai aktivos mezglus un atrumu, bet ari datu avotu un saneémgéju.
8.2.att€la scenariju var raksturot ar sadam datu atruma matricam:

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

00 8 - 0 0 o 0

Rinda raksturo mezglu, kur§ ir sutitajs, pieméram, R1 pirma rinda — mezgls nl
stita ar atrumu 8 mbps, ceturta rinda mezglu n_2. Kolonnas raksturo mezglu, kurs§ ir
datu avots un san€mgjs, attiecigi avotu rakstot ar negativu zimi, bet sanémé&ju ar
pozitivu. Reizinot datu atrumu matricas ar svara koeficientiem, kas raksturo shémas
darbibas ilgumu ka dalu no kopgja laika, un tas summgjot, ieglist pilno parraides
atrumu matricu:
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-8 & 0 0 0 0 o 0 —6 [ 0 0
3o o oo0o| . Lo -0 o0 t0f_f0 -25 0 25
alo 0 0 0 al 10 0 -10 0 25 0 -25 0
0 0 8 - 0 0 0 0 0 0 6 —b

Atlasot tadas datu atruma matricas, kas nes pienesumu tikla veiktsp&jai, ka art
varigjot katras matricas darbibas ilgumu no O Iidz 1, var ieglt visas iesp&jamas
caurlaides sp&ju veértibas. Autori to sauc par veiktspgjas regionu un matematiski to
apraksta convex hull visam matricu kopumam. Praktiski tiek realizets, risinot linearu
vienadojumu sistemu. Mus interes€ tads laika sadalijums, kur§ nodroSina maksimalu,
pa visu tiklu vienmérigu atrumu (uniform capacity). Datu atruma matricas japarveido
par kolonnu vektoriem, kuri talak tiks izmantoti, lai sastaditu linearu vienadojumu
sisteému:

R1 R2

nl - n2 8 -

nl — n3 - -

nl — n4 - -

n2 — nl - -

n2 — n3 - -

n2 — n4 - 10

n3 — nl - 10

n3 — n2 - -

n3 — n4 - -

n4 — nl - -

n4 — n2 - -

n4 — n3 8 -

Talak var sastadit vienadojumu sist€mu un tas nosacijjumus:

I1'3+t2'ﬂzf
tl'ﬂ+t2'1ﬂEC
ty8+t,-0=C ®)

max (f; +t5)
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0=ty tx=1

Htt; =1

Pakapeniski samazinot C vertibu, tiek atrasts tads skaitlis, kur§ sp€j apmierinat So
vienadojumu sistému ar nosacijumu, ka laiku t; un t, summa tiecas uz 1. Maksimali
iesp€jamo vienmérigu caurlaides sp&ju Cyax atrod:

(10)

C?‘J"I.EJ:’ =

(t; +1t2)

8.3.3. Sakotnéjas metodes pielagosana daudzu celu
parraides pétijumiem

Ja originalaja pétijuma [8.7] autorus interes€ja atrast pilnigi visas parraides
shémas starp visiem mezgliem, tad mus intereses tikai tie mezgli , kuri veido parraides
celus. 8.3. att€la divus celus veido pieci mezgli - n15, n7, n8, n10, n4. Shémas netiks
veidotas ka visas kombinacijas starp Siem mezgliem, bet pari bus tikai tikai kaimini,
kuri viens otru var sasniegt ar kadu noteiktu jaudas Itmeni. Dzive to noteiks uztver€ja
jutiba.

Sobrid pienemam, ka mar$rutéSanas protokols ir atradis 2 celus starp nl un n6,
kurus veido cCetri pari: nll - n2; 2 — 3; 3 — 6; 11 — 9,9 — 8,8 — 6. Citi
savienojumi $o divu celu ietvara nav iesp&jami. Tas mums lauj izdarit v&l vienu
vienkarSojumu originalajai metodei — atteikties no datu forwarding un uzskatit, ka
datu avots ir katra part.
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Figure 8.3 Divi parraides celi
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Ja m&s pienemam, ka tikla darbojas kada gadijuma kanala piekluves sist€ma, kur
vienigais nosacijums ir, ka mezgls vienlaicigi nevar raidit un uztvert, tad var sastadit 5

iesp€jamas parraides shémas:

2—3
8—6
11—-9

8—>6
11—-2

3—6
9 —38
11—-2

3—>6
11—-9

2—3
9 —38

Netiek apskatitas dal&jas shémas, kad, pieméram, 2 — 3 raida un tani laika citas
parraides nenotiek. Tada situacija pie nepartrauktam datu plismam nav paredzama, jo
gadijuma kanala piekluve paris méginas tikt pie kanala, kolidz tam biis ko sitit.

Viens no piepémumiem talakajiem pé€tijumiem ir - pietiek atrast tadu laika
sadalfjumu starp parraides shémam, pie kura visos linkos (arT starp vairakiem celiem)
ir vienmeriga caurlaides sp€ja C. Vienlaicigi ta bis katra cela maksimala caurlaides
speja. Sadam pienémumam ir vairaki iemesli:

e tikai vienmériga pliisma visos viena cela ietvaros nodroSina to, ka kads mezgls

multi-hop apstaklos neraida vairak datu, ka sanem no kaimina;

e vienmériga plusmas mekl&ana visos celos ir sapratiga, jo tas ir pietieckami
biezs scenarijs daudzu celu parraidé (pieméram, MDC video);

e izmantotajai metodei ir ierobezojumi, kas to nelauj pielietot, ja visos celos
plisma nav vienmeériga.

Sada pieeja mums lauj kop&ju visu celu caurlaides sp&ju iegiit ka:

Cagr=C Xroutes (11)

Sarezgijums rodas, ja kads no linkiem ir koplietots starp diviem celiem. Tada
gadijuma §1 formula vairs nav speka. Lai to apietu, shémas tiek papildinatas ar linka
piederibu celam. Saja gadfjuma koplietotais links tiek sadalits divos virtualos linkos,
kur mezgli ir vieni un tie pasi, bet piederiba celam cita. Sada pieeja ir korekta, jo
katrai no konkurjoSajam plismam koplietotaja cela nepiecieSams laiks datu
parraidei. Kamer tiks parraidita vienas plismas paka, otras plismas pakai ir jagaida.

Sads scendrijs ir attélots 8.4. attéla un apaksa ir dotas iesp&jamas shémas ar
pievienotu cela mark&umu iekavas.
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Figure 8.4 Divi parraides celi ar koplietotu linku
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Parejot uz datu atrumu matricam, tiek ieklautas papildus rindas katram celam.

8.3.4. Parraides shému atrasana, balstoties uz
CSMA/CA protokola darbibu

Parraides shémas tiks mekletas tikai protokola Itmeni. Tas nozimé, ka vienigais
ierobezojums mezglu pariem atrasties viena shéma tiks balstits uz CS mehanismu
raiditaja. Rezultata tiks pielautas visas parraides, kurs nav ierobezojis CS, pat ja SNIR
Iimenis — O.

IEEE802.11 kanala piekluve tiek nodroSinata ar CSMA/CA protokolu. Tas
paredz, ka mezgli pieklist kanalam nejausa veida, bet ar mehanismiem koliziju
iesp€jamibas mazinaSanai. Tas tiek istenots vispirms mezglam, kuram ir ko raidit,
klausoties kanalu. Ja uztverta jauda ir zemaka par noteiktu slieksni Pcsr, tiek sakta
atskaite no kada gadijuma skaitla, kuru lielumu nosaka contention window min un
max vertibas. Ja vairaki mezgli vienlaicigi konkuré uz kanalu, tad pirmais pie ta tiks
tas, kuram izvéletais gadijuma skaitlis biis mazaks. Kanala klausiSanas tiek veikta ar
mérki novérst, ka uztvéréja nonak 2 vai vairak vienlaicigi signali ar sam&rojamu
jaudas limeni

Lai veiktsp€jas regionu metodes ietvaros varétu realizét CSMA/CA darbibu ad-
hoc tikla, ir nepiecieSams izmantot Pcgsr sliekSna vertibu (RTS/CTS tiks pienemts ka
izsleégts). Pcst slieksnis noteiks, kuri mezglu pari var atrasties viena parraides shema
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— nodroSinat vienlaicigas parraides. Papildus tiek ieverots, ka mezgls nevar vienlaicigi
stitit un sanemt datus. Parraides shémas veidos visas iesp&jamas mezglu kombinacijas,
sastaditas ta, ka trauc€jumu jauda Pcs, ko jiit katrs no shéma ietvertajiem raiditajiem,
ir mazaka par Pcsr, pie tam nemot veéra ar savu pastroksni.

Pcs+Ppastroksnis< Pest (12)

Te ir janem arT vera, ja Ppaioksnis bUS lielaks par Pcsr, Sada situacija reala tikla nav
pielaujama, jo mezgls nepartraukti jutls aizpemtu kanalu, un Iidz ar to nekad netiks
pie raidiSanas.

