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1. Laika notikkumu m rSanas sist mas prototipu
izveide, lai demonstr tu iesp jas nodroSin t
pikosekunu precizit ti da dos pielietojumos
(satel tl zerlok cij , fluorescences raksturojosSo
laiku m r jumu spektroskopij , time-of-flight masas
spektroskopij  u.c.)

The main object of this year activity is the evemting system development with
improving of timing technologies and providing ghieoseconds precision in different
applications.

During this period the following problems were r@sted:
determination of correction function for reducimgeigral non-linearity;

precision stability enhancement by using a dual Rl the calibrating signal
generation;

precision improvement on the basis of the Gravigni€r Estimation of the
secondary signal;

performance estimation of the event timing system;
development of an event timing system prototypeSattelite Lazer Ranging;
implementing of a network timing system for timéeirval measurement;

signal digitizing based on timing operation prowglifor complexity-reduced
digital filtering.

The first problem solving allows defining the naowarity correction function
minimizing expenditure of time and computing res@st The correction function
stability means that external environment variatiantime and temperature has
minimal influence on the measurement precisionvigglof the third problem would
allowed to get the same results, but with anothethod. The forth problem solving is
dedicated to evaluate the performance parameténsswificient reliability. The fifth
and sixth problem decisions show the system prpé&styfor some applications. And
the last problem is related to the effective ftiva algorithm of an analog signal by
the special timing presentation.

1.1. Event timing precision enhancement

1.1.1. Determination of correction function for D SP-
based event timers

Event timers perform precise digital timing of siiecevents such as leading
and/or trailing edges of asynchronous pulses. Naethese devices are known also
under other names, e.g. as time digitisers, tiradigtal converters, event-time
recorders, etc.



DSP-based event timers use a method for high-poecisvent timing (called
EET-method), which is based on digital processifigh@l-shaped analog signals
generated in response to input events [1.1]. Radtnplementation of this method
has allowed achieving performance characterishias are close to the parameters of
the currently available best event timers in thelavaSpecifically, the event timers
based on this method offer picosecond precisiotinté measurements performed at
event rate up to tens of MHz [1.2]. In additioningsof DSP tools for replacing the
usually intricate analog circuits has led to sigmaifitly simplified timer hardware and
reduced unit costs. In [1.3] one of the key proldem increasing the event timer
precision through more effective correction of dimearity errors is considered.

The event timers based on the EET-method contgartcular Time-to-Digital
Converter (TDC) responsible for the time measurémsthin the periodTr of the
master clock. For any event that occurs at themst the interpolator converts the

value ; t; modT, to its digital estimatédd; = F(t). Conversion of all possiblg

values is based on a particular stair-step trarfsigction. Actual deviations of the
stair steps from the linear approximation charasgethe integral non-linearity of this
function [1.4].

According to EET-method, the non-linearity correntis based on experimentally
determined correction functiorp* = Fc(Dj) the shape of which is the mirror-image of
the actual TDC transfer function (Fig.1.1).
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Figure 1.1 The TDC transfer function and nonlinearty correction function

Using this function, each intermediate estim&@lgeis converted to the final
estimate ,-* and the initial non-linearity error can be consatdy (many times)
reduced in this way. However effective correctidrihee initial TDC non-linearity is
possible only when the correction function is psety determined in strict conformity
with the actual TDC transfer function. Any errors determining the correction
function (further referred to as TDC calibratioeatl to uncorrected residual non-
linearity in time measurements and that signifigaimcreases their total error.

To support the 2-3 ps precision in the event tiM@B3-ET [1.2] the TDC
calibration should be performed with essentiallytdreprecision (<1 ps RMS). In
addition, taking into account possible variatiomgime of the TDC transfer function,
the TDC calibration should be performed relativelpidly to trace such variations as
necessary. Thus the problem to be solved is totfiedbest technique for precise and
fast TDC calibration.



There are various approaches to TDC calibratioojuding the well-proved
approach based on generating special sequentest gfulses [1.4]. In this case it is
assumed that the modular values= t; modTg} of the test pulse occurrence instants
{t;} are uniformly distributed within the interpolatiantervalTg and the numbev! of
these values {} is so large that intervals between any adjacetes in the ordered
distribution are significantly less than the s&@p size of the transfer function.

Under this condition the histogram of ordered digitalues P;} reflects so-called
differential TDC non-linearity [1.4]. Next, the cection function valued=c(D;)
(reflecting the integral TDC non-linearity) can é&culated by cumulative summing
of normalised frequencies) of the {D;} realisations:

j
Fe(D)) Tp
i1l
The achievable precision of such TDC calibratiordently depends mainly on the
proper distribution of the test events, i.e. onsitwilarity to the continuous uniform
distribution. In [1.3] two widely known techniqudsr test pulse generation are
analysed:

a) time scanning technique and
b) statistic technique.

The restrictions of first technique are caused bgumulative component of the
random jitter [1.5]. The accumulative jitter camadeto considerable non-linearity of
TDC calibration even if the mentioned jitter companis extremely small (Fig.1.2).
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Figure 1.2 Example of non-linearity errors in TDC alibration
caused by accumulative jitter (M=70000)

In addition, the process of jitter accumulation reandom and that leads to
considerable instability of TDC calibration.

The drawback of the statistic technique is in toagl time for gathering of
sufficient statistics. As can be seen from the &iin results, more than i6est
events are needed to achieve residual non-lindass/than 1 ps (Fig.1.3). These data
conform to the theoretical predictions given ir4|1.
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Figure 1.3 Non-linearity (RMS) TDC calibration versus statistics volume

Under real operating conditions the time requir@daiccumulating such statistics
is within the range of 15-20 minutes and this timierval evidently is too long for
really fast TDC calibration.

Thus the practical application of the above-memtbrtechniques for TDC
calibration cannot support the required qualityiew of either insufficient precision
or speed. To find an acceptable compromise betueEse conventional techniques,
we have developed so-called pseudo-random techfoqueC calibration.

Let us consider a test pulse sequence with conpemdd Tc aliquant to theTlg.
Such sequence provides a set of some random reensifigl= jTc mod Tgr} and an
appearance of these values}{frequently looks like random. Taking that into
account, it could be supposed that, like the s$tatischnique of TDC calibration, the
distribution of the values {} may approximate the required ones for a number of
particularTc values. On the other hand, such approximationdcbelperformed much
faster than that for the true statistic technidgieeconfirm or reject this hypothesis we
have used both computer simulation and real ex@srisn

The model of randomly jittered oscillator, descdbén [1.5], and some
experimental data concerning typical parametete®Mmodel were used for computer
simulation of the considered test pulse sequemcaddlition, it was assumed that the
test pulses are generated as a limited numbelpaf st trains so that the peridglin
every pulse train could slightly differ, reflectimgng-term instability of the test pulse
sequence. Taking all that into account, the tinstaimtty of everyjk-event occurring
in thej-th train of the test pulses can be expressedrurlation as follows:

k
tiek(Tetk ©)+  f+ 3,
il

® - random value of perio@: variation forj-th train of the test pulses,

where i

& - random value of accumulative jitter component,
S - random value of superimposed jitter component.

All these random values are considered as uncteckland characterised by
standard deviationSDP, SD* andSD’ respectively.



To simplify computer simulations, the TDC transfenction was assumed to be
linear. In this case the integral non-linearity tbe evaluated correction function
directly reflects the residual non-linearity in avéime measurements caused by the
imperfectness of TDC calibration. To be specifio, conformity with typical
performance characteristics of the event timer AB33 we assume that TR = 10 ns
and the number of stair-steps of the transfer fanas equal to 7000. The length of
single train is limited down to 16K pulses by theesof internal FIFO memory of this
event timer.

At first we checked the similarity of the proposesthnique to the statistic
techniques in terms of the robustness propertireshis case the simulation results
indicate presence of some “badc: values which cannot provide for acceptable
quality of TDC calibration (Fig.1.4a) in view of spous bursts in distribution of §
values. Nevertheless, there is a much larger seteovaluedlc that provide for quite
acceptable level of non-linearity.

To confirm the simulation results, we have checktem experimentally under
the conditions where periotk: for calibration of the specific event timer waséiy
altered in the same range (Fig.1.4b). In both cHses$otal number of test pulses was
160K. As can be seen, the results of “bad” periection are similar in both cases.

Thus, keeping in mind a possible long-term instabdf the test pulse period, it is
preferable to choose its nominal value in a widasda of Tc variation where
overgrown level of non-linearity is absent. For rede, as Figure 1.4 suggests, this is
in the aredlc = 7470 = 25 ps. At first glance such requirementhe stability of the
test pulses oscillator (Foapprox) is not too rigid.
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Fig.1.4 The estimation of the integral non-lineariy vs. period TC :

computer simulation and (b) real experiments.

However when usual crystal clock oscillators aredufor these purposes in a
wide temperature range, realisation of “bd@’ values is not excluded completely.



There are few different approaches to resolve fimsblem, including special
synthesis of the test pulse sequences strictlyectka the clock period [1.6].

To compare the pseudo-random techniques of TD®rasibn with the statistic
technique, the dependence of integral non-linedrC calibration from the length
of test pulse sequence is evaluated. As simulaéisults show, the acceptable level of
such non-linearity (at least, less than 1 ps) BBiea@able for the sequence length
beginning from 48K pulses (Fig.1.5).
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Fig.1.5 Integral non-linearity vs. sequence length

That is in many times less than results obtainalbien the true statistic technique
is used. In particular, application of the pseudodom technique with the test
sequence containing 160K pulses has provided foiegaement of TDC calibration
precision of about 0.61 ps (Fig.1.6).

1.84- E RMS = 0.61 ps
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Fig.1.6 Non-linearity error over interpolation interval TR

In this case the calibration time normally doeseayateed 10-15 seconds.

The offered pseudo-random technique of TDC calinatreally provides
acceptable compromise between its precision and-tomsumption, to some extent
reducing the main drawbacks of the conventionaktsoanning technique and the
statistic technique. In particular, unlike the tilmeanning technique, the pseudo-
random technique allows scattering of the cumudafitter within the interpolation



interval, significantly increasing the calibratigamecision. In addition, the offered
technique, in comparison with the statistic techmeigcan provide comparable
precision of TDC calibration by using much smatlata volume.

Practical effectiveness of the offered technique theen tested experimentally in a
number of developed and custom-made event timgrscifically, the event timers
employing such calibration have provided the timRigS precision in the range 2.5-
3.0 ps where the fraction of the error due to tB&Tcalibration procedure does not
exceed 15%.

Taking into account the well-proved high potentéthe offered pseudo-random
technique, investigations concerning its improveimém terms of reliability
enhancement) will be continued.

1.1.2. Precision stability enhancement by using a PLL
for the calibrating

However, as mentioned above, using of a stand-atowystal oscillator for
calibration signal generation sometimes resultsnétessity to overly repeat the
calibration procedure, which leads to the excegh®facceptable time of calibration.
Basically, this drawback is caused by temperatusability of the standalone
calibration signal source. In [1.6] a practical wayavoid this drawback is considered.

The approach to find the best values of calibrasmmal frequency is given in
[1.3]. These values are defined relative to theteradock frequency, which means
that the calibration signal should be derived friti@ master clock frequency. There
are well known methods to do that such as direath®sis and indirect one. The latter
is done by the frequency locked loop and phasesidéiop (PLL) technique.

Generally the choice of the best technique dependke availability of technical
means for its implementation. In particular, we dn@westigated application of dual
PLL circuit for such purposes.

The calibration signal generation and the covewohdhe interpolation interval
with small steps can be done by using a single Rlith a frequency offset with
respect to the master clock frequency), which isgaed a voltage controlled crystal
oscillator (VCXO), to guarantee high stability aifterpolation interval covering.
Typical frequency tuning range of VCXOs is 50...1Ghp So, the frequency offset
of only 20...30 ppm could be provided. The PLL freqcy divider coefficientd and
B are calculated according to the equatidvsx=TrA/B, whereTg — master clock
period, Tyvcxo —VCXO period, A and B — frequency division coefficients. Let us
assume that the VCXO is the source of the calidmasignal with almost the same
frequency as the master clock’s one. To provigedtifiset of 25 ppm the coefficients
40000 and 40001 are needed. For longer VCXO peribes coefficient B is
correspondingly greater. Although such offset pieva very small step of covering
the interpolation interval (0.25 picoseconds fa tiapical master clock frequency of
100 MHz), the numbers of division coefficients &e big for synthesizing a quality
pulse signal — the delays between the charge putigna are too long. This step is
preserved if longer periods of the calibrating sigare required by the proper choice
of division coefficient. For example division caefénts of 10n + 1 ( — integer)
provide this step.



To improve the quality of the synthesis an addaloRLL based on very high
frequency voltage controlled oscillator VCO (GHxga) can be employed. The
synthesizer consists of the two PLL stages (refeaPLL and PLL), each of them
containing phase-frequency detectors with chargegp(PFD/CP), passive low pass
filters (LF), integrated VCOs and frequency divsi€Fig.1.7).

Master
Clock ﬂ* LF B VCO ]-. 1M,
L’ Calibration

t PFD/CP  LF ¢ VCO ]-» 1My > Sicnal
lt\-: PLL:

Fig.1.7 Block diagram of time base and calibratiorsignal synthesizer

It was assumed that using prime numbers for coeffis of frequency dividers
could allow synthesizing frequencies, which woudsult in desired small steps of
covering the interpolation interval. The periodtbé calibration signalc, obtained
by a dual PLL scheme (PLland PLL), is expressed as:

M, M,

T T
c Ir N, N,

whereTg — master clock periody; — PLL; feedback frequency divideM; — PLLy
output frequency dividef\, — PLL, feedback frequency dividek, — PLL, output
frequency divider. The calculated step of interpotainterval covering for particular
values of parameters of the above described dubl (fFk=10ns,N;=40, M1=4 67,
N,=251, M>=111023 — key prime numbers are underlined) is appnaiely 4 ps.

Two PLL chips AD9524 (from Analog Devices) have meemployed in an
experimental calibration signal synthesizer. Theeexnental studies have been
carried out on the base of the existing event tiAR33-ET [1.2]. The results of the
test measurements performed over a considerablpetature range with regular
recalibration are given in Fig.1.8a. These resulén be compared with the
measurement results obtained by using a stand-ahys&al oscillator as a calibration
signal source. As can be seen, there are evidappropriate spikes of obtained RMS
precision among measurement results (Fig. 1.8b)tHer case of the stand-alone
calibration signal generator. In the case of udimg experimental synthesizer the
spikes are excluded.
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Fig. 1.8 Single-shot RMS precision vs temperaturef calibration generators:

on the base of the PLL circuit; (b) on the base dhe stand-alone oscillator.



The proposed technique of the event timer calibnatwhich is based on using a
dual PLL for the calibrating signal generation, y&d to be effective. Experimental
tests have shown that this technique reliably stppmaximum nonlinearity error
about 0.5ps (RMS). The expected timer precisiomantained irrespective of the
ambient temperature variations. This techniqueahgeod potential to calibrate time
measurement instruments with adequate precision.

1.1.3. Event timing using the Time Position Estim  ation
of the Gravity Centre

The problem of the accurate estimation of the tpuosition of the gravity centre
of an analog signal arises when conducting intetpol measurements of the time
instants of an event’s occurrence (the event tingrgplem) [1.7]. In interpolators
based on methods of digital signal processing, waenevent occurs, a unipolar
analog signal is generated that is then digitizéith @ sampling rate of, 1/T,
whereTg - is the sampling period. The time position of &malog signal within the-
th sampling intervalnT,, (n 1)T;] is calculated by discrete samples, where the
number of periods of the reference frequency remmbia/ the counter.

Once the analog signalt) is sampled by ADC with frequendyit is transformed
into a sequence of samples taken at the time itsstki.}, ,, whereN is the number

of signal samples. In this case the position ofghavity centre of the sequence of
samples over time is described by:
N
Ku[kTg]
To .
u[kTg]

k 1

In [1.8, 1.9] it has been shown that, when estingathe gravity center of an
analog signal by samples, a systematic error arideserror depends on the modular
remainder of the time of the event occurrence

t modTs,.

Since the analog signal is generated at the timéhefevent occurrence this
modular remainder is equal to the signal’s timetsfihe signal’s time shift is
measured from the beginning of the sampling peaiodi can vary from zero up e,
ie. [0,TR) .

Depending on the time shift systematic errors ldadthe appearance of
nonlinearity in the interpolation dimensions [1.Zherefore, to compensate the effect
of systematic errors, it is necessary to carry autadditional correction of the
estimates of the time position of the gravity certtly a special correction function,
which is calculated in the calibration process]1.3

New method to improve the estimation accuracy witrexditional correction of
the results is considered in [1.10]. The methodased on the estimation of the
gravity centre of a bell-shaped unipolar signakpgctral coefficients.



As shown in [1.10] the problem of estimating thegd delay time can be solved
as the problem of approximating a finite unipolaralag signal in the interval
[ ,T, ] by means of the finite trigopnometric series fuocti

at; ) c, (a,cosn .t b,sinn )
ni
Where i—and C,a,h,..,a,b,.,a b T isthe vector of the

spectral coefficients of the approximating functiamich are given by

a, Acos ,(n ),
b, Asin ,(n ).

Here and below, the superscriptienotes the transposition vector of a vector or
matrix. The phase delay time through the spectefficients is given by

C

(n ) iarctg By .
n . a,

The value of the phase delay timemat1 at the frequency . can be taken for the
estimate of the time position of the gravity centre

For the discrete timgkT.}, the approximating functiog(t, ) can be rewritten
as

okT; ] ¢, a,cosnk T, b,sinnk T, ,
nl
wherek 12,...,N.The estimation of the vector of the parameters (spectral
coefficients) of the approximating trigonometrigression functiong(t; Js
determined on the basis of the minimum conditiotheferror functionals (least-
squares method):

N
argmin  u[kT,] g[kT,; 172,

k 1

A

A A A A ~ o T .
where C ., b,...,a,,b,,...,a, b, Iisthecolumn vector of the estimates of the
regression coefficients (spectral coefficients)e Bistimation of the phase delay time
by estimates of the spectral coefficients at tegdency ., 2 /T, is given by
. 1 h, T b
( .) —arctg ii —arctg ii .
c a 2 a
For a symmetric analog signal this expression isstimate of the gravity centre’s
position; i.e.,

B QVE

When using the least squares method, the numhbe gfrocessed signill
samples should not be less than the total numbestohated regression coefficients



M 2m 1.

To meet these conditions with a small number of dasm (3 N 7) the
generated analog signal should be such that the@®ppating function in the form of
the trigonometric series will contain the minimumquired number of frequency
componentan. This is possible if the shape of the analog digmalescribed by a
smooth function, i.e., by a function with a contis derivative for all the finite
interval of the signal’s detectign, T, . These functions include the bell-shaped

functions.

The bell-shaped signal in the form of a Gaussiamecis not a finite signal; hence,
it is physically unrealizable. To approximate thmase of finite bell-shaped signals, it
is convenient to use half-sinusoid power functions:

sin®(x), x [0, ]

S(x) N x 0]

where, in the general case, the expopasan be a non-integer.

The effect of the interpolation measurements on dygematic errors and the
values of the difference between the values ofdilmation of the regression function
and the bell-shaped analog signal were studied ricatly using a model. In the
computer simulation, the duration of the bell-sithgaalog signal (“fourth order
sine”) Tu= 49.689 ns, the number of sampiés 5, and the sampling frequency was
100 MHz (sampling period, =10 ns). In the study of the systematic errors, the
sample quantization errors were not taken into @eta.e., it was assumed that at the
sampling points the sample values were exactly lelgutihe instantaneous values of
the analog signal.

The simulation shows that, when the durations efrégression function and the
analog signal do not coincide, a systematic errocuss of the interpolation
measurement nonlinearly depending on the time efeent occurrence [0, T, .)