Pie tam katra shéma ir jaieklauj pilnigi visi iesp&amie pari, lai arT realaja dzivé
shéma var realizeties arT nepilniga. Mums jarékinas ar pasu sliktako scenariju, kura
iesp€jamiba ir diezgan augsta, nemot véra, ka datu plismas video strauméSanas
gadijuma ir nepartrauktas — tatad neblok&tie mezgli nestav dikstave.

300y I

T S

i
300

j
200

i
100

200
Figure 8.5 Carrier Sense attaluma ietekme

8.5. attela paradits, ka Pcsr ietekm@ parraides shémas atrasanu. Ja izsakam Pcst ka
attalumu, kada nosaciti tas var just trauc€jumus no viena cita para (zilais aplis), tad
iepriekS Sim scenarijam apskatita parraides shéma [2 — 3; 8 — 6; 11 — 9] nebus
iesp€jama. Parraide 2 — 3 rada pietiekami trauc€jumu, lai mezgls 11 justu aizpemta
kanala statusu un Iidz ar to atliktu parraidi.

8.3.5. Metodes ierobezojumi
Aprékinata maksimali iesp€jama vienméeriga caurlaides sp&ja ir iesp&jama tikai
teorétiski pie optimala laika sadaltjuma starp parraides shemam (scheduling), kuru var
nodroSinat tikai centrali vadams kanala piekluves protokols. CSMA/CA piekluve
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kanalam ir ar gadijuma raksturu, kuru ietekmé& savstarpéja mezglu konkurence un
mehanismi koliziju noverSanai (backoff time), tadejadi caurlaides sp€ja var biut
zemaka. Neraugoties uz to, ka reala ad-hoc tikla scheduling nav optimals, metode dod
rezultatu, uz kuru tiekties. Salidzinot sava starpa dazadu izvéléto celu komplektu
caurlaides sp€ju, sagaidams, ka labaks teorétiskais rezultats noradis uz labaku
rezultatu arT reala tikla.

Tiek pienemts, ka scheduler pieskirtaja laika slotd mezgli raida nepartraukti ar
vienmerigas plusmas atrumu. Tas nozime, tiem bufert vienmer ir dati, ko raidit, un tie
bez vilcinasanas parsita talak. Tas nav pretruna ar daudzu celu video parraidi, kur tiek
izmantota visa kanala kapacitate, un plismai visa cela ir jabut ar vienu atrumu.
IerobezZoti ir petijumi situacijas, kad viena cela plisma ir ar zemaku atrumu ka otra,
vai ar1 paradas kada background trafika noslodze.

Talakajas nodalas tiks pieraditi gadijumi, kad metodi var pielietot 802.11 ad-hoc
tiklu analizei, un kad tas sniegtie rezultati atSkiras no NS2 tiklu stimulatora
rezultatiem.

8.3.6. Virziendarbibas izmantosana ad-hoc tikla

Virzienu darbibas izmantoSana ad-hoc tiklos tiek atzits ka efektivs veids ka
mazinat mezglu savstarpgjos trauc€jumus [Ramanathan]. Pavisam maz ir veikti
petijumi, kur virzienu darbiba tiek apskatita konteksta ar daudzu celu parraidi.

Saja darba apskatita metode ir pietiekami universala, lai atrastu caurlaides sp&ju
daudzu celu parraidei ar virziendarbibas antenam.

8.3.6.1. Virziendarbibas pamati

Virzienu darbiba var tikt Istenota ar antenu masiviem un digitalas signalapstrades
panémieniem, apstradajot no vairakiem antenas elementiem sapemto signalu. Sada
pieeja tiek saukta ar1 par digital beamforming (DBF). Ta ka antenas elementi ir
izvietoti telpa ar intervaliem d, tad zem lenka 6 kritoSs signals katra no tiem nonaks
dazados laikos (8.6.att.).

Source

d sin(@)

Figure 8.6 Kritoss stars uz antenu masivu
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Nemot 1. elementu ka atskaites punktu, laika aizture uz n-to elementu biis:

_(n—1)-d-sin@

» (13)

Ty

kur c ir gaismas atrums. Linearu antenas masivu ar N elementiem var pierakstit ar
reakcijas vektoru:

1

E—_;l'ri-slnﬂ fe
a@)=| emesstie | ()

& —jiN—1)-d-=sinf jc

Piemérojot svara koeficientus katram no elementiem, var tikt panakta masiva
sturéSana. Svara koeficienti var ietekmét gan fazi, gan amplitidu. Ja ® ir antenas
svara koeficientu vektors, tad signalu y(k) uztver€ja izeja var iegit:

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

—H . o
kur@ =[w, @; - @x]svarakoeficientu vektors, s(k) - kritoais signals

Detalizetaki DBF principi ir izskaidroti [8.10].

8.3.6.2. Antenas virzienu diagrammu iegiasana
Ar signalapstrades metodém tiek mekleti svara koeficienti, lai iegitu veélamo
antenas veérsuma diagrammu. Ad-hoc tikla beamforming var istenot:
e virtuali pavérSot antenas diagrammas maksimumu pret derigo virzienu;
e vienlaicigi veérSot galvena lapas virzienu pret derigo signalu un nospiezot
nevelamos virzienus (zero-forced beamforming).
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8.3.6.3. ZF-BF

9(1 5( k)

xy(k) W
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Figure 8.7 Uztvéréjs un dazadiem virzieniem ienakosi signali
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Uztveréja no dazadiem virzieniem pienak derigais signals 5(k) un traucgjosie
signali i (k),iz(k) ... (8.7.att). P&c [8.2] aprakstitas ,,Maksimala signals - trauc@tajs
attiectiba” metodes svara koeficientu atraSanai,, var sastadit vienadojumu — deriga
signala jauda pret traucgjosSo signalu jaudu:

&

Ellw” - 1,17] : a7

o
(&% - (&, + ak)IZ]  @" Ry @

"R
‘R

SIE“:E

kur ¥ ir deriga signala vektors, X, ir traucgjosa signala vektors, (k) troksnis antenas
ieeja. Ka paradits iepriekS (xx), reizinot Sos vektorus ar antenas svara koeficientiem,
tiek iegiits derigais un traucgjosais signals izeja. E[lw - ¥ |*]ir signala vidgja jauda
antenu masiva izeja. Rz un Ry, ir signala un trokSnu korelacijas matricas, kas
veidojas, reizinot attiecigi signala un trokSpa vektorus paSus ar sevi.

Jaatrod tadi antenas elementu svara koeficienti w, lai signals-trauc€tajs attieciba
bitu maksimali liela. Tada ir iesp€jama tad, ja pret derigo signalu biis versts antenas
diagrammas maksimums, bet pret traucgjoSajiem nulles. Vienadojumu (xx) ar
nelieliem parveidojumiem var parrakstit $adi:

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

legutais vienadojums ir 1paSvektora vienadojums, kur SIR ir TpaSvertibas.
Maksimals SIR ir vienads ar lielako Ipavértibu matricai R;'-R.. un @ biis tai
atbilstoSais Tpasvektors.

IerobeZojumi, izmantojot o metodi ad-hoc tikla:

e mezglam ir jasp€j noteikt virziens no kura nak derigais signals;

e to, cik traucetajus ir iespgjams ,,nospiest”’, nosaka antenas elementu skaits
(brivibas pakapes). Ta ka pie lielaka celu skaita trauc€taju skaits palielinas, tad
mazam antenu skaitam zf-bf var but neefektivs.
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Papildus ir iesp€jams veikt trauc€jumu slapéSanu tikai uz spécigakajiem
(tuvakajiem) traucétajiem, tad€jadi neparsniedzot brivibas pakapes. Sads mehanisms
ar1 tiks apskatits eksperimentalaja dala.

8.3.6.4. Uztvertas jaudas aprékins virziendarbibas
gadijuma
Ja divi mezgli, kuri sazinas ar virzienu darbibu, zina viens otra atraSanas vietu
(lenki), tad matematiski var aprékinat jaudu uztvergja:

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

kur Rg,.- uztveréja pastiprinasanas koeficients virziena uz raiditaju, R g.,.- raiditaja

uztvergju un raiditaju, Ptx — raidiSanas jauda.

Lidzigi ka derigajam signalam, arT uztverta trauc€jumu jauda ir aprékinama péc $1s
pasas formulas. Te ir janem veéra, ka uztvéréja un trauc€taja antenu versumu
diagrammas nebiis noskanotas vienam uz otru.

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

Analiz&jot omni-directional scenarijus Rg,,Rgy: =1.
Virzienu darbibas ietekme paradas divos etapos:

e Parraides shému atraSana CSMA/CA apstaklos. Saglabajot CSMA/CA
protokola darbibu ar1 virziendarbibas apstaklos, janem veéra, ka antenas diagramma
ietekm& kanala juSanu. Protokola efektivitate Sados apstaklos tiks analizéta
praktiskaja dala.

e Nosakot SNIR, lai atrastu datu parraides atrumus katra no shémam. Ta ka
SNIR ir atkarigs no derigds un traucétaju jaudas, tad antenas pastiprinasanas
koeficientiem var biit liela ietekme uz SNIR veértibam.