However, the magnitude of this error is sufficigngmall compared with the
magnitude of the difference between the duratidgsshown in Fig. 1.9 the nonlinear
interpolation measurement error does not exceel pg.with a difference of the
durations of £300 ps.
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Fig. 1.9. The systematic error dependence on theftirence between the duration values of the
regression function and the bell-shaped analog sigh



The effectiveness of the method of the interpofatimeasurement based on the
estimation of the gravity centre’s position of thel-shaped signal can be illustrated
by the computer simulation results of the measun¢roethe time intervals between
the events of a periodic flow. In the simulatiame duration of the bell-shaped signal
was set in the range from 50 to 300 ns; thus, @as#dmpling frequency of 100 MHz,
the signal samples used in the processing var@ma 6 to 30. The duration of the
interval between the events of the periodic flowsvgalected to be 37.87251131377

s with the total number of events being 1000. Tgitide the analog signals, a
program model of 12, 14, and 16 bit analog to dlgdonverters was used. The
estimation of the time gravity centre position loé¢ tell-shaped signal was carried for
two methods:

a) direct gravity centre’s position calculationahgh the samples;
b) gravity centre’s position estimation through #pectral coefficients.

The obtained results for the first method (uppewepand for the second method
(bottom curve) are shown in Figure 1.10 for thects®l order sine” and in Figure
1.11 for the “forth order sine” approximation ottbell-shaped signal.
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5 10 15 20 25 30
Number of samples

Fig. 1.10. Time interval measurement error dependere on the number of samples of the bell-
shaped signal of the “second order sine”
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Fig. 1.11. Time interval measurement error dependere on the number of samples of the bell-
shaped signal of the “fourth order sine”



The dependence of the mean root square error dirtfeeinterval measurement
on the number of ADC bits was numerically invediggh too. The results (Fig. 1.12)
suggest that the use of the 14-bit ADC to digitthe analog bell-shaped signal
approximated by the “fourth order sine” makes isgble to obtain a mean root
square error less than 0.5 ps in the processing—&D samples when measuring
intervals.
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Fig. 1.12. Time interval measurement error dependeare on the number of bits of the ADC.

1.2. Performance estimation of the Event Timing
System

Event Timer AO33-ET provides an extreme precisid®]. Therefore exact
determination of its characteristics in a commaadtgepted way is impossible or, at
least, very difficult. For example, the widely usedmparison method needs a
certified reference instrument with a much highescgsion than the AO33-ET. There
are only a few such instruments in the world andytlare accessible only in
exceptional cases. For this reason proper methads heen developed for reliable
precision testing of each manufactured AO33-ET cvi

Although, in fact, the A0O33-ET measures separaeney its precision is specified
for a time interval between two measured eventtotdl measurement error; of a
time intervalT; between any two measured input events can be ssqueas follows:

7= BO+E(T)+ j,
where:B(t) — time-varying measurement offset;

E(T;)) — non-linearity error depending on the value o¢ tmeasured time
interval,

j — unbiased random error.

Specific values of these error components complegeécify the precision of the
AO033-ET device for most applications. Particulartinoels and means considered
below are intended for the experimental evaluateond specification of each
mentioned error component of the measurement error.

The errors caused by instability of the clock fregey and trigger errors are
beyond the consideration because the A033-ET ysuwaks an external reference
frequency source and measures events presenteatioglised pulses.



1.2.1. Stability Test - evaluation of the offset  drift

Event Timer AO33-ET has a single-channel configunraind measures all events
coming at either input of the ET-device sequentiall the same manner and by the
same means. As result the offset, as a systenraticia time interval between two
events, can occur if and only if these events arat/the different inputs of the ET-
device. This offset is caused by the differencevben internal propagation delays of
input signals before they reach the common measntemode. The difference of
these delays and their variation with the changambient temperature is the only
reason for the offset drift. Typically the tempeirat stability of the offset drift is well
under 1 pSC and depends on particularities of the electrehips used for specific
ET-device.

/— AO33-ET
Measurement
ET-device > software

A

Generator W06

Splitter

» B

A

- _

10 MHz Test software
timebase QC /

Fig.1.13. Test setup for offset drift evaluation

The test setup (Fig.1.13) contains a self-made $&gtal Generator W06, which
generates a low-jittered periodic pulse signale$timate the generator WO0G jitter the
special method was used [1.11]. The deviation efglnerated period was estimated
about 0.8 ps RMS. This signal is symmetricallytsiplio two inputs of the ET-device
providing minimal and equal propagation delays almdost identical test signals. As
in the case of other tests considered earlierEfhelevice under test is housed in an
incubator which provides the ambient conditionadeordance with a carried out test.

1%t event
Input A —

T, Ty —>\

2nd event 3 event

Input B—

Fig.1.14. Event sequences at ET-device inputs

During tests the A0O33-ET measures test signaldaaltyl so that in the beginning
of each cycle it captures a single event cominthpatinput A, and then - two events
coming at the input B (Fig. 1.14). Under these testditions the time intervalag is
measured with some offset, but the time intefigal— without any offset by definition.



Correspondingly, the differendg = Tag — Tgg iS an estimate of offset value under
current test conditions.

The test software opens and closes inputs A anfltBecA0O33-ET to provide the
measurement of corresponding events in each cyalecalculates the valug. The
precision of the estimatidn is considerably distorted by both the test sigittalr and
random errors of event measurement. This distontésults in a certain evaluation
error and such errors can dominate over offset.dridiking into account that the
offset drift is quite a slow process the test safevaverages 10000 sequential single
estimates to minimize the evaluation error. Thigvdes RMS of evaluation errors
about 0.2 ps.

Together with the offset estimation the test prograonitors the temperature in
the incubator (the ambient temperature for the AB33, and displays the offset drift
and temperature as functions of time.

Figure 1.15 demonstrates the result of the stgl#ist for a particular AO33-ET.
As can be seen, the offset variation is relateslder ambient-temperature changes in
the range from 20 to 25 °C and is less, than Zps&enerally this parameter value
is specific for every particular ET-device undestte
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Fig.1.15. Offset variation at slowly changing tempature

1.2.2. Linearity Test - evaluation of non-lineari  ty errors

The single-channel configuration of the A033-ETwpdes many benefits, but also
brings about specific limitations in event measueatn The A033-ET needs from 40
up to 50 ns for single event measurement. Durirgy“ttead time” new events are not
logged. But even after this time there is some dagpansient, which affects a next
measurement. The effect of that depends on the tneeval from the previous
measured event.

Typically the non-linearity of the AO33-ET does motceed a few picoseconds
and is most noticeable for intervals close to “deaxt” in the range up to 150 ns. But
in the range exceeding 2000 ns the non-linearitgegligible. The linearity test is
dedicated to define the dependence of non-lineamitgr from the measured time
interval.
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Fig.1.16. Test setup for linearity measurement

The test setup (Fig.1.16) contains two stand-alongually unsynchronized
sources of test signals. One of them is the abamtioned Generator WO06. Its period
is surely greater than the length of transient @ssc Generator A is a NIM pulse
generator without special requirements to its gieni and stability (in our setup the
generator AFG 3251 was used). It generates thee méguence with period greater
than three periods of W06.

In such conditions for any event at the input Ar¢hare at least 3 events at the
input B and the interval g is changing in the range from the “dead time’uealp
to the W06 period (Fig.1.17). The events 3 and el reot affected by the transient
process by definition, but the event 2 may be &fikdf the interval kg is less than
the transient process. Taking into account thetgban stability of the W06 the non-
linearity error for Tag will be defined by difference EQE) = Tg1 — Tgo.

A
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1% event
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Fig.1.17. Event sequences at ET-device inputs

Other similar quads give non-linearity errors fome other, naturally randomized
values of time intervalag. When a number of such quads are large enougtt, @f s
values E;j} corresponding to increasing time intervdlsg characterizes a linearity
function.

The test software separates the event coming dt byiuts of AO033-ET,
calculates the corresponding intervals to get tbe-lmearity values, and displays
results. Due to the big internal memory size of 283l (16K events) the
accumulation of measured data and data processingoe carried out in parallel.
While new data are accumulated the previous datpracessed.

However these calculated values of linearity fumtiinclude the evaluation errors
caused by test signal jitter and random errorsveine measurement. Typically the



evaluation errors considerably dominate over noadrity errors. To find the values
of linearity function the calculated values are raged in uniformly spaced time
increments. In our case this time step is 1 nsigutlde compromise between volume
of statistic and smoothness of linearity function.
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Fig.1.18. Result of non-linearity evaluation

Although the method is applicable for a wide rargjetime intervals (up to
hundreds of ms) the AO33-ET are normally testechich smaller range, where the
non-linearity is really expected. Figure 1.18 destoates a typical result of the
linearity test. Total number of measurements wasualb00 million (about 7900
initial estimates for each 1 ns increment).

It can be simply concluded from the test result tie non-linearity does not
exceed 1 ps. However there is some appreciablereif€e between variances of
measured values in the first sub-range up to 2@1&nd in the second sub-range
exceeding 2048 ns (the calculated standard demmtid®®2 fs and 64 fs,
correspondingly). The reason is that the valudbénsecond sub-range are practically
only evaluation errors, but the values in the fagb-range are sums of non-linearity
errors and evaluation errors. Assuming that thesesare statistically independent,
it can be simply calculated that the RMS of noredirity errors in this case is about
66 fs. In the very beginning of the range (up t® 15) the non-linearity is a little
higher.

1.2.3. Resolution Test - evaluation of random err  ors

The Event Timer A033-ET performs event measuremétht some random error,
resulting in random errors of calculated time inéds between the measured events.
The standard deviation of the time intervals igpofmary interest as it characterizes
precision most adequately. It is a common pradtceall this parameter “single-shot
RMS resolution”, keeping in mind comparing readofitsn the same instrument.
The AO033-ET provides the single-shot RMS resolutioetter than 5 ps under
conditions, when input signals conform to the sfetirequirements and long-term
instability of an external frequency standard igliggbly small during measurement.
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Fig.1.19. Test setup for resolution monitoring

The simplest and demonstrative way how to spedify RMS resolution is to
perform the direct repetitive measurement of a teghal that has a jitter much
smaller than expected random errors produced byirtbieument. The test setup
(Fig.1.19) contains the self-made Event Timer T@sherator ETTG-1. It can be
switched at one of two inputs for each input t&$te generator has low jitter (about
0.6 ps RMS [1.12]) and test signal period T = 20884. ns which is not a multiple
of the AO33-ET master clock period (10 ns). The kssures uniformly distributed
measured events within the interval of interpolatgm that the evaluated resolution
concerns all possible cases of event measurement.

Test software carries out the direct repetitive sne@ament of the test signal with
predefined period. In each cycle 16K sequentialgleishot measurements are
accumulated in the internal memory of the ET-devite parallel with data
accumulation, the test program processes the prelyioneasured data to calculate
the standard deviation and displays it togetheh wagistered temperature versus time.
It is assumed that the deviation of external refeee frequency during such
measurements (about 336 ms) does not have a ridgdegpact on the test result.

Figure 1.20 demonstrates the test result, whenHBRhalevice is placed into
incubator that provides the slow temperature changhe range 20 to 25 °C. The
calibration was done at temperature 2Z5 It can be seen that at the calibration
temperature the RMS error is minimal. But the resoh degrades in line with the
temperature drift (negative or positive). In theseaf small drift this degradation is
acceptable because the resolution does not exbeeshe specified for the AO33-ET
(<5 ps). It must be noted that such estimates hghtly overstated due to an
inevitable test signal jitter and the true RMS fagon of AO33-ET is slightly better.
Generally the best resolution and its temperattabilgy are slightly different for
every ET-device under test.
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1.2.4. Conclusion

The methods of reliable evaluation of these parametire developed and
successfully applied for each manufactured A033-Hie distinctive features of the
methods are as follows:

- differential test measurements to minimize the iobpaf test signal instability
upon the test results;

- full automation of the tests and using of very &gatistics to minimize the
evaluation errors;

- there is no necessity of complex and expensivdrisBumentation.

It is shown that the long-term instability of th®23-ET precision parameters is
caused mainly by ambient temperature variations Tactor as a rule is taken into
account by the end-users, who are placing the measunt instrumentation in closed
cabinets with stabilized temperature.

Although currently the test methods are applieddsting the AO33-ET, they also
can be used for testing other event timers withlamarchitecture.

1.3. Event Timing System prototype for Sattelite La  zer
Ranging

The Riga Event Timing System (RTS) was designed larild in 2006 for Riga
SLR station to upgrade its measurement equipmedrg. RTS maintained the basic
functional possibilities of the previous Riga tigiaystem, but was enhanced in many
essential respects. Specifically, the RTS was basedmployment of the previous
model of the Riga Event Timer A032-ET [1.12].

A new system design is made to integrate the miospecialized hardware means
with the latest model AO33-ET, which provides mibgter single-shot resolution (3-
4 ps RMS instead of the previous 10 ps) and smalkead time* (50 ns instead of the
previous 60 ns). There are new functional possigsliof digital signal processing and
system control that will increaspncreases] the SLR efficiency. Some optional
functional capabilities are added for experimernitalestigations with the aim to
improve the performance of Riga station as a whole.

All the special features of the previous RTS ark. [€hey include the pre-
processing of STOP pulses coming from either ti@akd single or special doubled
receiver based on Photo Multiplier Tubes (PMT). Toebled receiver generates the
pulses overlapping only when the true STOP pulsdeamg received. It makes
possible to reduce the noise influence, when ttadlga ranging is performed by day.
Like the previous Riga timing system the new syspariorms PMT pulse amplitude
measurement to correct the range bias.

1.3.1. Principles of operation
The RTS supports the following operational modes:

SLR system calibration in the range from 9 to 375 with parallel
measurement of STOP-pulse amplitudes;



Satellite ranging to 25,500 km at 10 Hz repetiticate with parallel
measurement of STOP-pulse amplitudes;

Integrated mode when the SLR system calibration satdllite ranging are
performed simultaneously (for optional use);

Measurement of pulse noises.

Structurally the RTS combines the RTS hardwareaR& with the RTS software
(Fig.1.21).
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Fig. 1.21. RTS architecture

Additionally the RTS includes two commonly used ezrtll devices: Time and
Frequency Standard and Constant Fraction Discritoir{@FD).

1.3.2. The RTS hardware

The RTS hardware contains three functional unitgn& Processing block (SPB),
Event Timer Block (ETB) and Master Clock; each iemkented as a separate board.
These boards and their power supply are housefl"i2W rack module.

The SPB receives the PMT pulses (3 to 7 ns widigea-0.1 to -3.0 V amplitude
range) and, in interaction with the CFD, producesmalised NIM pulses for the ETB.
The ETB measures time instants of these pulseS@AdRT pulses coming. Then the
measurement results come to PC for further datacegsing, displaying and
memorizing. The Master Clock represents a voltagdrolled crystal oscillator
disciplined by an external high-stable 5 or 10 Migference frequency using PLL
circuit. It generates a low-jittered 100 MHz closignal required for precise event
measurement and synchronization of SPB operati@véasle.

The SPB performs a few basic operations with PMTsgsi before their
measurement by the ETB (Fig.1.22).
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Fig. 1.22. Functional diagram of the Signal Procesyy Block

At first it selects PMT pulses, which probably commh only to the returned laser
pulses. To do that either single (“PMT-1 IN”) inputtwo (“PMT-1 IN” and “PMT-2
IN”) inputs for PMT pulses can be used. In the lzste it is supposed that the PMT
pulses overlap only when the true return is beaagived. In the case of concurrency
of these pulses one of them (“PMT-1") is selectsthg the wideband switch. Such
selection acts together with the online programmaaidlting provided by the ETB.

The selected pulses from the switch output coméécCFD. The CFD generates
normalized NIM pulse in response to each input RMIEe. This NIM pulse comes to
the input “FROM CFD” of the SPB. However the CFDheat fully avoid the time-
uncertainty of PMT pulse coming. For this reasom @implitude of each PMT pulses
is additionally measured as the amplitude valuesralated to the range bias. To do
that, the Amplitude-to-Time converter generates Ki®l pulse in response to the
same PMT pulse with some delay proportional toRMT pulse amplitude. In this
way every selected PMT pulse is being converted imto NIM pulses, where the
first one represents directly the returned signdl tame interval from the first pulse to
the second one reflects its amplitude (Fig.1.23@sdRution of such amplitude
measurement is about 9 bits.

Selected
PMT pulse \|/

R VA AT Threshold
START NIM pulse NIM pulse
pulse from CFD from ATC

tq_/ Time of flight q_/ t,-t,= KA 2 E

Fig. 1.23. Time diagram illustrating PMT pulse ampitude conversion

Then, the ETB measures time instants of these palsé START pulse coming at
each ranging cycle so as to give out complete ftatédurther satellite ranging. As
shown in [1.12], the mentioned technique of PMTnalgamplitude measurement
makes it possible to effectively correct the rabges caused by the PMT features.

The ETB precisely measures the instants at whiphtievents occur. Every event
is associated with certain fixed point on the legdedge of input NIM pulses. Used



method of event timing is untraditional in manypests. Specifically, it supports not
only high precision, but high speed as well. Usit@) MHz internal clocks this
method provides each single measurement with 78NS resolution during 60 ns
only.

The event measurement is performed in two stagefirsh the ETB transforms
every input event into single 64-bit timing datadk (subsequently referred to as TD-
block) and sequentially accumulates them in a FlRF@mory. Each TD-block
contains the counting data (39 bits; 10 ns resmiyitand interpolating data (24 bits),
as well as one-bit mark specifying the kind of nugad event (either Start or Stop).
The interpolating data are presented initiallymnistermediate redundant form.

At the next stage the PC takes out TD-blocks frdrta EIFO memory and
processes them to obtain the corresponding epowhtags in a unified form. Further
these time-tags are additionally processed to aspile ranging results in real time.
To achieve the best precision, processing of Tzkddakes into account the actual
physical characteristics of time interpolation undetual operating conditions; these
characteristics are defined through so called sgdlhardware calibration) before the
measurement.

The ETB is flexibly controllable and allows writingD-blocks in the FIFO
memory and reading them by the PC in different or8pecifically, the RTS provides
cyclical measurement of events. In the beginningath cycle the RTS measures a
single Start-event, and only then - a number op&teents. According to the modes
of RTS operation, the ETB measures up to 3 eventhe System calibration and
Satellite ranging modes, up to 5 events in theetirited mode” and up to 16K events,
when pulse noise is measured. In all cases the & TiBst accumulates TD-blocks in
the FIFO memory during some defined waiting peristhrting from Start-event
registration. During this time the PC processesbldxks that have been read out
from the ETB in the previous cycle. Then the P(Qostthe event registration, reads
the currently accumulated TD-blocks and allowststgrthe next similar cycle. The
waiting period is strictly adapted to the repetiticate (10 Hz) of RTS operation.
Optionally the RTS can provide the repetition nagpeto 30 Hz.

In addition to the event measurement the ETB géeefdIM pulses, which come
to the input “GATE IN” of the SPB to provide onlinerogrammable PMT pulse
gating.

1.3.3. The RTS software

The RTS software performs real-time proceduresclwliiepend on the selected
operating mode, current user control, etc. Theeeadso various auxiliary procedures
to prepare the system to operation (clock synckadian, calibration of measurement
hardware, system checking, and so on). For exanpléhe conventional Satellite
ranging mode the RTS software performs in real tingefollowing procedures:

periodically checks the ETB to detect the STARTsputoming;

when the START pulse is detected, triggers thermatietime-out and begins
processing of the previously taken data;

after time-out stops the measurement, reads tleefdah the ETB, writes to it
a new data concerning the STOP pulse gating an@snadxt cycle available.



Correspondingly the data processing performed dutie time-out includes:
conversion of TD-blocks to the unified form of epdeme-tags;

calculation of the gate delay and residual, timteriral reflected the STOP
pulse amplitude and new data concerning the STOBepgating in the next
cycle;

displaying (Fig.1.24) and memorizing the measurdmesults.

The RTS software offers optionally an auto-trackaigsatellite in range after its
initial acquisition. When the auto-tracking is gmssible trend of the residuals is
actually excluded due to the automatic gate detayection. Algorithm of the auto-
tracking is based on median selection of currestdtmls to exclude their possible
abnormal values, and continuous generation of ei@pgiecewise-linear function for
gate delay correction. Every piece of this functimn being determined using
regression analysis of the current fraction of deals. In this case the gate delay
correction is performed at 1 Hz rate approximatallowing considerable errors in
initial predetermination of the function “RANGE \START TIME”.
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Fig.1.24. Example of displaying the measurement reks. Upper plot shows residuals;

bottom plot indicates amplitudes of PMT pulses

1.3.4. Conclusion

As compared to the previous version of RTS, the rsgstem offers better
performance in terms of accuracy, functionalityd ameliability in operation. This
provides a good basis for further advancing theaF8gR Station as a whole.