8.4. MATLAB riks daudzu celu caurlaides spéjas
noteiksanai

Balstoties uz iepriek§ aprakstito metodi, ir izstradats Matlab riks, kas ietver sevi
bezvadu ad-hoc tikla, daudzu celu marSrutéSanas, CSMA/CA un datu parraides
modelus, un lauj noteikt caurlaides sp&ju.

Izstradatais riks lauj parbaudit lielu skaitu random scenariju pie dazadiem ieejas
parametriem, tadejadi laujot statistiski noverot dazadas sakaribas un izdarit
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secinagjumus par protokolu un metozu efektivitati. Nakamaja 8.8. att€la rika
strukturshéma.

Tikla un parraides parametru
uzstadisana

Troksnis
Antenas

. . . Jutiba
Mezgla objekta izvedeide |

* Mezlu skaits

Ad-hoc tikla objekta izveide |«q—Laukums |

* Celu skaits

Marsrutésana un ceju Sutitajs-sanemejs

komplektu atlasisana

PCST Parametru
Parraides shému atrasana konvertacija
(CSMA) ’7
Celu \ Antenas

komplektu elementu
raksturlielum svara
u noteik3ana koeficientu NS2 simulacija

Viemeériga parraides atruma atraana
atrasana balstoties uz SNIR

Rezultatu analize, grafiku zimésana

Figure 8.8 Matlab rika blokshéma

Shéma rada secigi izpildamus programmas blokus, ejot no augSas uz apaksu, kas
tiek veikti, lai noteiktu vairaku celu parraides caurlaides sp&ju, balstoties uz ieprieks
izklastito metodi. Paraléli tiek veikta ari NS2 simulacija, lai parbauditu skaitlisko
rezultatu (tikai omni gadijuma).

8.4.1. Bloku paskaidrojums

8.4.1.1. Tikla un parraides parametru uzstadisana

Simulacijas sakuma tiek uzstaditi galvenie parametri:

e raidiSanas parametri - uztvergja antenas paStroksnis, kas ietekme&s SNIR
aprekinu, ka arT nes€ja juSanu CSMA/CA protokola darbibas simulacija, raidiSanas
attalums, Physical carrier sense slieksnis (PCST);

e tikla struktiras parametri — laukums, mezglu skaits.
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8.4.1.2. Mezglu un tikla objekta izveide

Tiek veidotas MATLAB struktiiras, kuras ietver visu nepiecieSamo informaciju un
funkcionalitati. Mezglu koordinates var tikt izvElétas, izvietojot tos regulara rezgi,
random vai viena linija. Mezgli tiek izvietoti planari (2D). Mezgli ir nekustigi. Péc
koordinattm un izv€léta radio vilpu izplatiSanas modela tiek aprékinata tikla

8.4.1.3. Marsrutesana

Tiek izvelets sutitaja un sanéméja mezgls péc gadijuma principa, tomeér
nodroSinot, ka tie atrodas ne tuvak par ieprieks noteiktu attalumu.

Tiek veikta celu mekle$ana starp Siem diviem mezgliem. So dalu krietni atvieglo
tas, ka ir zinamas visu mezglu atraSanas vietas. Vispirms tiek noteikti katra mezgla
kaiminu mezgli. Lai ar1 teorétiski minimalu atrumu (piemé&ram, ar BPSK modulaciju)
var nodroS$inat lielaka attaluma, attalums, kada tiek veidoti savienojumi ar kaiminu
mezgliem, tiek noteikts 250 m, kas nodroSina stabilu parraidi. Tiek mekl&ti visi
iesp&jamie celi starp siititaju un sanémeju.

Analizgjot dazadas celu kombinacijas, tiek izveidoti celu komplekti, kas apmierina
iepriek§ noteiktus kriterijus: celu skaits, lecienu skaita atSkiriba starp celiem,
krustoSanas vietu skaits, koplietoti linki.

Ja neizdodas atrast celu nepiecieSamo routu skaitu, mezglu skaits tiek palielinats
par 1.

8.4.1.4. Celu komplektu raksturlielumu iegisana

Tiek noteikti interes€josie celu komplektu raksturlielumi: vid€jais l&cienu skaits,
starpcelu attalums u.c., kas pec tam vargs tikt izmantoti, analiz&jot TpaSibu ietekmi uz
caurlaides spéju.

8.4.1.5. Parraides shému atrasana

Balstoties uz zinamo informaciju par izvéléto celu komplektu, tieck meklétas
parraides shémas celus saturoSajiem mezgliem. Tiek izmantots iepriekS aprakstitais
CSMA/CA darbibas princips. Parraides shému mekl€Sana notiek pec $ada algoritma:

1. Tiek nemts péc kartas viens raiditajs-uztverejs paris, kuru ievieto tuksa
parraides sheéma.

2. Nakamais paris tiek nejausi izraudzits no atlikuSajiem (tadiem, ar kuriem nav
kopigs mezgls). Ja abpus€ji netiek parsniegts Cs limenis, paris tiek pievienots
parraides shémai.

3. Otrais punkts tiek atkartots, Iidz vairs neviens paris nevar tikt pievienots
shémai, de| apstakla, ka trauc€jumu jaudas summa kada no iepriek$ izv€l€to paru
uztverejiem parsniedz Cs slieksni.
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4. Jaizveidota parraides shéma ir unikala (nesakrit ar kadu ieprieks izveidotu), ta
tiek saglabata.
5. Process tiek atkartots, vairakkart izejot cauri visiem mezglu pariem.

Liela mezglu skaita gadijuma, varbiitiba galiga laika atrast pilnigi visas parraides
shémas samazinas. Precizitati nosaka iteraciju skaits.

8.4.1.6. Viemériga parraides atruma atrasana

No parraides shemam sastadot vienadojumu sist€ému (9), kuru risinot tiek meklets
tads laika sadaltfjums starp sh€émam, kas nodroSina maksimalu vienmeérigu parraides
atrumu visos linkos.

8.4.1.7. Antenas elementu svara koeficientu atrasana

Papildus bloks, kur§ darbojas kopa ar iepriek$€jiem diviem. Tiek mekleta antenas
diagramma katras parraides shé€mas ietvaros. Tiek izmantots linears antenas masivs
(vektors), mainot elementu skaitu no 1-64. Ja elementu skaits ir N=1 (omni-
directional), tad bloks atgriez pastiprinajuma koeficientu 1 visos virzienos.

ZF-BF metode tiek pielietota tikai uztvergja puse.

8.4.1.8. Parametru konvertacija uz NS2 un simulacija

Tiek veikta, lai katru MATLAB scenariju parbauditu ar ar NS2 tikla stimulatoru,
un noverotu, vai saglabajas tas paSas tendences. Tiek izmantots NS2 PhyExt un
MACEXxt modeli, kas lauj modelét IEEE 802.11g tiklus.

Caurlaides spgja tiek vértéta ar CBR trafiku, atrodot maksimali pielaujamo -
nerada tikla sastrégumu (congestion), kas noved pie pakeSu zudumiem. Pliismas tiek
pakapeniski palielinatas, nosakot pazaud€to pakeSu (trafika) apjomu katra sekundé
péc formulas:

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

&
losses(t) = p

(21)

Noslédzo$aja posma tiek analiz€ti no MATLAB un NS2 iegttie dati.

8.4.2.Rika validacija salidzinot rezultatus ar NS2
Lai novertetu analitiskas metodes un tas MATLAB modelu pareizibu, rezultati
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tiek salidzinati ar NS2 - viens un tas pats scenarijs tiek parbaudits gan analitiski
MATLAB, gan simulatora. AtsSkiriba biit pielaujama tikai absoliitajos caurlaides
sp&jas skaitlos, bet ne kopgjas tendences. Atskiribas var radit jau iepriekS minétie
aspekti:

e ir centrali vadams - ideals - scheduling kanala piekluvei;

e tiek pielietota Shanon kapacitates limita formula linka caurlaides spé&jai, 11dz ar
to netiek nemts vera ari virstérin$ protokola.

Attela 8.9 dots Matlab-NS2 sniegto veértibu salidzinajums (korelacija). Analitiskas
caurlaides sp&jas vertibas visiem scenarijam ir sasSkirotas no mazakas uz lielako, un
atliktas uz x ass (tumsa likne), attiecigi katram scenarijam ir atlikta art NS2 veértiba
(gaisa likne). Rezultati ir iegiiti atseviski pie dazadam pastrok$na un PCST sliekSna
vertibam.

e D0 4, T 50 o (] T 4, (5= 54K = (N P ], (51 e, (3900509 &, C5=| 00

P S T W e 1) ] (X TR 5, 5 il (R TN 1] &, (5 1 e LN &, (] (N

Vndwmr ‘ukmr ks V

o= I ] ] ST k=< (N TN 1] 2, 5 M = (TR 1] 2, (5= 18 e, DT &, (= KK

Figure 8.9 Matlab un NS2 rezultatu salidzinajums

Vislabako sakritibu varam novérot pie CS=500 un augstaka trokSna Itmena, kuru
varam izveleties par optimalajiem nosactjumiem Sim modelim. Jaatzime, ja CS
tieksies uz bezgalibu, tad reala tikla parraide nenotiks vispar. Tapat arf, ja CS tieksies
uz 0, jo SNIR biis zem SNIR threshold veiksmigai parraidei ar vismazako datu
atrumu.

Nakamaja grafika (8.10. att.) dots rezultatu salidzinajums, parbaudot siititaja-
sanémgéja attaluma ietekmi uz modela precizitati (CS=500, Ppqis.=4e-013).
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1 38R =distunce==1304

Lai arT visos tris grafikos tendences ir lidzigas, labaki rezultati, kad sutitajs-
saném¢éjs attalums ir lielaks. Liela atSkirtba pie maza starpmezglu attaluma
izskaidrojama ar situaciju, kad katra parraides shéma ir tikai viens raiditajs un tikls
darbojas ,,beztraucgjumu” apstaklos. Sis pats efekts bija novérojams iepriekigja
grafika. No ta varam secinat - Matlab modelt attalumam starp siititaju un sanémé&ju
mezgliem jabiit krietni lielakam par CS, lai efektivi izpaustos spatial reuse. Tadg]
turpmakajos petijumos Sis attalums tiks izvelets > CS apgabala radiuss.

8.5. Vairaku celu parraides efektivitate

ST nodala pievérSas jautajumam par optimalo celu skaitu daudzu celu parraidé
(neizmantojot virziendarbibu). Tabula 8.1 doti modeléSanas parametri.

Tabula 8.1 Model&Sanas parametri

1 celam 79

Analizétie celu 2 celiem 74
komplekti 3 celiem 71

4 celiem 31

Laukuma izmérs 1000x1000m -2200x2200m
Mezglu skaits 45 - 248
P 0.1 W
Ppcst 3.8e-011 W (~500 m)
Ppa§troksnis 1.6e-13 W

Radio vilnu modelis

Briva telpa

uztversanas slieksnis

1.5171e-010 W (250 m)

Koplietoti linki

0
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8.5.1. Caurlaides spéjas atkariba no celu skaita
vienmérigam plismam
Grafika (8.11. att.) tiek att€lota kopé&jas (agregetas) caurlaides sp&jas atkariba no
celu skaita. Atseviski Iiknes pie dazada siititajs-sanéméjs attaluma.

709<source-dest distance==1157

1157<source-dest distance==1604

— 1604<source-dest distance==2052

Capacity agr, Mbps

Figure 8.11 Kopgjas caurlaides spéjas atkariba no celu skaita

Ka redzams, tad pieaugums ir neliels (30 % robeZas pret vienu celu), neraugoties
uz to ka celu skaits tiek cetrkarSots. Tas nozimé, ka spécigi izpauZas starpcelu
trauc&jumi, pie kam, ka mes sikak analiz€sim nakamaja nodala, darbojas Gupra-
Kumar modela sakariba, kur tikla caurlaides sp&jas robezas atkarigas no mezglu
skaita.

Parbaudot pienémumu, ka caurlaides sp&ju var ietekmét ari sutitaja-sanémeja
attalums, ka bija sagaidams, tad lielaku caurlaides sp&ju sasniedzam, kad sutitajs—
san@mgjs ir tuvak. Tas izskaidrojas ar mazaku mezglu un l&cienu skaitu visos celos.

Caurlaides sp&ju nevienmerigu plismu gadijuma 8.2. nodala minéta metode nelauj
pétit situacijas, kad pliisma abos celos nav vienmériga. Tas biitu pretruna ar
piep€mumu, ka mezgli sava laika slota raida nepartraukti (tiem viemeér bufert ir dati,
ko raidit, un tie bez vilcinasanas parsita talak). Situacija, kad viena parraides
shéma biitu mezglu pari no diviem celiem, kur viens paris neraida pilnu atvéleto laiku,
modelt nav iesp&jama.

Sadu scendriju Java parbaudit NS2 model&Sanas programma. Rezultati 8.12. attela.
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Figure 8.12 Scenariju biezums

Ar F apziméta pilna plisma, ar H - 50% no pilnas, pieméram, HHFF nozimé, ka 4
celu gadijuma divos celos ir bijusi nepilna plisma, bet divos pilna. Grafiki parada, cik
procentos gadijumu katrs plismu sadalijums ir bijis vispieme&rotakais. Nevienmériga
plusma tika uzskatita par labaku, ja tas agregéta caurlaides sp&ja bija vismaz par 5%
augstaka, neka vienmérigai. Redzams, ka 2 un 3 celu gadijuma nevienmériga plisma
reti dod efektu. Tikai 4 celu gadijuma ir verts apskatit $adu iesp&ju.

8.5.2. Celu raksturlielumi un to ietekme uz caurlaides
spéju

Raksta [8.5] més piedavajam shému, kura raksturo daZadas tikla parametru
savstarpgjas atkaribas. Ka viens no noteicosajiem faktoriem tikai izvirzits celu izvéle.
Izstradatais modelis lauj dal€ji Tstenot shémas savstarp&jo atkaribas, lai noskaidrotu
caurlaides sp&ju un tas atkaribu no celu izvéles kritérijiem (8.13. att.).

Ar dzeltenu ir iekrasoti bloki, kuri ir realizéti Matlab rika. Tiek nemti veéra tiklu
letekmejosi faktori:

e Protocols deployed: CSMA/CA prieks kanala piekluves;

¢ Radio Channel: pastroksnis, radio vilnu izplatiSanas modelis, uztvérgja jutiba;

e Network structure: laukuma izmers, mezglu skaits, sttitaja un sanéméja
atraSanas vieta.
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Figure 8.13 Tikla raksturlielumu atkaribu shéema

Tikla raksturlielumi, kuri tiek ietekméti, ir kanala konkurence, linka caurlaides
sp&ja, savstarp&jie traucgjumi, celu noskirtiba, Iecienu skaits. Izv€loties dazadus celu
komplektus (Path selection) tiek noteikta to caurlaides spéja. Tomer jaatceras, ka
minéta caurlaides sp€ja tiek mérita pie idealas parraiZu planoSanas.

Ka viens no ietekmes faktoriem, kas kombinacija ar celu izvéli tiks analiz€ts Saja
darba, ir tikla struktiira. Rakstos [8.1] [8.2] [8.3] ir izteikta hipoteéze - lielaku
caurlaides sp&ju var sasniegt, izv€loties noskirtus (radio-disjoint) celus. Parasti tas ir
saistits ar lielaku starp-celu attalumu. Talak $aja nodala tiks parbaudits, cik $adi
apgalvojumi ir pamatoti.

Pirma probléma, kura jaatrisina — ka novertét starp-celu attalumu. Saja darba par
starpcelu attaluma raksturojumu tiks izmantots laukums, kuru aiznem celu komplekts.
Tas bus laukums, kuru iegiist, savienojot ar ITnijam visus aréjos mezglus. Matematiski
tas ir convex hull no mezglu koordinatem. 8.14. att€la paraditi divi dazadi starpcelu
attalumi.

Diemzel §1 pieeja neatrisina jautajumu par attalumu starp ieksS€jiem celiem.
Sakotngjie pétijumi tiks veikti tikai pie divu celu scenarijiem, jo tie visprecizak var
tikt aprakstiti ar convex-hull laukumu.

Modelesanas parametri apkopoti tabula 8.2.
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Figure 8.14 Starpcelu attalumi izteikti ka convex hull

Tabula 8.2 Model&Sanas parametri

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

Attela 8.15 ir paradits, ka mainas caurlaides sp&ja atkariba no starp-celu attaluma
(izteikts ka celu ietvertais apgabals). Convex-hull laukums ir atkarigs arT no attaluma
starp gala punktiem (bultu nogrieznis 8.14. att.), tadel atseviski dota vidgja veiktsp&ja
pie dazada sutitajs-sanémeéjs attaluma diapazona. Lai novilktu liknes, atbilstoSas
izkliedétajiem datiem (punkti grafika), tika pielietota lineara regresija. Katrs punkts
ataino veiktsp€ju kadam scenarijam. Papildus rezultatu droSibas intervals ir dots katrai
liknei (raustitas Iinijas).