1.4. Network Timing System on the base of the A033- ET

Network Timing System (NTS) has been developed tovide the time
measurement not in situ, but from any place witR@ which is connected to the
Internet. NTS allows remotely controlling of the aserement process, get timing
data and do any processing and visualization déctad information. In this case the
developer of Event Timers can do any modificationkardware and software, and



use any existing PC interfaces with the Event Timamdware to provide the better
performance only saving the existing NTS applicatfrotocol based on TCP/IP
stack. In turn the user should not know about thelWware interface problems and
deal only with the processing of timing data farspecific application.

1.4.1. Architecture

The AO033-ET performs the measurement in interactainthe specialised
hardware with a PC running the measurement softwidre measurement software
provides interfacing with user application prograia TCP/IP network on the basis of
well-known “Client/Server” scheme (Fig.1.25). Theeu program can control the
AO033-ET via this interface and receive measurendaia for its application-specific
processing.

The AO033-ET is considered as a combination of acigfised timing device
(subsequently referred to as ET-deyicend a computer with a specialised Server
program (subsequently referred to_as ET-sérdedicated both to manage the ET-
device and process timing data obtained from i.(FR5). In this case the ET-client
is a PC with a user program having the TCP/IP appbn protocol stack and running
user-specific application. In some cases a sinGlaiRder MS-Windows can serve as
both the ET-server and the ET-client although U(sseparate PC for the ET-server is
preferable to achieve the highest operating speed.
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Fig.1.25. Network architecture of the AO33-ET

1.4.2. Principles of operation
The A033-ET performs the timing of input eventdviro stages.

At first, the ET-device transforms every input evemo a single 64-bit timing
data block (subsequently referred to_as TD-bjaukd sequentially accumulates such
TD-blocks in a buffer memory. Each TD-block contathe rough data (39 bits) and
interpolating data (24 bits) about the time of éviecoming, as well as one-bit mark
specifying the input (either Input A or Input B)here the measured event came from.
The rough data defines the time-tag in 1.5 houng@aapproximately, meaning that
the time intervals between adjacent events carhiseldng. Totally, such stage of



measurement continues from 40 up to 50 ns for eexgie event, defining the A033-
ET dead time.

There are two successively connected FIFO-memddeaccumulate the TD-
blocks. First (highest-speed) FIFO-memory capdsityK events and it works with 4-
byte words. The data from it are rewritten intos®t FIFO-memory with 8-bit input
bus. In such combination the maximum burst rat@GsMHz for 2,600 sequential
events. Second FIFO-memory capacity is 16K evendsiasupports the maximum
burst rate up to 12.5 MHz. However, the maximumrage rate is considerably
limited (down to tens of KSPS) by the carrying aapeof the ET-device interfacing
with the ET-server.

TD-blocks represent the corresponding time-taghéimplicit form and should
be additionally processed. Correspondingly, atsbeond stage of measurement the
ET-server takes out TD-blocks from the ET-devicd grocesses them to obtain the
epoch time-tags. To achieve the best resolutioriaicespecific parameters of such
processing are defined through ET-device -calibmatisnder current operating
conditions.

The ET-device is flexibly controllable and has tditferent measurement modes:

Continues mode, providing continuous (gapless) ewesasurement during
practically unlimited time; and

Cyclical mode, providing cyclical measurement okmt¢ that come at the
separate inputs of the ET-device in a strict order.

For user convenience, these two modes are impledeny different Server
programs. These program are working under MS Wirsddwt can be translated into
other operating systems. In A0O33-ET current versiomorks with the device via PC
Parallel Port. The special configuration file consaParallel Port addresses and TCP
port address, it can be edited in the Notepad oora@nce with PC resources and
hardware configuration. After the ET-server stértgrites own Network address into
the same configuration file. This address shouldubed by any ET-client, which
wants to work with this ET-server.

When the program is started, the ET-server compiaokl appears. For a technical
staff convenience the panels of the ET-serversClontinuous and Cyclical modes
differ by colour (see Fig.1.26 (a) and (b)).

The ET-server firstly recognizes the hardware, Whgcconnected to the Parallel
Port address from the configuration file. If thedware is AO33 and it is operable the
panels indicate the port address and the devidal sermber. In operation session
LEDs of these panels will indicate an actual stdtthe Event Timer in process of its
further operation under network control from the-&8ient. A click on the “HELP”
button opens the message panel with short infoomaabout the A033-ET, control
panel button functions and LED meaning. A click tbe “QUIT” button stops all
processes and closes the ET-server program.
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Fig.1.26. Indicating panels of the ET-server for:

(a) Continuous mode and (b) Cyclical mode.

In Continuous modethe ET-device continuously accumulates TD-blockewn
memory in order of measured events incoming. Caeatly with this process, the
ET-server continuously monitors the current stdtéhtss memory with some user-
defined periodTy to detect the state, when the amolhbf TD-blocks exceeds the
user-selectable value(2 1) TD-blocks, K = 4, 5, ... , 11. The rest oé thuffer
memory capacity is used to absorb possible bufdtednput event rate.

When the specified memory state is detected, thesdfVer takes ouM TD-
blocks from the ET-device, processes them and seedsorresponding time-tags to
the ET-client (Fig.1.27). Such procedure is beigglically repeated. In this way the
continuous event recording goes together with cgtltiming data processing and
sending the time-tags to the ET-client via TCPARIface.

The maximum average rate of such continuous measnteis limited mainly by
the available reading and processing speed of Dubldck by the Server PC. The
ET-server interacts with the ET-device via pargtieft in EPP mode, supporting the
average rate up to 30 KSPS if this PC port allosesling of 4-byte words. Otherwise
the maximum average rate is reduced down to 12 KSPS

In any specific application the monitoring peridg and the amoun# of TD-
blocks can be adapted to the expected meanRatkeevent measurement to avoid
FIFO memory overflow. Generally the peridgl has to be defined so that it is a little
less than the mean tinM/R of accumulatingl TD-blocks in the FIFO memory in
view of the rateR.
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Fig.1.26. Time diagram of the measurements in Comtuous mode



Note that the valueM = 255 andTy = 15 - 25 ms are applicable for any rate
R<10 KSPS of continuous measurement. However, whenattiual rate is much
lower than 10 KHz, the accumulation time of TD-Medefore being read by the ET-
server can be too large, resulting in too largaylelf receiving the first time-tags by
the ET-client. In some cases this may cause prableith real-time operation of the
ET-client. In such cases it is recommended to deseréheéM value as far as possible.

In Cyclical mode the special input control is used. In the begigroh each cycle
the ET-device opens Input A only and waits a Seéagnt coming at this input of the
ET-device. After that ET-device closes the Inpuard after delajfp; opens the Input
B for Stop-events (up to 16K) coming at this inglilg.1.27). The gate delaly; is
online programmable by the ET-client in a wide mamgth 10 ns LSD resolution.
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Fig.1.27. Time diagram of the measurements in Cycial mode

Unlike the Continuous mode, in this case the ETiakeat first accumulates TD-
blocks in the FIFO memory during some user-defimegtting period Ty, starting
from Start-event registration. During this perida tET-server processes TD-blocks,
which are read out from the ET-device in previoyse, and sends the corresponding
time-tags to the ET-client. At the end of the waitperiod the ET-server temporarily
disables the event timing, reads the currently aedated TD-blocks, and then allows
starting the next similar cycle. In any case theant of TD-blocks read by the ET-
server does not exceed the user-defined vdlfom 1 to 16K). The waiting period
Tw can be defined in a wide range with 1 ms step.

During the waiting period the ET-server can receive a command from the ET-
client to restart the measurement with modifiedegdélay. In this case the next
measurement cycle will be performed with a new glaay. For example, the restart
command containing a modified gating parameter lwarcyclically sent by the ET-
client in response to each received batch of tingdata. In this way an online cycle-
to-cycle controllable gating is possible (thisli®wan in the following part). However,
it should be taken into account that the TCP/IPwndt may produce some
unexpected delays of real-time data exchange, timegulin episodic loss of
synchronism in such interactive operation at higiore than tens of Hz) repetition
rate of measurement cycles.



The minimum available cycle duratiof: (i.e. maximum cycle repetition rate)
depends on the amount of TD-blocks, that the EVesereads, and actual network
performance to provide necessary network interastid hat should be taken into
account while choosing the parametéisandM so that they are well adapted to the
specific measurement conditions.

Generally the Cyclical mode is oriented mainly tppléications with cycle
repetition rate up to tens of Hz (this is the cabkeoutine Satellite Laser Ranging).
But if theM value is not too large (<10) the cycle repetitiate up to hundreds of Hz
is quite practicable. In any case it is recommerntdedefine the waiting periody, as
long as possible in view of the expected rate aftStvent repetition.

1.4.3. Controlling the Event Timer

The A033-ET operation is fully controlled by the f€lfent via TCP/IP network.
Initial ET-client actions for connection with oné the activated ET-Server and for
ET-device arming to following measurements are etagt via special server setting
panels (Fig.1.28).
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Fig.1.28. Server setting panels of the ET-serverifo

(a) Continuous mode and (b) Cyclical mode.

Generally the ET-server can be used in time-shariade by different ET-clients.
So, every ET-client should establish a Session withET-server before any other
interactions. In this way, the ET-client captures ET-Server for exclusive use, up to
the Session break.

The control procedures, available during the Sessiclude three preparatory
procedures, which are identical for Continues agdli€al modes:

Calibration; the procedure renews the correction function@CT

Time synchronizatignthe procedure synchronizes the internal timeeseath
GPS;

Time monitoringthe procedure for monitoring of the internal tiswale.

The forth preparatory procedure - setting - différscause the arming parameters
are different for Continues and Cyclical modes. Erample, as it was explained
above, the Waiting time in Cyclical mode definesvhong the ET-Server will wait



Stop events after the Start event. But in Contimaesle it is simply the periodicity
for checking internal FIFO-memory state.

The basic procedures — measurements — have sommectitimis, too. All these
procedures will be explained in the next parts.

Calibration procedurgbutton “Start”, Fig.1.28) adapts the AO33-ET te #rctual
operating conditions to achieve the best measuremestision. It includes the
statistical identification of the ET-device phydiceharacteristics under current
operating conditions (mainly — under temperaturaditions), modification of the
processing parameters in a view of the identifiedracteristics, and self-estimation
of an actual measurement precision offered afeectiibration has been performed.

The AO033-ET offers the best single-shot RMS resotutlirectly after calibration
in steady-state operating conditions. Thereaftearmbient temperature variation can
impair the RMS resolution.

As can be seen, the AO33-ET supports the nearly®id$ resolution in the range
of 1 2°C of ambient temperature variation (in relationthe temperature, when the
ET-device has been calibrated). If the ambient tmatpre has changed markedly
more after the latest calibration, the next catibrarestores the best resolution.

Additionally, the calibration procedure includesecking of presence of the
external 10 MHz reference signal. It is supposed biasically such signal is provided
by a high-performance frequency standard. If tHeremce signal is not found, the
ET-device still is able to operate, using autonadiycconnected internal clock source
(100 MHz/10 ppm VCXO).

After completing the calibration procedure the Eler sends to the ET-client an
estimate of actual precision (RMS resolution) tietoffered for the following
measurement. Typically this estimate should betless 5 ps.

Normally the calibration procedure lasts about @€osids. It may be repeated by
the ET-client at any instant, for example, with #im to check once more the offered
precision of measurement or refresh the previolisresion result.

Time synchronization procedure (button “Sync”, Fig.1.28), as well as thext
procedure of time monitoring, can be performed ahly pps sync pulses and 10
MHz reference signal are strictly synchronized.(itkey come from a common Time
and Frequency standard). If this condition canmos$ipported, both of the mentioned
procedures can be omitted. In this case the Evémermwill be able for further
operating, but output time-tags will not be synctized to the Standard Time scale.

The procedure synchronizes the timer’s clock witip& sync pulses, using the PC
system clock to define the reference time. Aftas,tif the PC system clock is not
synchronized with the Standard Time scale, the tane be corrected by the arrows
buttons in the ,time correction” area (Fig.1.28).

In Time monitoring procedure (button “Check”, Fig.1.28), the ET-cliezén
receive a sequence of Epoch time-tags corresportdingcoming the 1 pps sync
pulses. In other words, the ET-client can see tin¢eant time obtained from the
timer’s clock to use that for various purposes,goample, to check correctness of the
time synchronization by comparing the timer’s clagkh any other available clock.
In the case of successful previous time synchrdioizaall time-tags should be
multiple to 1 sec approximately.



The ET-client can end this procedure at any instansending the command
STOP to the ET-server (button “Stop”, Fig.1.28).

In the following two parts the measurement procedufor Continuous and
Cyclical modes with the corresponding settingscanmgsidered.

1.4.4. Measurements in Continuous mode

To start measurement the ET-server should get theessary settings for
corresponding measurement mode. There are 3 seppmameters to be set
(Fig.1.28):

1. “Triggering” (either “INT” or “EXT”). If the "EXT” is chosen the start of a
measurement will be additionally synchronized byeaternal pulse at the
input “TRIG IN” of the ET-device; in the case of NT” choice the
measurement will be enabled directly by the ETrtliewithout additional
synchronization;

2. ,Cycle duration” [ms] (the periody, of the ET-device monitoring);

3. ,Events in Pack” (the numbev of TD-blocks that will be got from the ET-
device at one reading) .

The second and the third parameters should b@ setiew of expected mean rate
of event incoming. Generally the values Cycle darat= 15 ms and Number of
Events = 255 are acceptable for any rate, but eamb-optimal for the specific case.

Clicking the button ,Send Settings to Server” ledmsending these three setting
parameters and the previously defined time cowactialue (see above) to the ET-
server.

As an example of the measured input signal thersatle Event Timer Test
Generator ETTG-1 is taken. ETTG has two outputsSiart pulses and Stop pulses
with controllable dividers and has very low jit@bout 0.6 ps RMS [1.12]. Timing
diagram of these pulses is shown in Figure 1.2%higexample ETTG generates two
periodic sequences of test pulses that come dhfhuts A and B of the ET-device so
that a group of 1023 periodic Stop pulses follofteraeach periodic Start pulséhe
total rate of incoming the input pulses is aboukKté.

Start pulses (Input A)
/ / I
. Stop pulses (Input B)_ _
T vvy T Ur vvy T Ur vrr

1023 1023

Fig. 1.29. Test pulse sequence for Continuous mode

Once the user pushes the button ,RUN* (Fig.1.38)rtfeasurement starts. During
the measurement the ET-server cyclically sends#teh ofM time-tags to the ET-
client. Each time-tag is presented by two integde¢aO and datal, specifying the



time instant in the range 24 hours with 1 ps LS&bhation. Sign of thelataOdefines
the input of the ET-device, where the measured tegame from. To calculate the
event time from fata0, data} the following simple expression is used:

timgi] = (dataQx327680 + (latal)/1000[ns],

where possible negative sign of tHataD is set aside. Note that the size of batch
received by the ET-client can differ from the sizebatch sent by the ET-sever.
Generally the TCP/IP protocol affords both spldtiand merging the batch of data
blocks to send it by the sequential packets depgndin the actual network
performance and load. This should be taken intcowuc for the specific data

processing by the ET-client.
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Fig.1.30. Example of interval measurement in Continos mode

Measurement results (Fig.1.30) are presented asewvabf intervals between
adjacent time-tags. The Start-Stop intervals amvshin blue and all others in red.
Using zoom for Y-axis one can see each fractiorirog intervals separately and
calculate its basic statistics. For example, FiguBl. shows the central fraction of
“Stop-Stop” time intervals. Mean and RMS deviatioh these time intervals are
62500.510 ns and 3.3 ps respectively. This indscttat the jitter of test signal itself
is negligibly small as compared to the predictecasneement resolution, and the
actual timer resolution is even better than theligted one.
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Fig.1.31. Deviation of intervals between the meased time-tags



As for “Start-Stop” time intervals (the upper friact in Fig.1.30), mean and RMS
deviation of them are 62500.51 ns and 3.3 ps réispée

1.4.5. Measurements in Cyclical mode

As in previous mode to start measurement the EWeseshould get necessary
settings. The ,Triggering“ parameter is the samet the others are as follows
(Fig.1.28):

,Cycle duration“ [ms] (the periody defining the waiting time for Stops
events);

.,Number of Events“ (the maximum numb& of TD-blocks that can be
accumulated in one cycle).

The Cycle duration and Number of Events shoulddigrsview of expected rate
of Start-event incoming.

Additionally in Cyclical mode there is a Gate cahtiwhich defines the time-out
from the coming Start event at the Input A andthii Input B of the ET-device will
be opened for the Stop events.

To demonstrate the system work in Cyclical modeGlage control is used. These
gates are generated as the time-out values in ddyperiodic triangle function within
the range from 1 us up to 7000 us and incrementdent step 10 us (Fig.1.32).

_Io/x]

Gate delay generation

from ﬂ 1.00 us
to 2 700000 us
bysten 3 10.000 g

Fig.1.32. Gate control panel

A new value is generated at each Start event gmsents a parameter in the
start command, which ET-client sends to ET-ser¥éis parameter acts for every
measurement cycle as long as a new start commahdothier parameter will come.
During the measurement the ET-client repeats i sbmmand after acceptance of
each data batch.

For demonstration of the system operation in Cgtlrnode the signal from the
ETTG is used as a Start event and generated gég de a Stop event. Timing
diagram of these pulses generation is shown inrEigLB3.
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Fig.1.33. Test pulse sequence for Cyclical mode

A new value of the Gate delay is generated at &alt event and represents a
parameter in the start command. This parameterfacevery measurement cycle as
long as a new start command with other parametdlr edme. During the
measurement the ET-client repeats the start comratied acceptance of each data
batch.

The ET-server cyclically sends to the ET-Client time-tags obtained in every
measurement cycle. Like in Continuous mode, eacte-tag is presented by two
integersidataOanddatal Sign of thedataOdefines the input of the ET-device, which
provided the measured event (Start-event/Input Atop-event/Input B).
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Fig.1.34. Gate delay variation during the measurenm in Cyclical mode

In Figure 1.34 values of Start-Stop intervals, Whige calculated from the time-
tags, are shown in blue and present the Gate gela@meter. The red point shows the
intervals from Stop to the next Start. When cyeleetition rate is not so high, gapless
online control for gate delay is quite possiblegufe 1.34 illustrates such ability for
120 Hz cycle repetition rate. In this case there @mp any gaps in delay control.
However, the highest available rate of gapless Gata&rol may depend on the
various objectives, e.g., the actual performancedrarge of PC.



1.4.6. Conclusions

Network Timing System on the basis of the A033-Edvides network interface
using standard set of TCP/IP application protoawlinteract with any remote
application requiring precise event timing. Sucheifacing is well suited for
designing distributed multi-user event timer systemwvhere user’s application
software is separated from the specialised softsapporting event measurement. In
this case the user’s software can fully remotelgticd the AO33-ET operation. The
configuration of distributed Network Timing systeran include many ET-clients and
ET-servers. For example, it can be one ET-clierd big town and it connects to the
ET-servers, which are located at SLR stations atbhagath of the observing satellite,
and gets the tracking data from these SLR stat@min turn, if the ET-server is
placed in the Scientific Research Centre many Edntd can connect to this ET-
server in time-sharing mode to execute own physgpkeriments.