S1 eksperimenta galvenais secinajums - nav izteikta caurlaides sp&jas pieauguma,
palielinoties attalumam starp celiem, kas ir pretruna ar sakotng&ji izvirzitajiem
apgalvojumiem. Tikai pie liela starpmezglu attaluma ir novérojams caurlaides sp€jas
pieaugums, kas var€tu tikt skaidrots ar efektivaku telpas izmantoSanu (spatial reuse).
Viena no hipotéz€m niecigajam pieaugumam ir tada, ka, lai nodroSinatu lielaku
starpcelu attalumu, ir jaizmanto vairak mezgli, kas savukart nozime caurlaides sp&jas

kritumu. Darba [8.8] piedavataja modeli jau tika pieradits, ka caurlaides spé€ja
W

asimptotiski seko sakaribai . Lai to parbauditu uz Siem paSiem rezultatiem,

Jmnlogn

8.16.att. ir paradita vienmeérigas veiktsp&jas atkariba no iesaistito mezglu skaita.
Papildus tiek pielikta teorétiska likne (nepartraukta Iinija) no Gupta-Kumar modela
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. Redzams, ka punkti diezgan precizi atkarto sakaribu. Tas v€lreiz apstiprina, ka

[8.8]

loti svarigs faktors ir mezglu skaits un, ja lielaks starpcelu attalums prasa lielaku

mezglu skaitu, tad caurlaides spéju veidos abu kombinacija.
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Figure 8.15 Starpcelu attaluma ietekme uz caurlaides sp&ju

CS=500
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Figure 8.16 Gupta-Kumar modela [8.8] likne
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To apstiprina arT nakamais attéls (8.17.att), kur atseviski apskatita caurlaides sp&ja
atkariba no starpcelu attaluma pie lidziga mezglu skaita. Noveérojams izteiktaks
pieaugums. Tapat ka 8.15 attela, saskatama tendence atrumam samazinaties,
palielinoties starpcelu attalumam.

NI 1; Paths=2, 1000=clE tance-==3027

—— 1<modes<=12 |/
—— 19<mdes<=27 d
— 7<mdes<=34 d
— 3d<mdes{=42 d

'

I~\-ﬂ____
X
N

W

Agreqg gted capacity, Mbps

1] 0.3 1 1.3 2 :; 3 33 i
Convex bull area X 10
Figure 8.17 Starpcelu attaluma ietekme pie lidziga mezglu skaita
8.6. Virziendarbibas antenu efektivitate

Iegiito rezultatu sakritiba ar NS2 omni-directional antenu gadijuma (Nodala 8.4.2)
lauj pienemt, ka metode var tikt pielietota art virziendarbibas p&tiSanai.

Saja nodala tiks parbauditas virzienu darbibas antenas ka veids trauc&umu
mazinasanai daudzu celu parraide. Lai novertetu efektivitati, agregeta caurlaides sp&ja
var tikt izteikta procentuali:

_ C_agr
28m% ¢ max(1 path — omni)

C

un rada, kads biitu uzlabojums, izmantojot daudzcelu parraidi ar virziendarbibu
trauc§jumu mazinasanai, salidzinajuma pret parraidi idealos apstaklos (bez
trauc€jumiem) pa vienu celu.

Vispirms tiks parbaudita CSMA/CA mehanisma efektivitate pie virzienu darbibas
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(8.18. att.) ar mérki noteikt tas izmantoSanas lietderibu. Papildus tas tiks pétits

kombinacija ar ZF-BF (Nodala 8.3.6) tris veidos (3 grafiki):

e bez ZF-BF;

e ZF-BF, slapgjot trauc€jumus pret visiem mezgliem;

o ZF-BF (close ZF-BF), slapgjot traucgjumus tikai pret tuvakajiem (N-1)
mezgliem; janem vera, Sis variants prasa papildus informaciju par traucétaju signala

stiprumu

Katra no grafikiem tiek piedavati tris CSMA/CA reZimi:

Agregated capacity, %

(attalumu).

e bez CS;

e (S tiek veikts ar virzienudarbibu;
e CS tiek veikts klasiski ar omni-dierectional, bet parraide ir directional.

No ZF-BF

250 -eeeeee e
.
150 |~ -mennen s RRLEEEE

| 2 4 g
Number of antennas

Figure 8.18 CSMA/CA mehanisma efektivitate pie virzienu darbibas

Capacity agr %

250

2 4 8
Number of antennas

Capacity agr %

250

close ZF-B

Without CS

Avg interferers

i Directional CS (500m)

|| I Avg interferers

i+ | = Omni-directinal CS (300 m)

§ | N Avg interferers

2 4

Number of antennas

CS izmantoSana (abi - omni un directional) uzrada krietni labakus rezulatus pie
maza antenas elementu skaita. Omni-directional CS gadijuma tas skaidrojams ar
iesp&ju noverst sleptos mezglus. Pie liela elementu skaita (>8) paradas piesatinajums
d€] nevajadzigi paklautiem mezgliem. Ta nelauj izpausties vienai no virziendarbibas
priekSrocibam — slapét trauc€jumus pie daudziem vienlaicigi raidoSiem mezgliem.

Ar vertikalu Iiniju - vidgjais trauc€taju skaits katram mezglam, pret kuriem ir
nepiecieSams veérst diagrammas minimumu ZF-BF gadijuma. Bez CS gadijuma tas ir
vislielakais, jo parraides shémas satur maksimalu skatu mezglu parus. Lai efektivi
varétu slapet visus traucétajus ar ZF-BF metodi, antenas elementu skaitam jabiit
lielakam par traucétaju skaitu. To var noverot art grafika péc straujakas caurlaides
sp&jas uzlabojuma, parsniedzot So robeZu (ipasi izteikti pie ZF-BF).
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Nakamaja grafika (8.19.att.) tiek salidzinata daudzu celu parraides efektivitate pie
dazada antenas elementu skaita, atseviski izdalot ar un bez ZF-BF, ka ar1 attalumu
starp suititaja un sanéméja mezglu.

Without ZF -BF, T00odstancec=1181 Withow IF-BF, 138] cdistance==1051

N=32
N=16
Neg
Nmd
N=2
N=1

Paths Patha

Figure 8.19 Daudzu celu parraides efektivitate pie dazada antenas elementu skaita

Galvenie novérojumi, uz kuriem javer§ uzmaniba:

e ZF-BF rezima pie N=4 un N=8 novérojams caurlaides sp€jas kritums,
palielinot celu skaitu. Izskaidrojums: traucé€taju skaits kliist lielaks ka antenas brivibas
pakapes. Pie liela antenu skaita $ads kritums nav nove€rojams, bet pie maza N
traucetaju skaits visu laiku parsniegs brivibas pakapes un ZF-BF nebus efektivs;

e Pie maza attaluma starp sititdju un saneéméju tiek sasniegti labaki raditaji
caurlaides sp€jai. Skaidrojams ar mazaku iesaistito mezglu skaitu, 1idz ar to vieglak
nospiest traucgjumus;

e Virziendarbiba var ieverojami palielinat caurlaides sp&ju, parraidot datus pa
vairakiem paral€liem celiem, jo veiksmigi lauj izvairities no trauc€umiem. Tas
noverojams gan ar, gan bez ZF-BF;

e Izmantojot CS, izpauZas virzienu-darbibas sleptas stacijas probléma, kura ir
minéta ari [8.6]. Ipasi ta ir novérojama N=2 gadijuma, kad caurlaides sp&jas ieguvums
ir niecigs, vai pat novérojams kritums salidzinajuma ar N=1. Izskaidrojams ar
specifisko antenas diagrammas formu, kur galvena lapa vérsta uz abam pusém.

Sleptas stacijas problema ir att€lota 8.20. att€la. Mezgls nl, aprikots ar divu
elementu antenu, v€las sakt parraidi uz n_4. Tiek veikts carrier sensing, lai parbauditu
vai kads nerada traucgjumus n_4. Diemzel tas, ka n_2 raida n_4 virziena, nav
dzirdams, un parraide tiek atlauta. Divu antenas elementu gadijuma antenas
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diagrammas galvenas lapas ir verstas abos virzienos, Iidz ar to sléptas stacijas risks
palielinas, jo kolizija notiks, n2 raidot gan n3, gan n5. So problému dalgji atrisinatu
RTS/CTS handshake, jo min&taja situacija n_4 neatbildetu ar clear-to-send mezglam
nl.

A

nS

¥
5 - -

nd

&

n3

Figure 8.20 Virziendarbibas sléptas stacijas problema

8.7. Secinajumi

Uzlabota analitiska metode daudz-celu parraides caurlaides sp€jas novértésanai,
darbojoties CSMA/CA protokolam. Neraugoties uz daudzu sarezgitu procesu
vienkarSotiem modeliem (idealizaciju), ta ir pielietojama, lai glitu pamatpriekSstatus
par optimalu celu izvéli.

Intensivu datu plismu gadijuma, daudzcelu parraide nesniedz biitisku caurlaides
sp&jas pieaugumu, neizmantojot panémienus trauc€jumu mazinasanai.

Caurlaides sp&ja veidojas ka mezglu skaita un starp-celu attaluma kombinacija.
Palielinot starp-celu attalumu, gandriz automatiski palielinas ari iesaistito mezglu
skaits. Uzlabojums ir noverojams, ja palielinot starp-celu attalumu, mezglu skaits
mainas nelielas robezas.