1.5. Measurement signal digitizing based on timing
operation providing for complexity-reduced digital
filtering

The method considered in this section is focusetherproblem of reducing the
complexity of analog input signal digital filterirand parameter estimation [1.13]. To
reach this goal, specific digital representatiorthef analog signals is used. Crossing
events of the input signal and a generated sinabogflerence function are timed and
sequences of these time instants are used forseqtieg the analog input signals. As
it is explained in [1.14], using this type of digibhg signals leads to obtaining
constant envelope digital signals. Due to this ualiproperty of the used approach to
digitizing, a wide variety of signals then can lmeerted into a specifically sampled
sinusoidal function characterized by a given freguye amplitude and phase angle.
That makes it possible to perform digital filtering this type of digital signals by
using the required filter impulse response functfon modulating this sinusoidal
function, sampling of it at the time instants acltiog to the digital representation of
the respective input signal with subsequent calimra of the instantaneous values of
the filter output signals. They are then definechasraged values of the mentioned
modulated sinusoid samples taken at the crossing tnstants. This method for
signal complexity-reduced digital filtering and pareter estimation leads to
elimination of repetitious multiplications of a ¢gr quantity of multi-digit numbers
required in the case of traditional digital filtegL

Thus a specific approach to signal digitizing [21.80] is considered and
discussed in this paper. Time diagrams given inuféidL.35 illustrate this approach
and they are explained in the following subsectidnsequence of time instants when
events of a signal and reference sine wave crosgiogur is used in this case as the
discrete representation of the respective contisusignal. That leads to specific
conditions both for analog measurement signal idigg and digital processing.
Various aspects of performing signal digitizingtims way are described in [1.21]. A
lot of attention is paid to using this approachsignal digitizing for multi-channel
data acquisition from a large quantity of signalirees [1.15, 1.16, 1.22]. Here the
emphasis is on the potential and advantages of dpjggroach in the area of
complexity-reduced digital processing of measurédmsgnals converted in the



considered way. While some aspects of this cappliiave been considered before
[1.22], the paper [1.13] is focused on the diditédring application.

1.5.1. Timing of signal-reference crossing events

Analog input signals, before their digital filtegnapparently have to be converted
into their digital counterparts. Using of timed s and reference sine wave crossing
events for digital representation of analog inpgnals is considered in this paper.
This approach is illustrated in Figure 1.35.

While usually the digital signal is formed as aws&ce of the original analog
signal sample valuesi;, %, X, ..., to achieve the complexity reduction of the
subsequent filtering process, it is proposed tdoper the sampling operation as
shown in Figures 1.35. Specifically, a sinusoigderence function is generated and
the analog input signal is digitally represented agquence of time instants when the
events of the input signal and the reference fonctirossings occur. This specific
digital signal fully represents the analog inpwgnsil. All types of input signals are
converted in this way into a sampled sinusoida¢neice waveform characterized by
a given frequenct, amplitudeA, and phase angle.In other words, the information
carried by the original analog input signal is sf@nmred then to this specific digital
signal. It is fully reflected by the points shown the time axis as shown in Figure
1.35(b).

(a) Reference

Sine-Wave Signal x(t)

O\

Digital signal reprezenting analog input

(b)

- ® * * t
t, t, t, t,

Figure 1.35. Digital representation of an analog ghal formed according to the considered
method. (a) detection of signal and sinusoidal refence function crossing events; (b) sequence of
timed crossing events fully representing the origial analog signal, assuming that the parameters

of the reference function are given.

These points indicate the time instaitg when the crossing events of the
measurement signal and the reference function oc@inerefore the digital
representations of the original analog input sigran be given in the form of this
type of digital point processes shown in Figure) 1{s the parameteffg A, and  of
the reference sine-wave function are a priori givére original signals could be
reconstructed from such point procesggs



1.5.2. Basics of complexity-reduced filtering

The fact that input signals invariably are représeérby the sampled reference
sinusoid of given parameters makes it possibleaiostorm the expressions typically
used as the basis for digital filtering. To demaoetst this, the typically used approach
to filtering might be compared with the considemeethod.

In the case where filtering is carried out accogdim the conventional method, the
digital filter typically used for extracting theth frequency from the input signa(ty)
is characterized by a response function given as

h(t) sin2 ft
The estimate of a sample valyg,) of the output signal of such a selective digital
filter is calculated as follows:

N

2 N1
y(tn) N oxkh(tk)

k

N 1
X, sin2 f.t,
k 0

ApparentlyN multiplications of the multi-digit numbers represieg the sample
values of the input signalty) and the response functidt) have to be carried out to
obtain this particular estimate of the respectingle instantaneous valuygt,) of the
filter output signal. The considered here methodesdt possible to obtain the same
estimate without execution of these N multiplicataperations.

The method for the complexity-reduced filtering kexis the fact that the digital
representation of the input signal is a referenoeseid of a fixed amplitudé\,
frequencyf; and phase angle sampled at the time instants when crossings witlt
the input signal take place. This fact allows usifighe respective sampling instant
sequence as the digital signal representing thetisignal. That in turn leads to the
possibility of transforming the procedure of thensidered selective filtering. A =1
then the estimation of the sample val(g) of the output signal of the selective
digital filter extracting tha-th frequency according to the invented method is dase
on the following equation:

2Nt .
y(t,) — sin2 ft, sin2 ft,
N k 0

It reflects the fact that the required filter respe is used for amplitude
modulation of the reference function and that easkantaneous value of the output
signal is calculated as the mean value of this #ong@d modulated waveform.
Evidently this equation can be converted and ga&n

N 1

y(t,) % cos2 f, f t, cos2 f  f t

r i r i
k 0

N

1 1
t —  H{t
y(t,) N, . (t)
Therefore filtering in this case is simply redudedaveraging the sample values
H(ty) taken from the following function at the discretmé instants §} digitally
representing the input signal:

H(t) cos2 f ft

r 1

f.t cos2 f

r 1



As this function is derived as a product of the tiplied generalized input signal
waveform and the filter response function, it isnoked asH(t), it is called and
considered as a template for calculating the sawgtiges of the filter output signal.
The dimension of the instantaneous valbié) of this templateH(t) is equal to the
dimension of the respective input signal.

1.5.3. Involved filtering procedures
The following procedures have to be carried oygegdorm filtering:

Generating a sinusoidal reference function of amgiamplitude, phase angle
and frequency with this frequency outside the fesmuy range of the analog
input signal to be digitally filtered.

Detecting the time instants of the input signal ahd reference function
crossings.

Timing the crossing time instants and forming ausege of the respective
digital quantities.

Generating the template for calculation of theefi#td signal instantaneous
values.

Positioning this template so that its middle paioincides in time with the
considered instantaneous value of the filter ousoyral.

Sampling the properly positioned template at tlessing event timed instants.

Calculating the respective instantaneous valugkeofilter output signal as the
mean value of the sampled values of said template.

Initiating the following cycles of filtering by shing the template into the
position for estimation the next output signal alu

This approach to filtering, in general, holds afeo other types of filtering
performed on the basis of more complicated filemponse functions. That is how the
digital representations of the input signals mighbtfiltered and processed without
performing a large quantity of repetitious multgaliions of multi-digit numbers.
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Fig. 1.36. Diagram illustrating filtering performed according to the considered method.

Figure 1.36. illustrates low-pass filtering perfathaccording to this method. The
templateH(t) in this case is composed from a multiple cosimetions at frequencies
covering the given filter pass-baml f with sufficiently small frequency steps as
follows:

M

H(t) cos2 f i ft cos2 f

1 , it
M,

wherei=1,2,..., M.

To perform the filtering operation, time-limitéd{t) is positioned on the time axis
so that the time coordinate of its peak coincidéh wme instantt, for which the
instantaneous valug of the filter output signal is to be calculatedmi@ateH(t) then
is sampled at the time instants belonging to raTKhe output signal instantaneous
valuey,directly below the peak of templaitt) is calculated as the average value of
the particular set of the sample vallis) of the template corresponding to the given
position ofH(t) on the time axis. To obtain the next output sigradliey,.;, template
is shifted to the right for a time step so that its peak is positioned at the time instant
t.+1 and the above procedure is repeated. In gendralaveraged values of the
sampled templates represent the indicated instaotenvalues of the output signal
shown in Figure 1.36.

1.5.4. Filter implementation specifics

As it follows from the described filtering proceéuia multi-port memory storing
the templateH(t), and attached array of adders performing averagingead-out



template values are in the core of this typeltdrs. This part of the filter structure is
shown in Figure 1.37. As can be easily seen, th& lz@vantage of the filter structure
is provided by the design simplicity of this core.

Filter Input (ty,...,t5)

L]

Multiport Memory

1]

Sampled values H(' t;,...,ty)

T e

Adder Adder| |Adder Adder

N

Adder

TN

N

Adder

Adder
Filter Output

I

Fig. 1.37. Considered structure of the filter.

Specifics of the filter implementation on the basis-PGA have been considered
and the expected basic parameters evaluated. Asrpance of the filter basically
depends on the design of this part of the whoterfiimplementation of it as a FPGA
structure has been considered and expected perioamvaluated.

While shape of templatid(t) obviously depends on the considered filter response
function, it depends also on the conditions fowingignal digitizing. Specifically, on
the enabling function used at detection of the irgignal and the reference function
crossing time instants. If this crossing event ckge is enabled during half periods
of the enabling function as often is the case, tbely half of the whole template
digital values has to be kept in the memory.

Next filter parameter essentially affecting thetefil design is the number of
crossing points falling within the time span of teenplate. This parameter is similar
to the count of filter coefficients used in the easf traditional digital filters. It
depends on a several factors, such as the frequentye enabling function used at
digitizing the input signal and the required filtey precision. Equally important
parameter is time resolution required at the cngsgoint detection. It basically
depends on the first derivative of the templatecfiom and the required precision of
the template sample values so that the neededrésmdution can vary in a relative

wide margin from a case to case.

While there are also various other factors defirtheydesign of this type of filters
and consideration of them is outside the scopdisfgaper, attention is drawn to the



fact that the mentioned multi-port memory actuaiynsists of a number of basically
the same type autonomous blocks. Therefore the lexityof the filter core first of
all depends on the number of these memory sectmas the capacity of them
measured in numbers of words and bits per word. Atumeber of words stored in a
single memory section is reduced by using quargiaiong the time axis.

Evaluation of the required filter resources wergnested usingAltera Quartus
software and taking into account parameter€ypélone IIEP2C70F672C6N-PGA
chip. Simulation results show that if pipeliningimeluded in the filter functions then
the maximum frequency of the filter output dataabtihg depends only on the
respective FPGA chip clock frequency as the detdgted to the involved filtering
procedures are less than 10 nanoseconds. It meanstthe case of the indicated
chip this frequency is 100 MHz. At 8 bit time valfig..., & ) encoding for a memory
segment, the needed memory capacity is reasonable & 128 memory segments
and then the memory does not slow down the systémok frequency.

1.5.5. Conclusion

As the considered method for multiplier-less filbgrhas been developed recently
[1.13], there still are theoretical issues thatéhéw be studied more to realize full
potential of this method. Nevertheless it is alseguractically applicable and
designing filters on the basis of it would leadrtaltiplier-less filter structures that are
complexity-reduced, energy-efficient and fast. Tigiof signal and reference
function crossing events has to be carried out gttbd precision as performance of
this type of filters to a large extent depends loait.tWhile FPGA chips can be used
for implementation of the described type of fillggj they do not contain
microelectronic elements for the required inpunaigencoding. So it seems that for
obtaining the best possible results in this areplementation of the considered
filtering method should be based on ASIC.
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2. Superplatjoslas  tuvdarb bas impulsu radara
vair kantenu prototipa izstr de unt ieg tosign Ilu
efekt vas apstr des optimiz cija

2.1. Saska ojoSas iek rtas

Veikti p tjumi saskaojoSas iekrtas (SI) izvlei uztvr jam un raidt jam
virsplatjoslas impulsa lokatoram:

1. saskaojosas iekrtas izvle raidt j , lai saskaotu ar simetrisku virsplatjoslas
antenu, saskajoSu rezistoru nomiru izv le antenai Bow-tie;

2. saskaojoSas iekrtas izvle uztvr jam antenai Bow-tie, pjums ar mr i
ieg t maksimli neizkropotu signlu uztvr j :

a. saskaojoSa iekrta — diferencilais virsplatjoslas pastiprit js;
saskaojosa iekrta — transformators - gal nija;

saskaojoSa iekrta — platjoslas transformators;

saskaojosa iekrta — gars | nijas pusvi a posms;
saskaojoSa iekrta uz koncenttiem elementiem;

- 0o oo T

saskaojosa iekrta — koaksilais transformators.
Tiek gatavota atskaite. Pl&S izkl sts Pielikum #1 (krievu val.).

2.2. Experiments with the 2D and 3D through wall
Imaging systems
This work addresses object localization using UV8i@ location in order to

study the possibilities to locate an object behandall. The work was drawn up to
solve topical problems in object positioning:

1. creation of a model for antennae systems for b&th 3D and extended 3D
object localization;

2. establishing the algorithm of object localizationdacreation of a software
application that localizes objects using the 2D @@d3D model;

3. discussion of the methods for signal processinghfwove object localization:
averaging and median approach, as well using thedbw” and convolution
filter;

4. discussion of the summing of offset signals in orde improve the
signal/noise ratio.

The application of the methods referred to in thizk resulted in a successful
localization of the object with sufficiently higlteuracy of localization.



2.2.1. Antenna system with 2D imaging possibility

In this model, using three receiving antennas amel tbansmitting antenna, the
transmitting antenna is placed above the receiairtgnna in the centre of the antenna
system. Such location has been chosen to symnitriimide the received signal
between the antenna reflectors, see at Fig. 2.1.

Using three receiving antennas it's possible toemakre accurate measurement.

? A

.
1,31mn W |
\
\\

N,
Figure 2.1 Receiving antenna placed in the same pia on the line

Using this type of antenna system, it's possiblgeb data for object positioning
with 0,03m precision at 1,5 m distance. With 2D mildtls possible to determine the

distance between the object and antenna systenifirah@ut how far to the left or
how far to the right from centre of antenna thesobjs positioned.

Model (Fig.2.2) has been used to detect the velgtosition of object.
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Figure 2.2 2D localization model



Let I,, I, and |, be the measured distances between receiving aseand
object. It is known that the distance between amdsrisa. This allows the usage of
formula which relates sidds, |,and 2a of triangle with median, :

33l At (1)
Due to inaccuracy of measurement, the formula éhnot be fulfilled. Let |,

I, nd |, be the difference between real and measured destait allows speaking
of exact equation:

3l 17 @ 2
with yet to be determinedl,, |, and |;. Assuming error of measurement to be
normally distributed random variable);, 1, and |; which fulfil (2) with the least

N P P (3)
can be viewed as the most probable values of error.

Solving (2) for 1, yields:

l, 1y 22 4,1, 212 12 2,1, 12 2a° (4)

or

l, 1y 22 4,0, 212 12 2,1, 12 2a°.  (5)

Sincel, " 0 and square root of positive number is a positivenioer, (4) cannot
be the solution.

Substituting (5) into (3) gives expression:

2

G 12 12 0y 22 a0, 212 12 2,1, 12 2a°, (6)

which has to be minimized with respect th and [,. In order to do it, let's find
partial derivatives of (6):

l, V22 4,1, 212 12 2,1, 12 2a% 2, 2|,

G, l, V202 4,1, 212 12 2,1, 12 2a? 21, (7)
and
e R P PO O O P - G PR B PR @
. l, 22 4,1, 212 12 2,1, 12 2a?

Equating (7) and (8) to zero, we obtain a systereqefations. Solving it for |,
and 1,, as a solution we obtain:

L, I, 1 H 9)

and



" 2'22—3« (10)

whereH is a root of

92 9l2z* 127 1227z 42 22 42 18 Z? 24a°Z 8a® 0. (11)
(11) can be solved, for example, by dichotomy meitt8ubstituting obtained Z in

(9) and (10), we obtain correspondingly, and [,. By substituting obtained|,

and 1,into (5), one can get the value of; but it's not required in determining the

position of object. Indeed, sides of triangle I, , I, [, and a uniquely

determine the height of trianglg jgosition) and the size of side projectigrpsition).

We have made a computer program in C# to calcolaject position using above-
mentioned theoretical substantiation. An exampligsadipplication is seen in Fig. 2.3.
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Attalums metros no antenu hloka 1.3091
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Objekts atrodas pa labi no centla

Figure 2.3 Console 2D

2.2.2. Antenna system with 3D imaging possibility

This model uses three blocks, each of which camsiEbne transmitting and one
receiving antenna, where the receiving antennatipoed adjacent to each of its
transmitting antenna, as seen in Fig. 2.4. Suclo@eirhas been chosen to accurately
determine the location of the object. Since thecmm& blocks are separated by a
relatively long distance the reflections from otb&ycks can be viewed as a noise.

Using this type of antenna system, it's possiblgedb data for object positioning
with 0,07m precision at 1,5 m distance. With 3D mlats possible to determine the
distance between the object and antenna systenfirah@ut how far to the left or
how far to the right from centre of antenna and Hugh or low from centre of
antenna system the object is positioned.



AN 1,10m ‘\ N,

Figure 2.4 3D antenna system model

3D model (Fig.2.5.) has been used to detect tlaivelposition of object.

3D localization algorithm is designed to detect thgect position (coordinates)
along the x, y and z axes. This localization pattsr using three antenna signals
received by an antenna located in pyramidal forming the information received
from the three antennas it's possible to locatedbjin three dimensions. However,
the 3D location with this model does not allow eremrrection due to lack of
additional data, using which these steps coulddropmed.

In 3D localization, as well as in the previous modgometric properties of
triangles are used, see Fig. 2.5. Points B, A andebDote the position of radar
receiver antenna, C is the position object.

Figure 2.5 3D localisation model



It is known that it is possible to calculate thatdhce to object by using signal
reflected from it. Due to it, reflection from objewas recorded in each receiving
antenna, see Fig. 2.6-2.8. In order to distinguisdm they were labelledignall,
signal2andsignal3
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Figure 2.6 Reflection of object, as seen in anteni- signall
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Figure 2.7 Reflection of object, as seen in antena— signal2
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Figure 2.8 Reflection of object, as seen in antenia—signal3

In recordssignall signal2 and signal3 distancesll, 12 and I3 are hidden.
Knowing these values and using the propertiesiahgtes, it's possible to calculate
the distance OF, corresponding to the object distdrom the radar, the distance CF,
which corresponds to the displacement of the obgeztor in the centre, as well as
the vertical position h relative to the radar centr

We have made a computer program in C# to calcolaject position using above-
mentioned theoretical considerations. An exampliésadpplication is seen in Fig. 2.9.
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2.2.3. Antenna system with 3D extended imaging
possibility

To improve 3D imaging, signal summing can be usedhis system is used six
receiving antennas and three transmitting antese®fig. 2.10.

Figure 2.10 3D extended antenna system

The system consists of three blocks, consistinthde separate antennas — two
receiving and one transmitting. In each block, algf reflection of object is obtained
and is passed to the program which calculates asgipn of object. The main reason
to use such a block, is to get greater signal essenratio by combining the signals
from both receiving antennas. Due to it, it's pbbsito achieve greater accuracy in
object positioning.

The main key in tow receiving antennas is polaritythis model one receiving
antenna is opposite of second, see Fig. 2.11.

Figure 2.11 Antenna block



Received signals before summing are shown in Fig.2Signals are summed in
one channel using extra signal delay.
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Figure 2.12 Signal from both receiving antennas

After summing we obtain a signal with much highgmnal/noise ratio, see Fig.
2.13.
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Figure 2.13 Result of signal summing

To sum signal form tow antennas, signal summer fifogn 2.14 is used.



Figure 2.14 Signal summer

2.2.4. The accuracy of establishing of target coo  rdinates

The accuracy of establishing of target coordinateD TWYV radar depending on
parameters of the receiving device (discrete ssobpic converter), the method used
in registration of the received signal and the atgm of the coordinates calculation.

"Up-and-down" method was used for signal registratbut the procedure of
Matlabfsolvewas used for calculation of coordinates.

Minimal configuration of 3D TWV antenna system swmts of one transmitting
and three receiving antennas. Let’'s consider tee wdnere the transmitting antenna is
placed in the centre of an equilateral triangld,tha receiving antennas are apexes of
a triangle. Let’s discuss this configuration inlde¥ing rectangular coordinate system.
Origin of it in the transmitting antenna and ondha receiving antennas is located on
the "Y" axis. Assuming that the length of the stdehe triangle isa, the coordinates
X, Y,z ,i 1,23 of receiving antennas will be following:

(al2, al+/3),( al2, al+/3),(0,2a/~/3) . Let us denote the current coordinates
of a moving target as,,y, ,z,, kK 12..,N, which are determineid N positions.

The total delay between transmitted and reflestgdal from the target at a givén
value can be expressed as

o SGWOE Ve ) X7 (e W) (2 20 1238 (12)

By measuring the delay ,, , the system of equations (12) can be used totfied
current target coordinates, , y,, z, .



Let’'s consider how accuracy of establishing ofyéarcoordinates is affected by
distortions due to stroboscopic transform of ra#dcsignal. These distortions, firstly,
depends on the influence of additive noise whicblpap with reflected signal, as
well as a phase noise of clock signal. Besidesethigstortions depend on parameters
of "up-and-down" method: number of comparisons of one instantaneous value and
steps, according to which the value of signal in outplitstroboscopic converter is
changed after each operation of comparison.

For modeling experiments, exponentially decaysimusoidal oscillation was
used as a transmitted and reflected signal

u (t) A explb, _I_i)sin(z TL b, randn), (13)
where A, determines the amplitud@s # 0,765A, of the signal;T, is a period of
sinusoidal signal, and coefficiet; establishes standard deviatiéfy of phase
noise. The coefficient of decay of exponent wassehdo,  0.025, for approximate

equality u (t) # 0 to fulfil in point t 3T,

The coordinatesx,,y,,z, were assigned in experiments, , were
calculated according to (12) and correspondinglidigmalsu; (t) were constructed.
Additive noise u, (t) was added to these signals, the total signal
u, () ug () u,(t) (see Fig. 2.15a) was processed by "up-and-downhaodeand
signalsu,, (t) (see Fig. 2.15b) were obtained.
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Figure 2.15 Reflected signal (a), signal after stbmscopic transform (b)
and transformed signal after convolution (c)



Additional processing by convolution operation wasried for these signals:

Ug  conv(uy;,Uy), (L4

where as an etalon signal, sinusoidal monooscillation with periof was used.
Due to these actions signals, (t) (see Fig. 2.15c) were obtained. Afterwards the
delays 1§ t, t, between transmitted and reflected signals werectied by
minimums of these signals. By fitting the obtainemlues of 3, in system of
equations (1), one can calculate the coordinatésrgét x; , v , Zy -

Error of computation depends on accuracy of esthinlg 5, which depends on

intensity of additive noise, as well as the phasesen of transmitted signal. It was
assumed that the additive noise is normally distad with standard deviation of

b,%. Equality 9% 1 was assumed as well, amplitude of the signal vélimeasured
in %4 units.

Since the delay §; is determined by minimums af,;, error in computation are

either due to inexact detection of coordinates afimums (time interval between

measurable instantaneous values is too large;gionmeof signal minimum the noise
influence is too large) or the case, when mininafmoise is more than the minimum
of valid signal, is present. Since the positiorsoth fraud minimum on time axe can
be viewed as a uniformly random variable with mealue of half scan, then in case
of such error the result of computation for curreosition almost always will be

useless.

Let’s investigate the means of averting such dwuatt's known that the standard
deviation of noise, transformed by "up-and-down'tmoe, reduces to

% +/0.625% s 025’ (15)
in output. In order to eliminate delays due to @raninimums in computations, it's

required that the amplitudd,, of the signalu,, would be bigger than the standard
deviation of noise. Approximately one can assuna¢ tifie condition

0.765A,, " 3%, (16)

must be fulfilled. In its order it means that the@itude of transmitted signal has to
be such, in order for amplitudes of reflected slgrsatisfy the condition (16) even at
maximal delays.

The modeling has been carried on at following patans of “up-and-down”
method: s 0.015%;n 50 ; amount of instantaneous values to be measured
(counted for periodl,) n,; 50. The distance between receiving antennas was

chosen to be equal to 1m, the position of objed determined irfN 50 points. The
length of scan was assumed to be 1024 points.

Calculation results for different trajectories object differs relatively little.
Below mentioned results are obtained for case whertoordinates of target changes
in following way:



x(k) 3@ (k 1)/N)m:
y(k) 61 01x(k)*m; (17)
2k) (45 11x(K)m

Calculation results foA, 0.4 %(in case, when condition (16) is fulfilled) can be

seen in Fig. 2.16 and 2.17. Spatial trajectorylgéct can be seen in Fig. 2.16, where
the set trajectory is mapped with continuous limg, the computed through values of
delays £, - with points. In Fig. 2.17 corresponding dependeng(k) and z(k)

are shown k(k) is not displayed, in order not to clutter up themic).

Figure 2.16 Spatial trajectory of object accordingo conditions (17) for A; 0.4

Figure 2.17 Set (continuous lines) and computed (jpds) dependenciesy(k) and z(k)



Since the condition (16) is fulfilled, then thea in calculation of coordinates
depends only on accuracy of detection of minimurhgeflected signals, which
constitutes to approximatel$.1& 015% of the length of scan. The calculated
coordinates of object differs from actual for nooma than15&2% in whole
diapason of values.

In Fig. 2.18 dependencieg(k) and z(k) at A, 03 are shown, when
condition (16) is not met. It's visible, that wisuch value ofA and with the used

parameters of “up-and-down” method, considerabtg@rtion of points of trajectory
is determined with inadmissibly high error.

Figure 2.18 Dependenciey(k) and z(k) at A, 03%,n 50,n; 50

10 S

Figure 2.19 Dependencies y(k) and z(k) at A, 03%,n 75,n; 50



It's possible to improve these results by incre@si or n; but keeping the same
value of A . In Fig. 2.19 dependencieg(k) and z(k) are shown, which are
computed atA, 03%,n 75,n; 50. One can see that increasimgtill 75

reduced the number of erroneously determined positiof object to just one. By
repeating the calculations with chosen parameiievgas established that the amount
of wrong calculations fluctuates from 0 till 4. Teéore, by even greater increasenpf
large errors can be excluded. Similar results camttained through increase of

as well.

Figure 2.20 Average values of transformed signal gending on values of coefficientd, and b,

Finally, let's discuss the inaccuracy due to phasése. Average values of
transformed signal on three combinations of coiffits b, andb, are shown in Fig.

2.20. One can see that havibg" 0 and b, " O decreases the average value of
amplitude of the signal. Due to it, the probabildy determining value of
through fraud minimum increases.

Dependence of average value of standardized ardelitwof transformed signal
from the coefficientb, is shown in Fig. 2.21. Here A,/ A,,, whereA,, is the
average value of transformed signabat 0 but A,, -atb, " 0. It needs to be said
that * practically doesn’t depend db, .

Let’'s assess the value bf corresponding to transmitting device of locatdr, i

T, 500ps and phase noise i80ps, which can be considered as quite large.
Assuming that this value approximately correspoieds %5 , corresponding value of

b, m# 003. By using Fig. 2.21 with such value bf, we obtain’ #0.996.



Therefore we can draw the conclusion that the malty seen values o¥g
negligibly influence the errors in calculation afazdinates.
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Figure 2.21Dependence of average value of standardized amplde
from the standard deviation of phase noise

The amplitudeA  0.3%; can be viewed as the lower bound for providinglsma
registration errors with acceptable values mfand n, . Modelling results at
A 025%testify that in order to obtain passable resulis, required to increase

these values considerably. It implies the corredpanincrease in registration time
and decreases the chance of tracking of target.

2.2.5. Multiple signals in one channel

It's possible to transmit data from three differantennas in one channel, while
preserving main features of each reflection, ugusg one stroboscopic transformer.
The received signal is shown in Fig. 2.22. To abtsuch a signal where there are
three reflections in one channel, signal delaysuaesl. In this way, the difficulty and
cost is shifted from using three valuable strobpsrotransformers into one
stroboscopic transformers and a bit more complé&wsoe.
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Figure 2.22 Three distinguishable signals in one ennel



2.2.6. Computer user interface

The research has been done to view objects behedvall and a computer user
interface has been made to represent this positid® mode Fig. 2.23.
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Figure 2.23 User interface

2.2.7. Data transfer between device and the compu ter

The mock-up has been made to manage the datadrdmstiveen stroboscopic
transformer and computer, see Fig. 2.24.

Figure 2.24 Application for data transfer between @vice and computer



Two programs: master program for computer and spaegram for device CPU
have been written.

2.2.8. Adjustable reflector setting

The research has been done to measure the inflaémigtance changes between
antenna and its reflector, for that proposes we lmade system that allows to adjust
this distance Fig. 2.25.
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Figure 2.25 System for adjusting distance betweemgenna and reflector

Real life model in Fig. 2.26. and Fig. 2.27.
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Figure 2.26 Antenna front side Figure 2.27 Antenna back side



2.2.9. Further plans for 2D localisation model

1. In reality, we'll seel, 1,, 2, andl; |, instead of just,, |, and. It might

increase the complexity of the first, and, consafjyeother equations. Other fact,
that without doubts will increase the complexityasfalytical solution, is inability
to put the middle receiving and sole transmittingeana in the same place,
therefore the distance between both will be somsitigpe numberd. As a
workaround it's proposed to usemuch larger than the abovementioned distance
d.

2. Currently, a case of 2 objects, 3 receiving anterara 1 transmitting antenna is
investigated, therefore there are 6 distances. Ewenthe case of exact
measurement, gettingandy coordinates of both objects seems complex enough
due to obvious combinatorial explosion althoughhwiist 2 receiving antennas
the distances provide unique solutions for positign

The results of object localization using UWB radaxation related activities are
described in 4 papers [2.1] [2.2] [2.3] [2.4] arskd for 1 patent submission [2.5].
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3. Viedo transporta sensoru t klu, tai skait , auto
mezglpunktu un satiksm lesaist to objektu  rpus
auto, izstr de, iek aujot iegultu sist mu pielietoSanu
un energo-efekt vas programmat ras izveidi

Turpinot iepriekSjus darbus, izstd ts unific ts 802.11pvehicle unit/ road side
unit prototips, uz kura lzes tiek veidots eksperimelg 802.11p standarta datu
p rraides tkls. Balstoties uz ieprieks izstttaj m metodikm cea seguma
monitoringa veikSanai, izst ts eksperiments vied transporta sensorukta auto
mezglpunkta prototips. Aitot kooperav s kruzkontroles tematiku, uzkta vied
auto stereoredzes prototipa izveide. Was aktivit tes vied transporta sensorikia

rpus auto infrastrukras objektu, t.sk. viedo @estabiu, tematik.

3.1. Experimental IEEE 802.11p network

A logical continuation of previous activities inethdomain of IEEE 802.11p
network communication was development of permageuslable vehicle unit and
road side unit prototypes and subsequent developaiexperimental IEEE 802.11p
data transmission network.

During previous activities and real world tests tieed for certain temperature
range inside the device housing was determinedtheifenvironmental temperature
was under zero degrees C, the device was tendeddton unstable, most probably,
due oscillator frequency shift. To solve this peshl an automatic temperature
control system, consisting of two 12V 3W car budiosl control unit based on LM393
comparator and NTC termistor was prepared for iisgginto device housings.

Development of experimental IEEE 802.11p data trassion network assumes
creation of at least one mobile wehicle unit prgbet and at least one stationary road
side unit prototype. Due practical reasons as wamld tests using several different
vehicles the vehicle unit should be as possibleablé for universal installation and
operation. Similar requirements are logical acaggdioad side unit as there is the
need to test several data transmission networkigumattions and unit deployments.
Therefore both above mentioned units was desigrsedingfied construction, and
mainly differs by mount accesories.

Figure 3.1 Unified 802.11p unit



The housings of the unified units (Fig. 3.1) aredzhon ETI IP65 wall mounted
distribution boards ECH-8G [3.1.1]. These boardisvato ensure permanent usage of
the devices outdoors. The antenna of the devitecated on the top of the housing
and therefore forms a single structure. Such agpreaduces antenna cable length
and protects it from mechanical damages. Exteraahections of the unified units
include 12V power supply from vehicle electricaltmerk or external 220V/12V
adapter and Ethernet computer network.

Figure 3.2 First mobile wehicle unit prototype

The first mobile wehicle unit prototype was ingtdllon vehicle Dodge Caravan
using factory roof bars (Fig. 3.2). The first statary road side unit prototype was
installed on facade of IECS towards Aizkraukleseti(Fig. 3.3). The current location
of stationary road side unit prototype allows tsttethe communication in the
experimental IEEE 802.11p data transmission netwotkoth modes — the vehicle is
approaching road side unit and the vehicle is lggavoad side unit. The configuration
of the experimental IEEE 802.11p data transmissi@iwork allows to test
communications distances in line of sight up to 8&lers as well as communication
ir real world urban environment.

Figure 3.3 First stationary road side unit prototype

The results of 802.11p domain related activitie® alescribed in paper
»Accessible, Customizable, High-Performance IEEE 2.8Qp Vehicular
Communication Solution” [3.1.2] as well as presdnta the 1st International
Workshop on Vehicular Communications and ApplicasiqVCA 2012, June 19,
2012) in Ayia Napa, Cyprus.



3.2. Experimental vehicular wireless sensor node

A sensor is a device used for the measurement e sphysical quantity or
physical state. Common result of this measuremsnan analog signal that is
converted to a digital signal using ADC and subsedly processed using some
computing device. Typically there is a need to makeasurements in several
locations and therefore a number of sensors shbaldonfigured, deployed and
serviced if necessary. This approach - usage ofyratatic deployed sensors - has its
drawbacks as sooner or later scalability and maartee issues will arise. To
overcome this problem a large number of static aiggl sensors could be substituted
by few mobile sensors. One type of objects thaticcdne used as mobile sensor
carriers are vehicles. Among the possibility to eowide measurement area there are
other advantages including energy utilization freemsor carrier as well as less strict
limits on device dimensions, weight and power comstion.

There are several categories of data that coulthaired using vehicles as sensor
carriers. First of them is data about vehicle fiskdr example, driving speed and
position. Next data source is vehicle driver cheaared by pulse and reaction time.
Environment measurements could be collected, famgte, data about acoustic noise
and air pollution. Last but not least - vehicle gesadepends on dedicated
infrastructure including road surface, and regutanitoring of this infrastructure
could help optimize required maintenance works.

The main purpose of the CarMote embedded deviceribes in this paper is
monitoring of road surface using microphone andekrometer sensors as well as
collection of meteorogical data for creation ofalletd road meteorology maps. This
research was inspired by successful verificatiopreviously developed methods for
road surface monitoring using general purpose cdimgudevices and Android
smartphones as well as by a challenging task -e@mphtation of these methods using
customized embedded device.

3.2.1. Related work

By our knowledge the term "vehicular sensor netwbrkas introduced in 2006
when researchers from University of California &huversity of Bologna declared a
new network paradigm - the use of vehicles as s$en§02.1]. This paradigm was
characterized by high computation power and higinagfe space therefore potential
costs for network deployment and maintenance cbeldelative high. As primary
application of vehicular sensor network was dedardban monitoring, for example,
imaging of streets, recognizing of license platesl alistributing of relevant
notifications to drivers or police agents [3.2.@}her applications developed by other
researchers include monitoring of infrastructurems like road surface [3.2.3],
collection of real time vehicular parking informati [3.2.4], measuring air quality in
city areas [3.2.5] and mobile surveillance [3.2.6].

Additionally to communication between vehicles (V2 vehicle-to-vehicle)
vehicular sensor networks could include communacabetween vehicles and Road
Side Units (V2I or vehicle-to-infrastructure) [372.[3.2.8]. In this case, as the
number of network nodes could be very large, aac#ffe identity verification should
be ensured [3.2.9]. In contrast to traditional vass sensor networks where network
nodes are placed in static locations vehicular aenstworks are characterized by



dynamic changes in network topology. Thereforeltbst possible connectivity could
be achieved using appropriate combinations of tmagson time and transmission
range [3.2.10]. Nevertheless data gathering udneget dynamic networks and data
muling and multi-hop forwarding strategies is suggmb to have specific delays
[3.2.11].

Our proposed CarMote embedded device assumes udagelatively low
computation power and low storage space that isachexistic for common wireless
sensor network nodes. Combination of these aspatiisvehicles as sensor carriers
allows performing tasks where a large number of tmst deployed and maintained
network nodes have advantages over a small numb&igh cost deployed and
maintained network nodes.

3.2.2. Approach

The development of the first prototype of the Catdlembedded device was
performed on the basis of the first version of LyaxNet collar device developed
during past research activities related to wildnali monitoring using sensor
networks. This approach already fulfilled a parttioé predefined requirements. In
addition, common hardware basis for both devicesyfacilitates reusability of the
software.

3.2.2.1. Hardware

The heart of the first prototype of the CarMote ended device (Fig. 3.4) is
TMote Mini wireless sensor network module. This mied contains TI MCU
MSP430F1611, TI/Chipcon transceiver CC2420 and &EPEOM M25P80. The
same MCU is used in other wireless sensor netwoskutes, for example, EPIC,
3MATE! and others. Selection of this popular MCUvide allows to use the
experience from previous developments as well agpedibility with available open
source software.

Figure 3.4 First prototype of the CarMote embeddedievice

To ensure the possibility of implementation of BReadMic approach [3.2.12] the
main board was equipped with attachable board sbingi of electret microphone



BCM9765P-44 and corresponding amplifier stage husling operational amplifier
TS952ID. The output of the amplifier stage is cartad to the ADC input #7 of the
MCU.

To ensure the possibility of implementation of thetroid approach [3.2.13] the
main board was equipped with IMU Analog Combo Bo&mmm SparkFun. This
board contains triple axis accelerometer ADXL338 donal-axis gyroscope IDG500.
Outputs of accelerometer X, Y and Z axis are cotateto the ADC inputs #0, #1 and
#2, but outputs of gyroscope axis X and Y - toAlREC inputs #3 and #4 of the MCU.

To ensure the possibility of experiments in creatd detailed road meteorology
maps the main board was equipped with humidity t@ngperature sensor SHT15 as
well as light sensor TEMT6000. First of them wasected to MCU using 12C
interface, but second - using ADC input #5.

To ensure the possibility to add position metadasiag GPS the main board was
equipped with attachable board consisting of GP8uteFastrax IT300. This board
ir connected to MCU using USART #0 interface and Bprotocol.

To ensure the possibility to use electrical systd#nthe vehicle as main power
source two sequential voltage regulators were ub@dt of them is dedicated to
acquire 5V but second one - 3.3V. Four AA size dygittpack is used as internal
power source. Automatic switching between extepoaler source and internal power
source is ensured using low-loss Schottky diodes.

To ensure the possibility to store acquired sedsta and corresponding position
metadata on media SD flash memory card was use. rBmovable media is
connected to the MCU using SPI mode and accordirgiyfigured USART #1
interface.

To ensure the possibility to transmit acquired eerdata and corresponding
position metadata two options were selected. Birthem is Wi-Fi that could be used
for medium range communication and the second dleetooth that could be used
for short range communication. Hardware for Wi-irmenunication was implemented
as attachable board consisting of Roving Networks&lule RN-131C but hardware
for Bluetooth communication - as attachable boanusisting of Rayson module BT-
220A2. Both attachable boards have serial interfacecommunication with MCU.
During device prototyping stage just one modulehvgeérial interface (GPS, Wi-Fi,
Bluetooth) is connected to MCU interface USART #0tltee same time. Software
driven multiplexer for commutation of several maahuls left for future work.

3.2.2.2. Software

In order to program CarMote, we have adapted Mans@$ating system [3.2.14],
a small and energy constrained device OS develapdae University of Latvia and
Institute of Electronics and Computer Science (EDRHe OS aims to be user-friendly
and easy to learn for individuals with C and UNIXgramming experience.

The MCU of CarMote has a built-in 12-bit ADC. Wengaled accelerometer's Z
channel to evaluate the sampling speed. Samplelg#@ samples per second (sps)
was achieved without logging the data and 1400n8pn logging the data to SD card.
The rates are sufficient for the kind of applicasdCarMote was designed for, such as
pothole detection.



An essential component of a highly mobile devicpasitioning system. MansOS
supports data interface with GPS devices includWEA protocol parsing and
online processing.

Last but not least, SD card support is includedat be used either naw mode
or by writing data to a filesystem. We have devebbpa custom filesystem to
efficiently use local storage devices; althouglsifprimary targeted for flash chips
with no automatic rewrite options, it can be usedSD card as well. The filesystem
provides buffering and automatic error detecticatdees.

MansOS configuration system can enable these coemp®rwhen needed or
disable them to optimize compilation length. Irheit case, the system automatically
detects when a component is not used and optinbimesy code by pruning unused
components from the final executable.

A declarative scripting language SEAL is availabfetop of MansOS. SEAL is
targeted towards domain experts and novice progamnsEAL features extremely
concise syntax for describing common tasks: seraorpling, data processing and
data communication. A few complete application egke® are given in Listing 1 and
Listing 2.