Virziendarbiba ievérojami palielina caurlaides sp&ju daudzu celu parraidé un
strauj§ uzlabojums ir panakams, palielinot antenas elementu skaitu N virs 2. ZF-BF
sniedz papildus pieaugumu, toméer efektivitate saistita ar antenas masiva SpEju
nospiest trauc€josSos virzienus, kas, palielinoties mezglu skaitam, ir komplicéti pie
neliela antenas elementu skaita. CS klasiska izpildijuma pie virzienu darbibas nav
efektivs - liela N gadijuma mezgli tiek nevajadzigi paklauti.

NepiecieSami talaki pétijumi ar citiem radio vilnu izplatiSanas modeliem, ka ari
2D antenu masiviem. Papildus pétijumi par optimalas celu izvéles kombing€Sanu ar
trauc€jumu mazinasanas panémieniem.
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Elektronikas un datorzinatnu institiGtam

Atsauksme par taimeSanas tehnologijas aprobaciju

Ar $o véstuli vélamies apliecinat SIA , Eventech” lidz3inéjo veiksmigo sadarbibu ar Elektronikas un datorzinatnu
institdtu (EDI). 2012.gada SIA , Eventech” parakstija licences un sadarbibas ligumu ar EDI par , Tehnologija notikumu taimera
A033-ET razodanai” ekskluzivu licencé$anu un komercializésanu. Ta rezultata SIA , Eventech” ieguva ekskluzivas tiesibas
razot un izplatit EDI raZotas ierices — pikosekunzu diapazona laika méritajus AO33-ET (turpmak teksta AO33-ET).

Tai pat laika tika likts pamats veiksmigai savstarpéjai sadarbibai gan tehnologiskaja, gan zinatniskaja joma, jo SIA
,Eventech” regulari konsultéjas ar EDI Laika mérisanas laboratorijas zinatniekiem, risinot dazadus tehniskus jautajumus.
Jaunie tehniskie risinajumi un uzlabojumi, saistitie ar laika méritaju precizitates un mérisanas atrumu palielinasanu un
izstradatie Valsts pé&tijumu programmas ,,INOVATIVO DAUDZFUNKCIONALO MATERIALU, SIGNALAPSTRADES UN
INFORMATIKAS TEHNOLOGIJU IZSTRADE KONKURETSPEJIGIEM ZINATNU IETILPIGIEM PRODUKTIEM”, Projekta Nr. 2
Inovativas signalapstrades tehnologijas viedu un efektivu elektronisko sistému radisanai” ietvaros veiksmigi aprobéti redlos
komercproduktos, jo SIA , Eventech” turpina ciesi sadarboties ar EDI pasttot jaunu produktu testésanas un kalibrésanas
darbus.

Kop$ sadarbibas sakuma SIA , Eventech” ir pardevusi 14 gab. A033-ET tadiem klientiem ka Finnish Geodetic
Institute (Somija), XI'AN INSTITUTE OF OPTICS AND PRECISION MECHANICS OF CAS (Kina), HARBIN ENGINEERING
UNIVERSITY (Kina), Cybioms Corporation (ASV), Shimosato Hydrographic Observatory of Japan Coast Guard (Japana), NPK
SPP (Krievija), NATIONAL TIME SERVICE CENTER CAS (Kina) un Institute of Geodesy& Geophysics CAS (Kina).

lepriek$ miné&tie klienti strada ne tikai satelitu lazerlokacijas joma, bet arT geodézijas un metrologijas jomas un no
viniem ir sanemtas tikai pozitivas atsauksmes par AO33-ET darbibu un vinu planos ietilpst iegadaties SIA , Eventech” razotas
ierices ari turpmak.

SIA ,Eventech” plano attistit AO33-ET razosanu, mekIéjot jaunus pielietojumu gravimetrijas, fluoroscences
spektroskopijas un virszemes apsekojumu jomas, aktivi sadarbojoties ar EDI jaunu produktu izstradé vai eso$o produktu
pielago3ana, ka arf meklgjot finanséjuma avotus 3o ieceru realizéSanai.

Ar cienu,
Nikolajs Adamovics

SIA “Eventech”

Valdes loceklis

G.0zoling
26522982
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Pielikums #2

éVENTEkO

INTELIGENT! VIDES RISINAJUMI

Pinkos

2013. gada 28. oktobrT

Atsauksme par superplatjoslas impulsu tuvdarbibas radara sistémas tehnologijas
aprobiciju

SIA ,,VentEko™ apliecina, ka esam veiku§i Elektronikas un datorzinatpu institfita Valsts
pétijumu  programmas ,Inovativo daudzfunkciondlo materialu, signalapstrades un
informatikas tehnologiju izstrade konkurétsp&jigiem zinatpu ietilpigiem produktiem”,
Projekta Nr. 2 ,Inovativas signalapstrades tehnologijas viedu un efektivu elektronisko
sistému radiSanai” ietvaros izstradatas tehnologijas superplatjoslas impulsu tuvdarbibas
radara sistémas prototipa aprobaciju redliem apstakliem pietuvinatos scenarijos zemgarozas
kartografija.

Aprobacija tika veikta tris méneSu laika posma no 2013.gada 1.jilija lidz 1.oktobrim
Rumbuld bijusa lidlauka teritorijai piegulo$d aviacijas degvielas uzglabasanas vietd Riga,
Maskavas iela 461. Aprobacijas vide ir no aviacijas degvielas piesarpojuma attirams objekts
— plava un grants cel§, zem kuriem atrodas komunikacijas kabeli, naftas vadi un attiriSanas
noliikos instalétas drenazas caurules.

Ar izstradatds universalds modularas radaru sistémas palidzibu sp&jam noteikt mis
interesgjoos zemgarozas objektus un veikt to kartéSanu. Darba gaitd iepazinamies ar
izstradatas tehnologijas darbibas principiem un apzindgjam tehnologijas iesp&as un
ierobezojumus.

Aprobacijas laika, aktivi sadarbojoties ar Elektronikas un datorzinatpu specialistiem
tehnologijas izmanto$and un uzlaboS$ana, ar konkrétam pielietojumam izstradatam 500 MHz
antenam tika veikta arT zemes dzilakos slanos eso$a naftas vada detekt€Sana un kart€Sana.
Salidzinot izstradatds tehnologijas parametrus ar analogam geofizikas iekartam atbilstosa
cenu kategorija analogus nesaskatam. Ipadi noderiga, misuprat, ir sadarbibas veicinasana
starp tehnologiju izstradatajiem un to lietotajiem realas vides apstaklos.

Nemot véra aprobacijas rezultatus, uzskatam, ka superplatjoslas impulsu tuvdarbibas radara
sistémai ir potencidls pielietojums atrakd un precizika zemgarozas slanu un objektu
kartg3ana, tadgjadi dodot ieguldijumu zemkopibas, vides aizsardzibas un geologijas jomas.
Uzskatam, ka §is tehnologijas attistiSana un konkrétu produktu prototipu izstrade ar talaku
mérki komercialiem pielietojumiem dos ieguldijumu tautsaimniecibas attistiba.

VL-14-5-2009
1508001 | SESAS 1801 SIA ,VentEko” Reg.Nr. LV41203008864
i& Juridiska adrese: Darza iela 2, Ventspils, LV-3601, Latvija
Biroja adrese: Rigas iela 22, Pinki, Babites pagasts, Babites novads, LV-2107, Latvija

c;“mm;i

Tel.: +371 679 131 55, Fakss: +371 679 131 56
E-pasts: inffo@venteko.com, www.venteko.com

GeRTiFiED
ORGANISATION
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Pielikums #3

Riga, 2013.g. 31.oktobrT

Atsauksme par tehnologijas
»Objektu 3D seko$ana izmantojot pasivo stereo redzi
uz mobilas platformas” aprobaciju

Latvijas Auto klubu apvieniba (LAKA) apliecina, ka Elektronikas un datorzinatnu
institiits (EDI) Valsts p&tfjumu programmas ,.Inovativo daudzfunkcionalo materialu,
signalapstrades un informatikas tehnologiju izstrade konkurétsp&jigiem zinatpu
ietilpigiem produktiem” projekta Nr.2 ,Inovativas signalapstrades tehnologijas viedu
un efektivu elektronisko sistému radiSanai” ietvaros veicis tehnologijas ,,Objektu 3D
seko$ana izmantojot pasivo stereo redzi uz mobilas platformas™ aprobaciju realos apstaklos
sadarbiba ar LAKA biedriem — Amerikanu auto klubu un biedribu ,MB Club.lv”.

Aprobacijas laika sadarbibas partneriem tika nodroSinata iespgja veikt testa
braucienus ar auto, kura tika uzstadita sistéma objektu 3D seko3anai. Izmantojot divas
sistemas sastava ietilpstosas kameras, tika ieglti dati par apkartgjas vides objektiem,
t.sk. attalums ITdz tiem, ka arT atrums un parvieto$anas virziens. Aprobacijas laika
sistéma paradija, ka ir spgjiga darboties un var tikt izmantota atbalsta snieg$anai
transporta lidzek|a vaditajam, taCu ir nepiecieSami turpmakie pétfjumi apkartgjas
vides objektu sekoSanas optimizé$anai, ka arT atsevisku sistémas komponentu
apvienoSanai viena kompakta iekarta.