Listing 1 SEAL code for accelerometer sampling and mea-
surement StDl’i[’lg

// define sensors

define AccelX ARnalogIn, channel 0
define AccelY Analogln, channel 1
define AccelZ ARnaloglIn, channel 2
// sample the sensors

read AccelX; read AccelY; read Accel?Z;
{// store sampled data to SD card
output LocalStorage;

;

L
o
L

Listing 2 SEAL code for pothole detection with STDEV
algorithm

// define sensors
const ACCEL_7 2;
define Accel? Analogln, channel ACCEL_Z;
define Deviation stdev (take (RccelZ, 10));
// when STDEV wvalue exceeds threshold:
when Deviation > 100:

ff read the detection time

read Uptime;

// indicate a pothole presence wvia beep

use Beeper, on, duration 200ms, freguency 1000;
end
// log the detection time to SD card
output LocalStorage (Uptime);




3.2.3. Evaluation

To evaluate the described CarMote embedded deteefdllowing set of the
activities were performed:

test drive with Android smartphone HTC Desire andrMote embedded
device;

acquisition of the accelerometer data for poth@ection using Potroid
comparative analysis of acquired accelerometer. data

Accelerometer data acquisition was performed 3esiper second using CarMote
embedded device and 53 times per second using Ahdmartphone (Fig.3.5).
Analysis of the acquired data revealed that, takimg account slightly different
positioning of both data collection devices, acgdidata are practically identical and
therefore data from CarMote embedded device armaldai for usage for pothole
detection using Potroid approach. Relatively betensitivity of the CarMote
embedded device in the context of accelerometedigvalue could be considered an
advantage because this axis value is the mosttefféxy potholes passed by vehicle.

Figure 3.5 Accelerometer data acquired using CarMa embedded device and Android
smartphone HTC Desire

Serious advantage of CarMote embedded device ovedrodd smartphone
equipped according Potroid approach and laptop octenpequipped according
RoadMic approach is the native possibility to ukteical system of the vehicle as
main power source. In this case long term dataiaitgun and processing sessions are
possible almost eliminating the risk of empty im@rpower source.

The results of vehicular wireless sensor node edlaictivities are described in
paper ,Embedded Solution for Road Condition MonitgrUsing Vehicular Sensor
Networks” [3.2.15] as well as presented in the Giternational Conference on
Application of Information and Communication (AIZD12, October 17-19, 2012) in
Thilisi, Georgia.

3.3. Stereo vision for smart vehicle with cooperati ve
cruise control

3.3.1. Passive stereo machine vision

Passive stereo machine vision is a technique thatva acquiring depth or
disparity information using two general purpose eeas. The idea is based on natural
human vision. Passive means that the scene isalpdgrved and no active element
like IR light or laser is used.



The depth information is gathered from rectifiednesa images using stereo
triangulation. Stereo triangulation allows calcirigtdistance to a point knowing the
position of this point in both left and right imagerhe the horizontal offset then is
calculated which is proportional to the distanceht® point. This can be seen in Fig.

3.6.

Y, Z

P=(X)Y,Z)

Figure 3.6 Stereo triangulation

3.3.2. Passive stereo machine vision applications

Biometrics. Passive stereo machine vision can be used indtiars to identify a
person by using the 3D model of the persons fakbis. dan be much more robust than
using plain image. Example can be seen in Fig[331]

Figure 3.7 3D reconstruction for biometric purposes

3D reconstruction. Passive stereo machine vision can be used toizéigand
reconstruct 3D model of the surroundings like & oit specific objects. This can be
used in robotic and automatic navigation applicejoas well as content generation
for special effects and computer games [3.3.2].83.3

Adaptive cruise control system Passive stereo machine vision can also be used
in an adaptive cruise control system where distdaadte front car is calculated via



the stereo vision and then used to control caredgspepending on the distance to the
frontal car. The current output of the written safte can be seen in Fig. 3.8 and Fig.
3.12.

35.437215m

Orn

1.025186m /T = 10,2519&81m/ s = 36.30705%3krm .k

Figure 3.8 The graph showing distance to the cardp) and the change of speed (bottom)

3.3.3. Previous work in intelligent car systems u  sing 3D
vision
Karlsruhe Institute of Technology project AnnyWages two color and two
monochrome cameras for image acquisition, a LIDAR laser range sensing and
GPS/IMU for additional sensor information. Then ythase this information to

calculate the motion, disparity and other paranset€he project doesn't use this for
adaptive cruise control or adaptive driving howe\3e8.4].

The DARPA Urban challenge 200fad many autonomous vehicle entries and
most of the teams used either active sensors lIRAR or passive cameras in a non-
stereo setup. The goal was to create an autononehisle that could move over
large distances in high speed without a driver.i.[8.3.6].

3.3.4. Hardware

The prototype is using two Flea2G 1.3 MP Mono Fined\394b cameras which
were chosen because of their low noise, reasomalue, large customization options
and the possibility to synchronize two camerasth@FireWire bus. Synchronization
is essential as temporal changes between images degkh calculations unpractical.

Optics for the camera has been chosen to be Ed@ptidsNT58-365Varifocal
Video Lens 4mm - 12mm Focal Length lenses. TheyeHaen chosen for the large
field of view and price. The field of view is 60 glees for the 1/3 inch sensor of
Flea2G. Large field of view allows monitoring momead lanes and larger area in
front of the car in general.



The car is a Dodge Caravan and has the camerasopesdi on the roof-racks
using a custom built rig. The cameras during setng indoor testing while being
attached to the rig can be seen in Fig. 3.9.

Figure 3.9 Cameras and the rig

Even though the optics were marketed as low-distordistortions were still very
noticeable. Especially radial distortions which nfests as fish-eye effect where
vertical and horizontal lines are bent near theeedgf the image. This made
calibration quite difficult. This can be observedrig. 3.10. For disparity calculations
these distortions need to be corrected. This i®dluming camera calibaration.

Figure 3.10 Left: Unrectified image. Right: Rectifed image

3.3.5. Software

Current software uses OpenCV for general purpos@an® drawing. LIBELAS
library for fast disparity calculations, PointGr&yCapture SDK for synchronized
camera input and custom code for camera trackim cistance calculations. It is
written in C++. The software is coded in modulashi@n to keep as much of the
systems separate. Synchronization should happeghrBireWire bus automatically
because of the common clock signal, so the masoreéor FlyCapture SDK was that
the cameras don’'t work correctly with OpenCV cammtarface. The FlyCapture
SDK also has problems with C++ interface for non MiSual C++ environments, so
C interface was used instead. FlyCapture SDK dmlvakynchronization of camera
parameters like gain and exposure between the esmérile one of the cameras has
these settings set automatically. Current modutestiae pipeline is show in Fig 3.11..
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Figure 3.11 Current software modules and their relions

Currently to initiate tracking an object has toded¢ected. After that the tracking is
automatic and works in the combined field of visadrthe cameras.

Tracking involves calculating the disparity in agi@n of interest around the
tracked object and then use segmentation on tiphdeap. Ground plane is removed
so its gradient doesn’t influence the segmentation.

Then the object is segmented in disparity map usiegth with thresholding
values. The segmentation is flood fill bases arglires at least one point on the
surface. This is why the object has to be seleatedtart. Segmentation gives the
surface of the object, like the back of a car. Tthendistance is calculated for all the
points on this surface and the distance to surfacebtained by averaging all the
distances. This allows mitigating noise and diggaralculation errors.

After that the centroid is calculated for surfatée previous frame’s calculated
centroid, bounding box for the surface and otheam&ters are then interpolated with
the new ones. This removes erratic behavior becaluseroneous disparity value or
fast moving objects. These are basically tempayabtains that take into account the
fact that nothing can change these values infindelickly. Like if the car is detected
5m away and in the next calculation the car is 38may, then there probably has
been an error, as that would indicate a speed Okré/h (at 30fps) which is
improbable. The interpolated centroid is then tiaeking point at the next frame and
all is started from the beginning. The distancenges then can be used to get speed
and acceleration/deceleration. This informatiomtban be used to control the car.

This method allows very fast and efficient trackofgpbjects. However, for this to
work reliably there has to be automatic detectiod partial tracking in image space
as well, not just disparity space. This is neededabse the current method alone is
very unforgiving to loosing the object. That usyalkads to erratic jumps which
require reselecting the target. This loss of obpant be detected however and that
allows using image space detection and trackingterget the object.

The current method also doesn’t take into accouanlugions like one car driving
in front of the other, but that is intentional @sadaptive cruise control the tracked



object should be the one closest in front of thes gaath. This can be taken into
account however by tracking the distance and Iapkor jumps in value, which is
similar to the temporal constraint already menttne

The workings of the algorithm with region of intste disparity calculation,
ground plane removal, segmentation, surface bogniolax and centroid can be seen
in Fig. 3.12.

Figure 3.12 Software output of a car being tracked

3.4. Smart road studs for dangerous road situation
warnings

Transportation is an important aspect of our livést it produces significant
amount of injuries. In the USA 5080 pedestrianslisis and other traffic participants
outside motorized vehicles were killed in 2010, Q3D injured [3.4.1]. Rear-end
collisions constituted 29% of all injury crashestile USA, in 2006 [3.4.2]. More
than 70% of rear-end crashes happen during thetohaekof the day [3.4.3]. Research
shows, that additional visual hazard warnings meduce accidents by up to 50% in
some cases [3.4.4].

Intelligence for accident reduction and additioaalareness can be introduced in
transportation in multiple conceptually differenaiys: (1) by creation of smart cars;
(2) upgrading infrastructure, (3) changing envir@minand laws; and (4) augmenting
pedestrians and cyclists. While smart-car direci®mpopular in recent years, its
applicability is limited in low-income regions amduntries, such as Thailand, where
bicycles and motorbikes are more popular than [Ga#s4]. Creation of environment
and juridical laws, where traffic participants aneximally separated, is effective, yet
it requires huge investment to build advanced hayswith many line car roads and
dedicated cyclist tracks. Augmenting of pedestriand cyclists has the drawback of
“forgetfulness” — people often do not assess thpontance of safety and forget to
instrument themselves.

3.4.1. Related work

One of the main tasks for the intelligent vehickes well as intelligent road
infrastructure is detection of nearby located vidsic This task could be solved in
several non-intrusive ways, including vision-basgaproach and active or passive
optical sensors [3.4.5], or emitted RF noise frdm wehicles [3.4.6]. To ensure
reliable vehicle detection and low power consumpts@veral detection techniques



with different credibility and energy consumptiorhacacteristics can be used
subsequently — optical sensors for initial detectiand magnetic sensors for
confirmation [3.4.7]. Specific case of this taskvehicle detection during night time
or low visibility conditions. In this case vehictietection is based on light sources
analysis as potential other vehicles head or igit$ and acquired information is
usable for automatic switching of vehicle headlgbetween high and low beams
[3.4.8].

Monitoring of light is one of the most typical emmiment sensing tasks. Besides
stand-alone monitoring, light sensing can also tiencas data source for closed-loop
control system, such as adaptive lighting in openal road tunnels [3.4.9]. Specific
case of this task is detection of the fog as auolibii reason for low visibility during
night time. It can be performed using image analgsid detection of backscattered
veil induced by the vehicle ego lights as well @aok around light sources in the
vehicle environment [3.4.10].

The main method for detection of creatures, inclgdiild animals and humans,
in total darkness is thermography. This methodasel on measurement of their own
and the reflected heat radiation within the infcaspectrum, and allows investigations
of phenomenon as bird-turbine collisions at offehwind farms [3.4.11], [3.4.12].
Relatively simple thermography solutions based asspve infrared (PIR) sensors are
widespread used in intrusion detection and autanigfinting systems. Other animal
detection methods assume usage of microwave radapss, infrared or laser beams
[3.4.13] as well as equipment of the animals withSXcollar devices [3.4.14].

There are recent research activities related toarmzkd road infrastructure:
intelligent road studs magnetically coupled fromwpo wires buried in the surface
[3.4.15], road studs with protection against predatned wavelengths of solar
radiation [3.4.16], road studs with incoming andgming optical communication
[3.4.17], and solar powered microcontroller baseadrstuds [3.4.18]. Compared to
existing solutions, instead of installation of cdatply new road infrastructure items,
our approach assumes augmentation of existingindeabtructure.

Most similar to our proposed solution are Road Ngstem [3.4.19], [3.4.20]
developed in University of Novi Sad, and wireleensor package to instrument
roadways for Intelligent Transportation Systemg [31] developed in Massachusetts
Institute of Technology (MIT). Road Nail system emts of a number of solar
powered wireless sensor network nodes mountedtheawad edge. Main activities
of the system are detection of approaching vehiales emitting signalization light.
Our proposed solution uses similar hardware concggt different activities are
performed, including detection of several relatwslpical dangerous road situations
and visual warnings to drivers. Wireless sensoikage developed at MIT counts
passing vehicles, measures the average roadway,spe@ detects ice and water on
the road. Clusters of sensors can transmit thigrimdition in near real-time to base
stations. Our proposed solution has different pgiciga approach that is based on
existing road infrastructure items and does notiiregntrusive installation work.

3.4.2. Approach

The detection of predefined dangerous road sitostis performed using the
following algorithms:



1) if ChargingFromSolar panel is false

and LightFromPassedVehicle is true

set DangerPassingVehicle to true for 2 min.
2) if AirTemperature is below +2C

and AirTemperature is abowe -5C

set DangerousRoadSituationTwo to true

else set DangerousRoadSituationTwo to false
3) if ChargingFromSolar panel is false

and LightFromPassedVehicle is false

and InfraredFromObiject is true

set DangerAnimal to true for 1 min.

Priority of dangerous road situation Il exceedsation | as air temperature could
not be estimated without appropriate measuremeviceleDangerAnimal situation
has the highest priority as there exists real darfigen detected object not only
possible danger due to potentially slippery road.

3.4.2.1. Hardware

The heart of the IMilePost embedded device showrFilm 3.13 is Texas
Instruments 16-bit microcontroller MSP430G2553.sTmicrocontroller was selected
due its ultra low-power consumption significant &mtonomously operated device.

Figure 3.13 Structure of IMilePost embedded device

Sensing part of the device consists of ambientt Ilggnsor TEPT5600 used for
detection of approaching vehicles head lights, &magre and humidity sensor
SHT15 used for detection of temperature range chexiatic for road ice formation
and two dual type pyroelectric infrared (PIR) sesd®A-E700 used for detection of
wild animals and pedestrians. The light sensor laotth PIR sensors are attached to
the microcontroller using its ADC inputs but temgaere and humidity uses digital 2-
wire serial interface.

Visual interface part of the device is designeda®t of ultra bright LED’s with
different colors therefore the possibility to repdifferent dangerous road situations
to drivers is provided.



Apart from function as independent sense-and-regierh, in the future the
IMilePost device could function as separate nodadmogeneous or heterogeneous
wireless sensor networks. This functionality is ypded by addition of Texas
Instruments low-power sub-1 GHz RF transceiver 1that can be configured for
operating in the 315/433/868/915 MHz ISM/SRD bands.

3.4.2.2. Solar power supply

+3V power supply voltage has been chosen for thelevRystem and maximal /
average estimated current consumption is 7mA / 1iit#e solar power supply unit
has been chosen and calculated for minimal day itnv@nter 6h with maximal solar
energy about 600W/m2, so solar energy must be adeted in an ultra capacitor in
guantity enough for feeding of the connected etestr device in the night time for at
least 18h.

Solar power supply unit must contain a solar célhwpen circuit voltage +3.3V
and short circuit current 0.4A, separating diodaulra capacitor with capacitance at
least 200F and maximal voltage +2.7V for energyaudation, connected to input of
the DC/DC converter with stabilized output voltag8.0V. TLV61224 has been
chosen as the most appropriate DC/DC convertergrbgdlexas Instruments. It has
input voltage range +(0.8-3.0)V, very small intdricarrent consumption, output
voltage +3.0V and maximal possible output loadenirdOmA. Inductance L (4.7uH)
is an outside part for DC/DC converter. Full scheendiagram of the solar power
supply unit (excluding auxiliary noise reductiorpaaitors) is given on Fig. 3.14.

Figure 3.14 Schematic diagram of the solar power gply unit

The solar cell 2V, 200mA and ultra capacitor 10@veérbeen used in the first
experimental model of the solar power supply uPé@rameters of some parts may be
slightly adjusted after field testing of full exjpmental device in real conditions.

3.4.2.3. Packaging

Experimental device has a form of a vertical steble with diameter 60 mm,
upper end of which is located about 1 m over grotnd underneath end is fixed at
least 0,5 m in the ground (Fig. 3.15). Main elecito parts - all sensors,
microcontroller and flashing alarm light LED’s amaounted in the electronic
compartment - separate steel tube piece of the siganeeter on the upper end of the
main tube. A solar panel with compartment for ultepacitors is mounted on two
steel disks with diameter 144 mm, hereto underndastk is tightly mounted on the
upper end of the electronic compartment tube, ppeudisk together with solar panel
compartment can be rotated round up in steps 3@dofiaed by 4 screws on the
underneath disk. So light sensor and flashing alayint can be oriented to cars on the



road by right fixing of main tube in the ground,tlsolar panel in every case can be
oriented directly to the sun.

Figure 3.15 Design of an experimental device (meass in mm)

The results of smart road studs related activiiess used for forthcoming paper
»IMilePost: Embedded Solution for Dangerous Roadi&ion Warnings”.
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4. Biomedic nas sign lure istr cijas iek rtu prototipu
izstr de, iesaistot sensoru t kla tehnolo ijas un
att st to sign lapstr des algoritmu adapt ciju
konkr tiem pielietojumiem

This year we are continuing to work on acquisitaoml interpretation of biological
signals. The goal of this research is to providiebensight and tools for reading and
understanding biological signals, and also to use knowledge as a tool for
behavioral improvement by providing feedback todhquired actions.

As in the previous year, this section consists loké¢ separate sub-sections:
“Electroencephalographic helmet for analysis, mmteration and processing of
cortical EEG signal” (Section 4.1), “Smart solusoim diagnostics and hindering the
development of scoliosis based on biofeedback gémerby sensor networks”
(Section 4.2) and “ Biometric person recognitiosteyn based on palm vein patterns”
(Section 4.3).

4.1. Electroencephalographic helmet for analysis,
interpretation and processing of cortical EEG signa I

During this reporting period design of electroerw@dpgraphic helmet and brain
signal studies - previously expressed plans, wenéirtued.

As mentioned, systems based on EEG signal intefpzatcan be useful both for
medical (diagnostics and treatment) and non medfcamputer games, neuro
controllers, management systems, education) agijuits.

In 2011 the designing of EEG (electroencephalog@pdielmet was started. We
aim to develop a system, which the subject willabée to set up and use himself at
home, so the basic requirement is its’ convenidicachieve high results for EEG
system it is important to provide sufficient sphtiasolution (have enough EEG
chanels). As it is planned to make a wireless gysie has to be energy efficient -
view section 4.1.3.

For better understanding of electroencephalograplfiocmation EMOTIV EPOC
research kit was bought and, using EPOC, brainatsgm different subject’s
conditions were gathered Results of the researdBEf& contained events, which are
achieved to date, are described in sections 4ahd 4.1.2.

The results obtained in this period:
1. Experimental EEG data gathering and processindi(®e4.1.1).

2. Studies of evoked potentials related to visual glirand brain rhythms (Section
4.1.2).

Future work:
1. EEG helmet prototype
2. Brain signal studies



4.1.1. Experimental EEG data gathering and proces sing

Using the Emotiv EPOC wireless EEG recording devseweral fragments of the
EEG signal were gathered.

Subject was put in different mental conditions fraaimed to stressed. Visual
stimuli were applied. We used letter/symbol mafroom EPOC software and direct
light for stimulation.

First real time EEG was visualized in EMOTIV EPOGftware, but for better
undersanding signal processing algorithm was e&bdrand implemented in Matlab
environment (Fig. 4.2). General principle of expegnt is shown in Fig. 4.1.

Figure 4.1 The principle of the experiment

Using elaborated algorithm, registered EEG dataeweiported to MatLab, a
signal spectra and spectrograms of the differeabils were obtained.

The signal parameters on which it is possible &sgfy brain rhythms and event
related potentials (ERP) were defined [4.1.2]. Blase defined parameters, we dealt
with frequency, time and amplitude-based analysethods. Voltage projecting and
time-frequency analysis (amplitude frequency charstics and spectrograms)
methods were chosen for studying the signal inethidienensions - aplitude, time,
frequency [4.1.3].



Figure 4.2 Flowchart of MatLab algorithm

Fig. 4.2 shows flowchart of MatLab algorithm. Belaw explanation is given:
a) The beginning of the algorithm.

b) The definitions of variables that are used ilcwations (for processing). Variable
data is the data matrix, which contains all of BG signal for each channel and the
contact details of the electrode quality of thejsats head. Variablehnis a signal
for one channel without deprivation of artifactsarible ch - the real value of the
EEG, buttl andt is the times value’s vector’s definition.

c) the data are entered into MATLAB by importingm from *. csv file.
d) The next step is the channel value’s vectdiry each channel has its own vector.

e) Then, the artifacts are subtracted from the evafieach vector, resulting in the
EEG signal for each channel - ch.

f) Time vectortl is defined.

g) t1 is divided by the sample rate - 128Hz. Real-timelugs are inversely
proportional to sampling frequency.

h) Spectrum estimation for each channel using thiét-im MATLAB function
spectrogram.

I) The Fourier transform of each channel usingdbiét-in MATLAB FFT function.

j) After the Fourier transform the one-sided sigsactrum is drawn. You can use the
one-sided spectrum of the final length of the sigihlhe spectrum is plot as a separate
figure.



K) In this step, the EEG channel true name, suchFs F8, is expressed as a channel
electrode contact quality value.

[) The resulting contact quality value is compavath a "4" and defined agood or
bad

m) The end of the algorithm.

4.1.2. Studies of evoked potentials related to vi  sual
stimuli and brain rhythms

All experimentally obtained data were subjectetailLab algorithm described in
chapter 4.1.1. and fast Fourier transform. Accardm each mental stimulation and
activity type [4.1.4], the channels were selectexinfthe data sets and later subjected
to short time Fourier transform. Below an examdlamalysis of two channels from
one data set is. But the reader must understaatisgetrograms, one-sided spectrum
and a short time Fourier transform were used flodath sets in order to determine the
type of brain rhythms, thus determining the typstahulation.

To determine the rate and type of stimulation atheBEG data set, specific
channels were selected from EEG voltage projectionisich we were able to
evaluate, using EPOC software. For example, duliegregistration of data set$
the subject was static and the aim was to recad-tihythms, so channel©1 and
02 were chosen for the signal analysis, as in tiheg®ns4-rhythms are projecting.
Similar it was with other conditions of the subje&ixperimental channels were
chosen for each condition (mental activity or stimtion) depending on theoretical
knowledge about cortical region®1-one-sided channel spectrum is shown in Fig.
4.3.a, buD2 one-sided spectrum - Fig. 4.3.b.

As can be seen in Fig. 4.3, in these channels tequency dominates, which is
normal characteristic of EEG signal. Larger ampks in both channels appear
around 10-13Hz frequency range.

Figure 4.301 and O2 one-sided spectrum



From Fig. 4.3 it can be seen that, dominating fesqy range corresponds 4e
rhythms’ frequency range [4.1.5] . It means, tthe subject was relaxed with his
eyes closed.

The attached figure is just an example, how dasdyais methods implemented in
MatLab environment allows to recognise events airbsignals.

4.2. Smart solutions in diagnostics and hindering t he
development of scoliosis based on biofeedback
generated by sensor networks

In the first year of the research study for scadiadetection and prevention we
developed a scoliosis detection device prototypd W2 sensors and accompanying
software capable of drawing basic model of the sitagen by this prototype system.
This year we have continued work on this system rmade several improvements,
both in precision and usability. Also our resulés’é been published and presented as
described in sections below.

The results obtained in this period:

Device prototype improvements (Section 4.2.1).
Data processing improvements (Section 4.2.2).
Smartphone (Android) application (Section 4.2.3).
Published results (Section 4.2.4).

Future work:

A D PRE

1. Gather and analyze real life dynamic data from lbathithy people and
diagnosed scoliosis patients.

2. Create more precise algorithms for detection of amed postures
3. Work on increasing the precision of the system ahale

4.2.1. Device prototype improvements

Continuing the work started in previous year, deyicototype has gone through
several improvements. These improvements are sty

Increase in the number of sensors:

For more equal horizontal and vertical resolutiomdre sensor nodes were
added to the sensor network. This resulted in b8a@enetwork arranged in a
grid formation of four rows and four columns. Thewn sensor network

provides more data than the previous 12 sensoronktand covers the surface
more evenly.

Development of elastic harness:

For the device to be wearable a special elastiodsarwas developed for the
latest version of prototype. The harness was dpaltif developed for testing
purposes - it consists of elastic bands and variddahgth Velcro closures,
allowing test subjects of different ages and bdugpes. Additionally sensors



are connected to the harness with removable Veltraps allowing easy
removal for upgrades or repairs and also easyagtocfor testing of different
sensor network configurations.

Battery powered:

For the device to be wearable outside of laboratbrnyas equipped with
rechargeable batteries replacing power cord. Aljhoim early experiments 2
rechargeable AA batteries were sufficient (2.4 Wter when device was
equipped with wireless communications at least\B8\8ere required. Because
of this reason the battery pack was upgraded &rBargeable AAA batteries
(3.6 V) of similar weight and size. Because thedatprototype model with
wireless communication only spends approximateljnAQthis battery pack
containing 3 average rechargeable AAA batterie®@mAh capacity can
sustain the device for approximately 48 hours.

Wireless communication:

For full mobility while wearing the device it wasj@pped with wireless
transmission capabilities. This allows transmittadega to external computing
device such as personal computer or mobile phondufther calculations.
Wireless communication was realized in two stages.

The first stage used antenna and wireless moduléhefeZ430-RF2500

module which was already used for the MCU locatadito This approach

used very energy efficient data transfer algoritBmpliciTI™developed by

Texas Instruments for use with their sensor modwdétiough this approach
had some benefits, there were several drawbackl,asihigh processing load
on MCU or the requirement for specific externalgieimg module which must

be plugged into personal computer before data eaedeived.

Second wireless communication version was devisesed on Bluetooth
communication. This standard was chosen becausewtdely available on
mobile phones and personal computers, so no additsgtup is needed on the
receiving side. On the device side a standard BTI-RBluetooth module was
used. This module takes care of all the actionsesssry for wireless
communication and in doing so leaves the MCU fogeother calculations.

Enclosure:

The central processing module together with Blugtedreless module and
battery pack were enclosed in protective enclosthes allows the prototype
unit to be worn for prolonged periods of time withalamaging it. On switch
and informative diodes were added to the enclosureasier operation (Fig.
4.4)

Figure 4.4 Enclosure protecting the central processg module and Bluetooth module



As a result of these improvements the latest pypeowersion (Fig. 4.5) is fully
mobile, wearable by a wide variety of people angdatde of sending gathered data
over Bluetooth to their mobile phone for future gassing and storage.

Figure 4.5 Prototype device harness

4.2.2. Data processing improvements

Specially designed software in MatLab environmeaswsed for development of
more advanced data processing algorithm and mareiger approximated surface
model construction. Algorithms were designed tosbeple and effective to allow
them to be implemented on portable devices susimastphone.

In the new approach surface model consists of $tps of mutually connected
vectors. Every strip is constructed from four fidedgth vectors, each starting from
the end of the previous one. The structure of apprated model corresponds to
sensor networks 4 by 4 grid architecture. These &ps are then connected to a
base line to mutually connect each of them. Theebme is rotated along with one of
the vectors in first row, to obtain more realistiarface model. In initial conditions
every vector is defined as parallel to earth gyagtertical), thus resulting initial
shape is flat vertical surface. Then each vectootated from its vertical position to
orientation of its corresponding shape (Fig. 4Té)is provides that the approximated
model shape correspond to shape of physical devibés approach has some
limitations arising from segment rotations arouredtical axis, however, method is
sufficient for basic shape approximation and analys



Figure 4.6 Structure of approximated surface modej4.2.1]

For description of sensor orientations a quatermegresentation was used. This
method allows to overcome problems such as nordenigpresentation and gimbal
lock which are present when using Euler anglest€nins are numbers with three
imaginary parts, and can be used to representaatian around any given axis. The
orientation of sensor is defined as a vertical radraector, which is rotated for an
angle around axig (Fig. 4.7).

Figure 4.7 Quaternion representation of sensor origation [4.2.1]

If we have normalized accelerometer dateaa &, angle can be obtained as:
a = arcms[lﬁ: Qx ay,az) -(0,0, ]_}]. (4.2.2.1)
The direction oh can be calculated from:

n=la,a,a;)x (001) (4.2.2.2)



Using these parameters we can construct the rotqtiaternion:

6

gl = cos (E)

gl

%)
2 (4.2.2.3)
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g2 = ngcos (Ej)

6
g3 = nscm(;)
This quaternion can be used to rotate any givetovethis can be done either by
constructing quaternion rotation matrix, or usingigrnion multiplication [4.2.2].

4.2.3. Smartphone (Android) application

For mobile data gathering and feedback testing artpimone application was
developed.

Because of its open source nature and abundanalaiiy of online support the
open source smartphone platform Android was chdgethe development of first
mobile software prototype.

The software is capable of:
Connecting to the sensor system via Bluetooth octrore

Storing correct back position selected by a dofciothe best self correction of
deformations

Selecting the sensitivity - how much the subjed tmmove away from the
correct posture before a feedback signal is sent

Selecting the type of notification - whether feeclo#s sound based, vibration
based or both

Running the monitoring software, which keeps tradkhow much time
proportionally is spent within the correct posty@ameters versus the time
spent in the incorrect posture, while providingdieack at the same time

Real time animation - the software is capable dfpldiying the current
calculated shape of the back, together with a gepresenting the correct
shape which needs to be maintained. This allowsifiee to train the correct
posture more precisely.

4.2.4. Published results

Within the last year our system has been desciilbethe masters paper by Atis
Hermanis [4.2.3], presented in one poster sessiomternational Symposium on
Biomedical Engineering and Medical Physics (ISBEN#2.4] and also published in
one scientific conference - Baltic Electronics Goehce (BEC2012) [4.2.1]. In
BEC2012 the presented article also received rewésd the composition and
presentation of the best paper”.



4.3. Biometric person recognition system based on
palm vein patterns

Palm vein pattern is unique to each person, maikipgssible to identify person.
During this project, a computer based device isetiged, that acts like biometric
door lock, by allowing person to enter the roomyahinformation about his or hers
palm vein signature is equal or similar enoughetiord in database.

During recognition process, image of palm is camuin IR spectrum, making
palm veins more visible. Using location of gapswesn fingers, ROI location is
calculated, and ROl is extracted from rest of tiogupe.

Figure 4.8 Palm and palm vein pattern

Using Fast NH-CMF filter, vectors describing paleirvpattern are acquired from
original image. Image gets divided into 8x8 cetlsring only most intensive vector in
each cell, in form (XY o,dX;dY) ; where X% and Y, are starting coordinates for vector
relative to ROI dimensions ( thus in range [0;1dX and dY are projection of vector
on X and Y axis respectively. From stored vectdeda vector is created in form of:

(X1o,Y1,,dX1,dY1,X2,Y2,,dX2,dY2,...
s X064,Y64,dX64,dY64,+-1,+-1,+-1,+-1,+-1,...,+-1)

where +-1 is +1 if respective vector is in 50% obdghintensive vectors , and -1
otherwise.

For data vector elements with indexes (1-based)257; 320] respective vectors are
described in elements (i-257)*4+1 to (i-257)*4+4.

Person unique biocode is derived from data vecyohdshing it using Biohash,
for safe storage in database, meaning, palm veterpacould not be restored even if
biocode is stolen.

For better performance, system is trained for gaison recognition, that is, 5
sample images are taken from each person, andgevbracode is calculated, as well
as information about bit stability is stored, makih possible for more stable bits to
contribute more on similarity, than less stabls bit
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5.Uz rot cijas le iem balst tas visp rin tas sign lu
anal zes meto u att st ba un algoritmu model Sana

5.1. Visp rin t s Jakobi matricas (EGURM) faktoriz  cija

2012. g. tika veikti pt jumi, lai faktoriz tu visp rin to Jakobi matricu (EGURM —
Elementary Generalized Unitary Rotation Matrix), kas auj izpildt elementro
visp rin to rot ciju, izmantojot 5 relu v rt bu rot cijas [5.1].

5.1.1. EGURM k triju kompleksu matricu reizin jums

Algoritma pamat ir Jakobi matricas izteikSana arstretin tu kompleksu matricu
reizin jumu (agrk zin ma lieta):

- c e se'* 1 0o = el Q*
T + s, e c, ej.)( foej(')§ To( /):"O ejs. (5.1)

P t juma pienesums ir EGURM faktoriaja:
T T(a,bg,b.,u) T,(u) T,(a,bg,b.) T,(u), (5.2)

kur divas no matrian ir kompleksas

1 * _eStu)j *
T5(u) 40 sy sew )"Tl(u) ’+e 0 esg,u)j ( (5:3)
vid ] matrica ir Givena matrica ar permuim rind m (R) un kolonnm (C):
-C S *
T Tel) Toaboh) R@b) o G, (5.4)
bet zmju matrica
-1 11 ¥
S :'_ 1 1 1 ]5 (5.5)

nosaka atbilstoSo matricu elementmes.s,=sin(/), c,=cos(). Main gie a, ki, bc un
u nosaka konkitu EGURM izskatughapé@.



5.1.2. Re luv rt bu EGURM ekvivalenta faktoriz  cija

Ja kompleks ieejas signla vektora (2 kompleksi elementi), kuru itrpnsform,
p rraksta k re lu v rt bu 4-u elementu vektoru, ® varam izteikt EGURM "rdo"
ekvivalentu K triju 4x4 re lu retin tu matricu reizinjumu:

yr yRel ylml yReZ yImZT Tr Xr T3r (T2r (Tlr XRe’L lel XReZ XImZT))’ (56)

kur
.- 00+  -1000* . 00 * 1000
T T g
+-00 0100 001
T loo, (T, 0o s P+00-|-(/)E PkurP 9019 (57)
007 ¢ 00 F00 RYH 000

un faktorizt s matricas satur r&as rot cijas struktras:
T Te(SAu.), T Te(S@uU ), T  Te(SRu  SAU). ). (5.8)

No iepriek§j m izteiksmm izriet, ka, lai stenotu komplekso EGU-ratiju, ir
nepiecieSamas 2+2+1 = 5 l&s rotcijas, virkne le u prr inu ( emot vr
izv | t s EGURM konkrto izskatu) un permutiju.

5.1.3. EGURM daudzveid ba un precizit te

Atkarb no Tg rot cijas le a diapazona, EGURM ir iespami no 4 |dz 64
da diizskati 6hapey Le u diapazoni, adresu intefvun izskatu skaits ir apkopots
n kamaj tabul

I, .. (deg) a,u br be Nrs, Ns
[0, 45°] [1, 4], [1, 4] [0, 1] [0, 1] 16, 64
[-45°, 45°] [1, 4], [1, 4] [0, 1] 0 8, 32
[0, 90°] [1,2],[1,2] [O,1] [0, 1] 8, 16
[-90°, 90°] [1,2],[1,2] [0,1] 0 4,8
[0, 180°] 1,11, 2] [0, 1] [0, 1] 4,8
[-180°, 180°] 1,1, 2] [0, 1] 0 2,4

Samazinot pamatrotatofigs le  a diapazonu tlz [0, 45°] ir iespjams paaugstirt
rot cijas precizitti (I dz pat 8 reizm), ja rotcijas le i main s plask s robe s ([-
180°, 180°]). Tas notiek uz EGU-rotatora strukis sare t bas palielinSanas r ina.



5.2. Doplera radara (DR) sign  lu ciparapstr de

2012. g. tika veikti pt jumi, kas saisti ar DR signlu ciparapstrdes algoritmu
izstr di. Algoritmi ir balstti uz minim lo kvadrtu metodes un atstaroto sidum
modeiem. Izstrd jamie algoritmi ir paredZi t du transporta ¢izeku (TL) kustbas
parametru iegsanai k: trums, izmri, kategorija un kusbas josla [5.2] [5.3].

5.2.1. DR sign la ciparapstr des algoritmi

5.2.1.1. Viena atstarojoS punkta modelis

Algoritmu pamat ir DR signla modea izv le. Pats vienks kais ir viena
atstarojos punkta/zonassgattering point modelis:

x(t) A®t) sin@  fy (1), (5.9)
kur

fo() K V(1) Kk Vy(t) cos¢(t)). (5.10)

Apstr des algoritm p ¢ b t bas tiek ignorta apliecja A(t) un tika izmantota
inform cija tikai par frekvences$p(t) izmai m. Apliec ja tika izmantota tikai TL
atstarot sign la s kuma un beigu deteldanai. Galvenalgoritma funkcija ir nowrt t
TL trumuVo(t).

5.2.1.2. Minim lo kvadr tu metode

Algoritms oper ar starpou starp modelietverto un eksperimerit noteikto
frekvences izmau laik :

(tk) fexp(tk) fD (tk) ) (5.11)

pieprasot, lai at§r bu kvadrtu summa btu minim la, kas noved pie viedojumu
sist mas

K
t) 0 f, xt,

0 512
k1 Ox ’ ( )

kur xirizv | tais parametrs frums, attlums ldz joslas centram utt.)



Figure 5.1 Divu modeu pielaikoSana eksperimentlajam laika sign la (no viena TL), raustta
I nija — lokaliz cija ir dota, punkt ta | nija — lokaliz cija ir atrasta

Figure 5.2 TL kust bas parametru nov rt Sana, izmantojot frekven u detekt Sanu
un minim lo kvadr tu metodi

5.2.1.3. Vair ku atstarojosSo punktu modelis

Ja ir vajadza paaugstirt TL kustbas parametru noxt Sanas preciziti, tad ir
j izmanto vairku atstarojoSo punktu modelis:

(5.13)

S ds modelisauj atpaz ar aptuvenuvi a garums 1.25 cm) TL formu. §um
ir izmantots 5 ) punktu modelis.



Figure 5.3 TL kust bas parametru nov rt Sana, izmantojot frekven u detekt Sanu un minim lo
kvadr tu metodi 5 punktu modelim. Sarkan | kne — p ¢ modea restaur tais laika-frekvences
sign Is, zil | kne ori in lais laika-frekvences signls

5.2.1.4. Perspekt va-uzrot ciasle iem balst tu
funkciju modelis

Atrodas izstrdes stadij. 1zskats, ka aus btiski ietaupt skaitoSanas apjomu un
FPGA resursus. Te ir pilgi jaunas patenfamas lietas.

5.3. Uz rot cijasle iem balst tusign Ilu
ciparapstr desier umodu uizstr deun
mikrominiaturiz  cija (ASIC/FPGA)

_ Moduu izstr de un mikrominiaturizcija 2012.g. ir noritjusi vair kos virzienos.
Seit apl kosim tikai galveno pienesumu VPP.

5.3.1. EGU-rotatora arhitekt rabalst tauzre luv rt bu
rotatoriem

K jau mints ieprieks, fakts, ka EGURM var interprek 5 re las rot cijas, auj
EGU-rotatoru realizt k tr s pakpju ierci.



! '
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Figure 5.4 EGU-rotatora arhitekt ra, kas balstta TG (Givena) rotatoriem, a) kop j bloksh ma, b) bloks TR,
c) bloks T-, d) bloks T -.

Rotatora simulcijai, vienk rSai testSanai un sinizei tika izmantota attot
Simulink blokshma.

5.3.1.1. EGU-rotatora VHDL koda sint ze

Koda sintzes automatizija tik veikta izmantojot Matlab/Simulink Altera
Quartus Il un Mentor Graphics ModelSimXilins ISE programmas. Mirt s
programmas tiek lietotas sekojoSu uzdevumu veikSana

MatLab — Automatizcijas vadba, rotcijas matricu faktorizcija un
unitarit tes prbaude, izmantojot Symbolic Math Toolbox(SMT). Rieziu
leg Sana izmantojot peldo$unkta aritmtiku (double precision) un ietp
izteiksmju prveidoSana kst punkta aritmtik ar () objektu.

Simulink — Rotatora simuBana kst punkta aritmtik , VHDL koda
ener Sana izmantojatiDL coder,

ModelSim- VHDL koda simulSana Altera),
Quartus 11— VHDL koda kompilcija izv | tajai Altera FPGA mikroshmai,



FPGA programmsana.