Mikus Zelmenpa testa brauciens bija parsvara arpus pilsétas. Subjektivais vertgjums ir
tads, ka biitu lietderiga sistémas jutibas palielina$ana braucot ar lielaku atrumu, jo
objektu pirmreiz&ja uztversana varétu notikt mazliet atrak, ka Sobrid (lielaka attaluma),
sekoSana jau uztvertiem objektiem ir laba, arT objekti ce]a malas tiek labi fikséti.
Braucot pilsétas atruma (lidz 50 km/h), objekta pirmreizgjas uztverSanas un
“pazaudeSanas” attalums $kita piepemams un netika izjusta tada attalumu atskiriba, ka
arpus pilsétas. Satiksme arpus pilsétas nebija intensiva. Brauk3ana notika pa dienu, ta
ka griiti novertét iespgjamo ieguvumu no sistémas braukS$anai nakti, jo tumsa tas
prieksrocibas noteikti butu izteiktakas.

Aprobacijas laika notika aktiva sadarbiba ar EDI specialistiem, kuri sniedza papildus
informaciju par sistémas darbibu. Nemot véra aprobacijas rezultatus, uzskatam, ka
sistémai objektu 3D sekoSanai ir potencials pielietojums atbalsta snieg$anai transporta
lidzekl]a vaditajam, un, nemot véra prieksrocibas salidzinajuma ar RADAR un LIDAR
bazgétam sisttmam, tas komercializacija var sniegt ieguldijumu tautsaimniecibas
attistiba.

Mikus Zelmenis .« l%
Biedribas ,,MB Club.lv” parstavis, ) —

Latvijas Auto klubu apvienibas valdes priek$sedétajs
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Pielikums #4

BIEDRIBA

AMERIKANU AUTO KLUBS

Riga, 2013. gada 31. oktobrT

ATSAUKSME

Biedriba "Amerikanu auto klubs" sistému testéja 25. oktobra pécpusdiena un vakara, tumsaja
vakara dala, ka arT 28. oktobra dienas vida.

Automasinas sanemsSanas bridT tikam informéti par sistémas pamatprincipiem, jau veiktajiem
testiem un to rezultatiem, ka arT ar jau sastaptajam nepilnTbam. Pirmo testu veicam Riga,
sastrégumu stundas. Sistéma tika iedarbinata autostavvieta aptuveni 1m attaluma no priek$a
stavosa auto. Jau izbraucot no EDI stavlaukuma secinajam, ka objektu atpazistamiba ir |oti
nekvalitativa un nepilnTga. Atpazits tika retais objekts. P&c paris nobrauktiem kilometriem sistému
izsledzam.

Nakamo testu veicam jau tumSaja vakara dala. Sistému ieslédzam klaja automasinas lukturu
izgaismota laukuma. Uzsakot kustibu atkal bija jasecina, ka detekcija nenotiek. Aptuveni péc 2 km
attéls saka "raustities" un "kerties". Jau gaita, esot satiksmeé, sistému restartéjam. No §T briza
objektu atpaziSana batiski uzlabojas. Braucot ar 50km/h auto lukturu izgaismotaja zona, gan pa
kreisi, gan pa labi, gan tieSi automasinas prieksa objektu uztverSana bija loti laba.

Palielinot atrumu ITdz 70km/h objektu uztver§ana kavéjas. Tai pasa laika izseko$ana palika stabila.
Noteiktie attalumi ITdz objektiem bija batiski lielaki, ka daba.

Palielinot atrumu I1dz 90km/h batiskas izmainas netika novérotas.

28. oktobrT testa papildus piesaistijam apsardzes video inZenieri, kura parzina ir kameras ar
objektu atpaziSanu, ka arT specialistu auto vadibas bloku izstradé un mikroprocesoru
programmeésana. Testu veicam dienas vido marsruta no Pardaugavas uz EDI. Sistému ieslédzam
stavlaukuma, prieksa, 4m attaluma esot konteinerim. LTdzTgi, ka ieprieks, tllTt péc ieslégsanas,
objektu uztverSana praktiski nenotika. Gaita, jau esot satiksmé, restartgjam sistému, kas, [1dzigi,
ka jau iepriek$, atjaunoja vélamo darbTbu. Objektus uztvéra labi, tomér saraustrti.

Saltdzinot testu tumsa un gaisma, secinam, ka tumsa uztver precizak un seko noturigak. Gaisma
uztver daudz vairak objektus, bet saraustitak un ne tik noturtgi.

Papildus, lai arT uztver automasinas, stabus un citus objektus ielas malas, tomér loti vaji vai
nemaz neuztver gajéejus un velosipédistus. Tapat mums Sobrid nav viedokla par sistémas realu
pielietojumu, apzinot nepiecieSamas tehnikas jaudas un mikrorisinajumu iespéjas.

Piezimes par paSa testa procesu. lesakam nakosSajiem testiem izveidot testu procedaras, lai
testétaji var koncentréties uz konkrétam problemam, kuras censties apzinat, novérst Iidz
nakamajiem testiem.

Paldies, par iepazistinasanu ar o projektu un iespéjuykdé?ﬁies testos.

/! >

Aris Seisums ’7%’/ g
Biedriba "Amerikanu auto klubs" =/

—

Biedriba “Amerikapu auto klubs” AS SWEDBANK Putnu iela 15A, Riga, Latvijas, LV1004

Reg. Nr. 40008079950 Konta Nr. LV47THABA0551006667242 e-pasts: uscars@uscars.lv | WEB: www.uscars.lv
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Pielikums #5

RIGAS DOMES INFORMACIJAS TEHNOLOGIJU CENTRS

Brivibas iela 49/53, Riga, LV-1010, talrunis 67037022, fakss 67037023, e-pasts: tc@riga.lv

ATSAUKSME
Riga

//f.lo.zon. Nr. TC-13-4/{-nd

Iesnieg8anai péc pieprasijuma

Par plaukstas biometrijas tehnologijas
aprobaciju

Rigas domes Informacijas tehnologiju centrs (turpmak — RD ITC) apliecina, ka
Elektronikas un datorzinatnu institiits Valsts pétfjumu programmas ,Inovativo
daudzfunkcionalo materidlu, signalapstrades un informatikas tehnologiju izstrade
konkurétspéjigiem zinatpu ietilpigiem produktiem”, Projekta Nr. 2 ,Inovativas
signalapstrades tehnologijas viedu un efektivu elektronisko sistému radiSanai” ietvaros
ir veicis izstradatas plaukstas biometrijas tehnologijas aprobaciju realos apstak]os.

Aprobacijas laika plaukstas biometrijas sistéma tika pieslegta pie RD ITC
telpu piekluves kontroles mehanisma. Plaukstas biometrijas sisttma RD ITC
darbiniekiem lava ieklat telpas, izmantojot plaukstas asinsvadu biometrijas datus.
Aprobacijas laika sistéma paradija, ka ir spgjiga darboties un varétu tikt izmantota ka
piekluves kontroles iekarta, tomér ir nepiecie3ami turpmaki p&tfjumi precizitates
paaugstina$anai, ka ar ergonomiskuma uzlaboSanai.

Aprobacijas laika FElektronikas un datorzinatpu institiita specialisti aktivi
sadarbojas ar RD ITC darbiniekiem, lai uzlabotu tehnologijas darbibu, novertetu tas
precizitati un veiktu atbilstoSas korekcijas.

Nemot véra aprobacijas rezultatus, uzskatam, ka plaukstas biometrijas sistemai
ir potencials pielietojums telpu piekluves kontroles nodroSinaSanai, un, nemot véra
virkni priek3rocibu salidzinajuma ar RFID sistémam, tas komercializacija var sniegt
ieguldijumu tautsaimniecibas attIstiba. R

Centra direktors /E. Zegelis

Jelnieks 67037780

153



Pielikums #6

eg SIA "UniHaus"
' Bruninieku 5/25, Riga, LV-1001
e@ Reg. Nr. 40003931388
_ p A/S Hansabanka, kods HABALV22

Konts: LVSOHABA0S51017155701

Atsauksme par sistémas ,,AccGrid” eksperimentila maketa aprobaciju

Esam aprob&jusi Elektronikas un datorzinatyu institita piedavato sensoru
tikla sistemu ,,AccGrid” stdjas monitoréSanas pielietojumam. Aprobacijas mérkis bija
novértet iekartas lietderigumu ortopédijas un fizioterapijas sféra. Aprobacija tika
veikta realos apstaklos arsta klatbltng, stradajot ar pusaudzu (13-15) vecuma
pacientiem, kuriem ir izteikti stajas traucgjumi.

Aprobacijas gaita tika ieteikti virkne nepiecie§amo uzlabojumu, kurus
Elektronikas un datorzinatpu institita darbinieki péma véra, veicot modificéSanu.
Pieméram, péc SIA ,,UniHaus” specialistu iniciativas sensoru tikls tika ieSits sporta
krekla ar ravgjsledz&ju, lai vizuali sensori bitu mazdk pamanami un neraditu
lietotdjam psihologisku diskomfortu, ka ari, lai nodrosinatu sensoru cie$aku kontaktu
ar kermeni kustibu laika. Lai ari Elektronikas un datorzinatpu institita izstradata
lietotne ir parociga un saprotama, pemot véra misu komentarus, tika mainits 3D
modela noform&jums t3, lai tas miisu jomas lietotajam biitu saprotamaks.

Velamies atzimét, ka Institita specialists piedalijas arl fizioterapijas
nodarbibas ar pacienti, kura jau vairakus gadus valkd cieto korseti skoliozes
korekcijai. Péc fizioterapeites Alinas Silvanes ieteikumiem lietotnei tika pievienota
jauna funkcija -iesp&ja fizioterapeitam saglabat pacienta muguras formas attélu (vai
koordinatas) pirms un p&c nodarbibas, tada veida salidzinot izmainas, kas notiek tiesi
fizioterapijas nodarbibas rezultata.

Iekartas potencialais pielietojums var bit lietoSana pacientam majas
patstavigi. To var izmantot pacienti, kuriem p&c cietas korsetes valkasanas perioda ir
pasiem, ar savu muskulu speku, jaiemacas noturét mugurkauls pareiza pozicija. Ka arT
pacientiem, kam muguras deformacija tiek arstéta bez korsetes, bet uzdevums ir
noturgt korig&tu muguras poziciju

Cita potencialo lietotaju grupa ir b&rni un jauniesi, kuriem ir novérojamas
stajas deformacijas vai stajas vajums. ST jaunieSu grupa ar iekartas palidzibu var
iemacities noturét staju pareiza pozicija.

Pasaules prakse pielieto kermena 3D skenerus lai iegiitu muguras telpisku
attglu, tade|] redzam, ka Elektronikas un datorzinatpu institita piedavata sistéma var
kltt tiem par alternativu ar bitiski mazakam izmaksam. Minéta ierice lidz ar to var
tikt pielietota pacientu izmekl&Sana, lai iegiitu muguras formas att€lu/koordinatas, ka
arl paveras iespgja pacientam to lietot majas ka ,,vingrojumu komplektu”, lai
kontroletu velamo kermena pozwgu, Iekarta ir 1novat1va un tai ir potencials, lai

Gundars Rusovs

Arsts, tehniskais ortopeds
SIA UniHaus
—518.10.2013

UNIHAUS

Dokum -
ENT’EM SIA Lquu s
Q’% > A (ehniskais OftOP
== i dars Rusovs
2 i 12256

1-040168-
SIA "UniHaus"
Reg. Nr. 40003931388; A/S Hansbanka, kods: HABALV22; konts LV50HABA0551017155701
Bruninieku iela 5/29, Riga, LV-1001, talr.: +371 67295272, fakss: 67295294
e-mail: unihaus@inbox.lv
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Pielikums #7

{Z\\ ﬂ&i@ RFI_IAB!LIIACIJA37C[NT_RS
7 [~ MES ESAM [TDZAS
JT X ﬁ REHABILITATION CENTER

Ledmanes iela 2, Riga, LV-1039, Latvija, telefons/fakss (+ 371) 675 53196, e-pasts:brc@eriga.lv, www.edi.lv/mel
Riga, 2013. gada 16. oktobrT

Atsauksme par stijas monitoringa iekartas ,,SmartWear” prototipa aprobacijas
rezultiatiem Rehabilitacijas centra ,,Més esam lidzas”

P&c Elektronikas un datorzinatnu institiita liguma Rehabilitacijas centrs ,,M&s esam lidzas”
veica Valsts petfjumu programmas projekta Nr. 2 ,Inovativas signalapstrades tehnologijas viedu un
efektivu elektronisko sistému radiSanai® pétljumu rezultatd izveidotds stajas monitoringa
eksperimentalas sistémas ,,SmartWear” aprobaciju.

Aprobaciju notika realos apstaklos, stradajot ar Rehabilitacijas centra pacientiem. Iekarta ir
universala tapec, ka ta ir iestradata ortoz& ar izméra reguléSanas iespgjam, ka ari tapéc, ka var
kalibr&t (saglabat datus) iekartu katram pacientam individuali.

Aprobacijas laika notika aktiva sadarbiba ar Elektronikas un datorzinatpu institita
specialistiem tehnologijas uzlabosana. Balstoties uz miisu komentiriem, sensori tika pariiti no
testéjama krekla, medicTniska ortozé. Tika veiktas korekcijas mobilas iekartas lietojumprogramma,
paplasinot sistémas iespgjas, pieméram, papildus iespgjai mobila telefona saglabat informaciju par
to, cik ilgi pacients izmanto iekartu un cik procentus no 3 laika perioda vins atrodas defingtaja stajas
pozicija. Aprobacijas perioda tika izveidots dalfjums mazakos diapazonos, veicot procentu aprékinu
katra laika diapazona, ar mérki noverot pacienta progresu.

Ta ka Rehabilitacijas centra arst&jas pacienti ar Cerebralo Trieku, kuriem ir nepiecieSams
attistit rumpja un aug8€jo ekstremitasu stabilitati un mobilitati, viniem tiek pieméroti vingrojumi,
kuros ir iesaistitas roku kustibas. Sakotngja varianta sistéma bija parak jutiga un sitija atgriezenisko
saiti, kad pacients kustinaja rokas, tap&c tika veiktas izmainas klidas aprekinasanas algoritma, ka
rezultata kltdas aprékinam netiek nemti dati no plecu dajas sensoriem (pacients var brivak kustinat
rokas), tacu sensoru datu vizualizé$ana notiek pilnd méra. Tika veiktas uzlabojumi ari stajas 3D
modela att€loSanai. 3D modela krasu diapazons tika pielagots stajas deformacijam — pacients redz,
kura muguras dala biitu jaiztaisno, jo t attela izmaina krasu uz sarkanu. Jaunaja lietojumprogramma
ir &rtak rotét un parskatit 3D modeli.

Aprobacijas laika sistéma ,,SmartWear” ir paradijusi, ka ta ir noderiga darbam ar bérniem un
jaunieSiem, kuriem ir rumpja muskulatiiras distonija vai ir novérojami stajas traucgjumi. Sada veida
iekartas potenciali var tikt izmantotas rehabilitacijas medicind neirologisku un ortopadisku
saslimSanu gadfjumos. Rehabilitacijas centra kolektlvs uzskata, ka ir mérktiecigi un lietderigi
turpinat §Ts tehnologijas attistibu konkrétu produktu prototipu izveidé ar talaku mérki komercialiem
pielietojumiem, jo Sobrid medicinas iekartu tirgli iekartai atbilsto$d cenu kategorija analogus
nesaskatam.

Nemot veéra aprobacijas rezultatus, uzskatam, ka stdjas monitoringa sistémai ,,SmartWear” ir
potencials pielietojums rehabilitacijas medicing, un tds komercializacija dos ieguldfjumu
tautsaimniecibas attistiba.

Andra Greitane
Rehabilitacijas centra ,,M&s esam lidzas” valdes priek3sedétaja
Sertificets arsts rehabilitologs
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Pielikums #8

“APU .
Genesis

ATSAUKSME

2013.gada 21.oktobris, Riga

MOsu uznémums sadarbojas ar RTU Transporta elektronikas un
telematikas katedru komunikacijas sistémas prototipa aprobacija realiem
apstakliem pietuvinatos scenarijos, kas saistiti ar mobilo objektu vietas
noteik§anu ar augstu precizitdti, k& ari bezvadu datu apmainu starp
kustigiem objektiem un attalindtiem serveriem. Sistéma tika uzstadita ar uz
mdsu uznémuma automasinas un paradija augstu precizitati un liela apjoma
datu apmainas iesp&jas. Uzskatam, ka Valsts pétijumu programmas
«Inovativo daudzfunkciondlo materidlu, signalapstrades un informatikas
tehnologiju izstrade konkurétsp&jigiem zinatpu ietilpigiem produktiem”,
Projekta Nr. 2 ,Inovativas signalapstréddes tehnologijas viedu un efektivu
elektronisko sistému radiSanai” ietvaros izstradato tehnologdiju var izmantot

mobilos objektos nosakot to atrasanas vietu ar augstu precizitati.

SIA APU Genesis
Valdes loceklis

. /Aigars KlGga/

SIA ,APU Genesis” Ganibu dambis 24D-715, Riga, LV-1005, Latvija tel +371 29 242092
e-mails apugenesis@inbox.lv PVN Red.Nr.LVV40003736167 Banka: Swedbank SWIFT HABA LV 22
konts LV97HABA0551009625812
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