ISE - VHDL koda kompil cija izv | tajai Xilinx FPGA mikroshmai, FPGA
programmsana.

5.3.1.2. Sintez t rotatoraresursupat ri a
sal dzin jums

Resursu salizin Sana tika veikta gagimam, kad Given rotators tiek realig ar
CORDIC-a algoritmtAltera un Xilinx platform m.

Usage of Device Resources in Dependence on the Wertdjth for
Single CORDIC Cell, Iterations - 10-16

Device, Wordlength (WL)
(Speed Resource
Grade) 16 24 14-32
EPACE40 REG 64 136 ~6.71WL-33
(8) LUT 880-930 ~1025 ~44WL-78
MUL(18118) 2 10 -
XCESLXT5 REG 102-114 153-177 ~51WL+40
) LUT 230-315 395-525 ~241WL-60
MUL(18118) 6 12 -

Redzams, kaAltera FPGA mazk patr re istrus un reizint jus, bet Xilinx
kombin ciju shmas [ook Up Tablg Resursu pati S praktiski nav atkags no
izv | t s saimes un iezes un trdarbbas Speed Grade Kop jais visa EGU-rotatora
resursu pati S ir aptuvené.9reizes lielks nek vienai rotatora :ai.

5.3.1.3. Perspekt va

PaSreiz rotators tiek iekuts iepriekS izstd taj EGURIT (Elementary
Generalized Unitary Rotation InstrumentationTool) un izstrd jamaj UNITIT
(UNItary Transforml mplementatiorT ool — Unit ru P rveidojumulstenoSanas Rs).
Tiek strd ts pie rotatora hibdajiem algoritmiem — CORDIC kopar ieprieks
izmantotajiem reizint ju-summatoru (M-A) algoritmiem [5.1]. Algoritms ke
izmantots veidojot vispin t OFDM blokus.

5.3.2. DR sign lu ciparapstr des modulis

Ir izveidoti eksperimenti FPGA modui [5.3], kas ir sintezti, izmantojot
Simulink HDL Coder. Nkamaj tabul ir dots loisko elementu (LE) pati S 5
punktu modea FPGA modulim.



5.4. Uz Visp rin t sOrtogon | s Nesinusoid | s
Frekven dales balst tas datu p rraides sist mas
pilnveidoSana

2012. gada gaitturpin j s darbs pie vispin t s datu prraides sistmas. Tika
izstr d ta visprin t s sakaru sismas laika un frekvences sinhrorgga. Pt jumu
rezultti tika prezentti 2 starptautiskag IEEE konferens “BEC2012” un
“TELFOR2012". Turklt, gada vid konferenc “Electronics 2012" tika prezerts
sakaru kanla nov rt Sanas un iztlzin Sanas algoritms, kas tika izstrts 2011-2012.
gad [5.4] [5.5] [5.6].

5.4.1. Kan laizl dzin Sana

Lai veiktu izldzin Sanu Visprin to Unit ru P rveidojumu (VUP) apgabal ir
nepiecieSams veikt nediagdas un ne Teplica kata matricas inversiju. Viens no
veidiem Kk invertt matricu ir skum to diagonalizt. Kanla matricas
diagonalizSanai tiek piedv ta singulro v rt bu dekompozija (SVD). Simulcijas,
kas tika veiktas iztizin t ja testSanai pardja izcilus rezulttus un apstiprina
pied v t s metodes pielietojafou uzstdt uzdevuma atrisirsanai. Tiek satizin ti
3 kanla nov rt Sanas algoritmi savienojumar izldzin t ju, kas balsts uz SVD.
Simul cijas pardja, ka SVD ir oti j tgs pret kanla novrt juma k d m. Pie
pietiekoSi preza novrt juma, kas tika iedgs lietojot LMS, iegtais izldzint js
nodroSinja augstku datu prraides sistmas veiktspju nek OFDM ar tdu paSu
nesju skaitu.



Figure 5.5 Datu p rraides sist mas veiktsp jas saldzin jums
pie da d mnov rt Sanas metodm atkar b no attiecbas sign Is/troksnis

5.4.2. Bloku sinhroniz cija

5emot vr, ka visprint sakaru sisimna veic prraidi pa blokiem, bija
nepiecieSams izstl t algoritmu, kas nodroSitu preczu bloku skumu atraSanu
neatkargi no pielietojams transformcijas. Klasiskie laika nobdes novrt Sanas
algoritmi, kas tiek lietoti OFDM izd| s nepietiekoSi prezi lai nodroSintu
sinhronizciju 1 ipa robe s. Tiek piedv ts oriin Is, uz § rskorel ciju balstts
algoritms, kas nodroSina augstu precizitbet relatvi v ju trauc jumnoturbu. Lai
uzlabotu traugumnoturbu, tiek piedv ts lietot kombinto nov rt t ju, kas izmanto
gan autokorekiju gan S rskorel ciju. Rakst aprakst automtisk s vadbas cilpa,
kas balsts uz PID un nodroSina autotisku laika sinhronizciju pie neliela iterciju
skaita. lIzstrd tais sinhronizcijas risinjums parda augstu traugumnoturbu un
precizit ti.

Figure 5.6 Datu p rraides sist mas veiktsp jas saldzin jums
atkar b no bloku sinhroniz cijas risin juma



5.4.3. Frekvences sinhroniz  cija

Bez laika sinhroniztijas, jebkur sakaru sisim ir j nodroSina frekvences
sinhroniz ciju. Tiek piedv ti 3 ori in li nes jfrekvences (carrier frequency) ndes
nov rt Sanas algoritmi, kas balst uz $ rskorel ciju. Min to algoritmu galven
priekSrocba saldzin jum ar klasiskajiem, uz autokoreiju balsttie algoritmiem, ir
t , katie:

sp j nodroSint daudz plasku frekvences nobdes diapazonu;

kan los bez dispersijas (AWGN) tie nodroSina aukstprecizit ti;
Izstr d to algoritmu galvenie tkumi ir:

garu trenisecbu lietoSanas nepiecieS@m,;

v ja noturba pret dispersiju sakaru kdn

Figure 5.7 Datu p rraides sist mas veiktsp jas saldzin jums
da diem frekven u sinhroniz cijas algoritmiem

5.5. Izstr d tie funkciju/programmmu modu i
MATLAB/Simulink bibliotek m
"Phi-FunctionsToolbox/Blockset"

2012.g. saisb ar 'izgudrotajiem" prveidojumiem tika/tiek izstd ti un
pilnveidot s vair kas interakivas Matlab/Simulink programmas [5.7] [5.8].
Visliel kais pienesums ir Doplera radara DSP madprototip Sanas vide, kuras
funkcionalit ti nodroSina, galvenokt, Matlab/Simulink (ML/SL)

5.5.1. DR DSP modu a izstr des-prototip Sanas vide
Ir izveidota vide, kura sevetver sekojoSu aparati un programmatu:
DR sensorul@R Front Eng, kas auj

o apstarot kusgu objektu ar CW Continues Wayeaugstas frekvences
elektromagntisko vilni un uztver atstaroto vilni,



o

saformt Doplera efekta ratb ZF signlu;

DR sign la analizatoru-prototiganas bzekli (ML/SL), kas tiek izmantots, lai
prototip tu DR DSP modua izstr di, kas auj

o
o
o
o
o

nov rt t TL trumu,

saskaitt TL,

identific t kustbas joslu,

nov rt t TL izm ru/kategoriju,
aptuveni atpat TL formu;

ar videokameru agkotu automatiztu analzes pall dzekli (ML/SL), kas,
veicot attlu apstrdi, auj

o
o
o
o
o

detektt kustgu TL,

sekot kusgajam TL,

atrast TL trumu,

detektt kustbas joslu,

nov rt t TL kategoriju un saskattTL;

virtu lo simulatoru (ML/SL), kas ietver sev

o
o

TL trafika imitatatoru (izmantojot zirmus kustbas trafika modes),
3D vizualizatoru;

virkni t du programmatras ldzeku k

o
o

ML/SL ar rindu izstrdes Idzeku kopu {Toolboxe},
Altera Quartus llun Mentor Graphics ModelSim

Alteraun Terrasic FPGA izstrdes ldzekus (DE2 un DE3).
Vides struktra ir redzama rkoSaj att| 5.8.

5.5.2. Perspekt va

Aptuvena formas atpaana ir iesgama izmantojot uz rotijas le iem balsttus
divdimensionlos p rveidojumus, kuru izstde turpins. PaSreiz, ieprieks izstt tais
virtu lais att lu analizators-sintezator¥iMANSY ) tiek adaptts prototip Sanas videi.



Figure 5.8 Prototip Sanas vides struktra
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6. Radiovi u daudzce u izplat San s mode u
uzlaboSana izplat San s apst kos ar gariem
koridoriem un dzelzsbetona griestu p rsegumiem

The results obtained in this period:
Ranged models and parameters of radio wave prdpagaidels in the fast
fading environment (Section 6.1).
Performed analysis of Doppler frequency shift patars of radio wave
propagation models in the fast fading environm&eic(ion 6.2).

Future work:
Results obtained have shown the power delay pridilelynamic conditions
in the multipath environment. i.e. including thetron.
Further analysis will perform the multipath attetiola estimation for
communication channel with the moving antenna.

6.1. Ranged models for fast fading environment

A number of models have been introduced alongittes lof a general Hata—like
power law with standard deviation of an error a@0 dB for these models.

To improve these models an empirical wide-band malevaluated for delay
spread and average power delay profile (PDP). Thegers together with Doppler
characteristics as field direction-delay spread space dependent channel impulse
response and time-dependent channel responsecarieerk as the key elements for
the system simulation.

Typical results from [6.1] is shown in Table 1.

Table 1
Delay spread and power delay profile shape in diffent environment
. Average rms delay Variability of rms delay Profile
Environment

spread [ns] spread [ns] shape
Dense 19.3 3.4 exponentifl
Open 27.7 3.6 power
Large 67.4 4.3 exponentidl

As seen in the Table 1 the PDP in dense environrotioivs the exponential
dependence. In open environment the PDP followspibwer function and large
environment again follows the exponential one.



—e 0
Description for exponential delay profile® and power delay profile
2
1
1 o 27,
V2 is dependent on average délayTime variations of the indoor radio

channel mainly result from the 3 sources: a rengiantenna position change have
produced spatial fluctuations of the electric figlhslated into time delay variations;
time variance is observed due to changes in thenaatorientation from non-uniform
antenna field pattern; and movement of the scatjedbjects (as person with a
transmitter) results in the time-variant systencfion.

Under the general assumptions of the radio wavepgwation on uniform
distribution of the phases of the incident sigih& time-variant channel is wide sense

stationary uniform scattered over the time inteifi@B ] with the scattering function
[6.2]:

P4 P P4

where P() un P¢) are the power delay profile and normalised poleppler
profile of the channel, respectively.

Figure 6.1 Delay spread for dense¥6-3.4 ns) and open%%3.6 ns) environment (simulated)

Wide band model delay spread has been tested fof RTF building on the
second floor.

Conclusion We need detail adjustment for better estimatmndominant path
[6.3] of the delay spread for moving objects in fimther evaluation.

6.2. Doppler frequency shift estimation

Traditional empirical propagation models estimdie tmean path loss at a given
location. In practice for models it is importantkimow the statistics of received signal.
Long term and short term fading could be estimafed.indoor long term fading can
reflect measured mean value over the distance mkseavelengths. According to
[6.4] the indoor long term fading reflects lognotmdastribution with%=2.7-5.3 dB.
Short term fading as fast fluctuations of the side@el caused by movement reflects



Rice distribution from negative values for non-lioiesite up to 14.8 dB in clear line-
of-site conditions.

Rayleigh, Weibull and Nakagami distributions [6l&lve been used for successful
description of the fading environment.
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7. Starpautomobi u komunik cijas sist mas mode a
izstr de un mobilo objektu vietas noteikSanas
p tjumi, izmantojot satel tu re llaika kinem tikas
datu apstr di, un transporta | dzek a p rvietoSan s
mode a izstr de, lai noteiktu zudumus, kas rodas
b zesstacij mp rsl dzoties

7.1. Starpautomobi udatu p rraides sist masizp te,
kust bas droS bas paaugstin Sanai.

7.1.1. Vad bas sist mas uz V2V b zes.

As is well known, any intersection is a high-risurce for cars, especially
intersection without traffic lights. Road intergeat safe crossing task sufficiently
difficult to solve using traditional methods. Thine there are a lot of interest in a
safe intersection crossing facility that is basédnotual knowledge of the current
road situation in the location of the participaatsl their motion parameters (Fig. 7.1
and Fig. 7.2).

Figure 7.1 Intersection without traffic light Figure 7.2 Cars approaching a intersecting
crossroad along courses

Results of the simulation are show in Fig.7.3 aigd F.4.

Figure 7.3 Intercar distance/time relationship at Figure 7.4 Intercar distance/time v1 = 50 km/h,
relationship at v1 = 50 km/h, v2 = 50 km/h v2 =50 km/h, 2=-0,05 m/$



Algorithm for assessment (estimator) of the possiliy of safe intersection passing
Here is an algorithm for the safe crossing of sdetion, based on the processing of
information about location, speed and heading abthby GPS. (Fig. 7.5). The data exchange
is carried out with the help of DSRC. The resultted calculations is the predicted minimal
distance between the cars. Using these data thensysoduces a warning message for the car
driver [7.1.1].

Figure 7.5 Algorithm for the safe crossing of intesection

Wheel to wheel prototype. There is used firms RErdtlevice transceiver ML 5805.(Fig.
7.7) for wheel to wheel networking communicatiohieh is providing information exchange
about vehicle location.

Figure 7.6 Structural flowchart of vehicle onboardequipment



It was assumed that the cars are not equal - ewis dlaster, but other is Slave. In this
way, the whole process of exchange of informatemitialize and is run from the Master car.
Equipment mode of operation is half duplex, it saméhat the transmission and reception take
place at different time points.

Figure 7.7 RF Microdevice transceiver ML 5805

Features:
Highly Integrated 5.8 Ghz FSK Transeiver with Sedbte Data Rates; 576kbps, 1.125
Mbps, 1.536 Mbps;
Low-IF Receiver Eliminates External IF Filters;
Fractional-N Synthesizer with 30Hz Resolution;
+21dBm Tyoical Output Power From Integrated PA,
-97 DbM Sensitivity (0,1% BER) WITH Integrated LNA.

Figure 7.8 The control circuit microcontroller based on PIC18F2550 (Microchip)



Figure 7.9 Principal scheme of control circuit

7.1.2. Mobilo objektu vietas noteikSanas p t jumi ar augstas
precizit tes GPS aparat ruda dosm rjumure mos.

For these measurements was chosen point T8 froaegemetwork RG2 A class. RG2 is
a Riga city network. The aim of this network ispimvide a city and its surrounding area with
the high accuracy geodetic points. The network established in year 2000 through year
2004. The network RG2 is formed in such way to mp&ssible to use this network as a
reference for forming other geodetic points or omteol the other geodetic points, including
GPS reference network [7.1.2].

The conditions during forming the network were thiave accuracy of the geodetic points
within 1-2cm.



Total there are 65 points in RG2 network. Dependamgtype of point fastening and
conditions of GPS measurements points are dividédd groups:

RG2 A — benchmarks and other points which are fiesteleeper than 0.7 m with good

GPS sky view conditions — without influence of ldinlgs, relief, trees and other
influences;

RG2 B — benchmarks with possible influence of bodd, trees or other obstructions
and less than 0.7 m deep fastened points.

Point T8 was chosen because it is located in gaodlitons for GPS observations and
influence of environment and buildings is minimahd this point is located in the centre of
the EUPOS-RIGA GPS reference network. These camditireduce possible errors. It is

important because the aim was to establish theracgwf the GRS-1 receiver using different
measurement modes.

The chosen point is shown in Fig. 7.10.

Figure 7.10 Geodetic point T8

As a possible imperfection is that during measurgsmantenna was placed on 128mm tall
holder. As the surface of the point is 300x300muoait originate the influence of.

Official T8 coordinates in LKS-92:
X =309177,035m
Y =508228,007m
h=4,746m



Should be mentioned that height is shown abovéRibga geoid. Difference between geoid
and ellipsoid on point T8 is 21,047m.

Accuracy of T8 coordinates (root mean square) nduiormation RG2 network are:

7x = 2mm
7y =1mm
7,=2mm

Measurements were held in six different modes:
RTK with GPS and GLONASS correction;
RTK with GPS correction;

DGPS with GPS and GLONASS correction;
DGPS with GPS correction;
Autonomous mode with GPS and GLONASS;

Autonomous mode with GPS.
In each mode 4 measurement sessions were held:
50 measurements with recording 1x/1sec;
50 measurements with recording 1x/5sec;
30 measurements with recording 1x/10sec;
30 measurements with recording 1x/20sec.

Recording 1x/1sec means that coordinates are redoimto receiver memory once a
second, 1x/5sec — coordinates are recorded onbesgtonds as an average from 5 epochs,
1x/10sec — average from 10 epochs and 1x/20seeraga/ from 20 epochs.

In total about 950 measurements were made. Tharsturing measurement session was
stationary. The session of measurement was 3 haogswithin 15:30 and 18:30. At first the
RTK measurements were made, next were DGPS ariek @nd were made the autonomous
measurements. As the measurement session was fathggr than changes in satellite
constellation could affect results of the measur@mérough number of visible satellites and
geometry of constellation.

Due to the large amount of the results let’s furfloeus only on measurements which were
held once a second.

At the beginning let’s take a look at the totalules of all measurement modes (Fig.7.11).
On this figure is shown the deviations of measur@s@ all modes form true value. As it can
be seen on figures than best results are in RTK &RIRTK GPS+GLONASS modes just as
expected.

X Coordinates in AUTONOMOUS GPS mode fluctuatesmr@09176.0152m up to
309177.4980m and it makes range of 1.4828m. Y doates fit in a range of 1.1594m, but
range of height coordinates is 2.2901m.
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Figure 7.11 Measurements of coordinates in differermodes on point T8




Further let's take a look to the results of AUTONOBI mode with using GPS and GLONASS
satellites. Considering that larger amount of Vesibatellites provides higher accuracy then acguodc
measurements in this mode should be better tharewious one. In this case the range of X coordmat
measurements is 1.7782m, Y — 1.0869m, h — 9.60ff4ne compare these results with previous ones we
see that in previous case results for X coordiaatk height measurements are better than in thidbone
worse for the Y coordinate. As the accuracy witimgisarger amount of visible satellites is worserttihe
results are unexpected.

If we examine results which are captured using D@&¥FS correction we see that: X coordinate
measurement range is 0.9856m, Y — 0.571m, h — arid9Comparing these results with previous ones we
see that only height measurements are worse, lsutifference is small enough to pronounce thaltot
results in DGPS GPS mode are better than previcesy.

If we examine the results of DGPS GPS+GLONASS mwedesee that results fluctuate more than in
DGPS GPS mode just as in the case of AUTONOMUS motteGPS and with GPS+GLONASS modes.
In this case the range of X coordinate measuremiengs9374m and this is the worst one so far. Y
coordinates makes range of 2.1582m, and this ¢sthks worst result so far, and h — 11.8152m. Taking
into account that in this case a DGPS correctiarsexd we can admit that the results are very poor.

Now let's take a look to the measurement mode wdatentially highest achievable accuracy. If we
examine the results acquired in RTK mode with GBi®ections we see that X coordinate have range of
0.1736m, Y — 0.0525m, h — 0.0859m.

And in the end let’s take a look to the resultsalihéhould have highest accuracy, respectively RTK
mode with GPS and GLONASS corrections. From thaltesve see that X coordinate have the range of
results 0.0385m, Y coordinate — 0.0342m and h 83®th. Making comparison of the results we see that
the latest measurement mode has the best accursicpg expected. Should be mentioned that during
measurements 1x/1sec in RTK mode with GPS correciimme unknown influence took place and
affected results badly. The results have errortoupp17m; of course this affects total result offRGPS
mode. Probably it is some rude error and may heidited.

If examine charts shown in Fig.7.11. we clearly sam that the best results is acquired in RTK GPS
and RTK GPS+GLONASS modes. It corresponds withekgectations at the very beginning. Charts
show some interesting tendency. In AUTONOMOUS arePl3 measurement sessions with using both
GPS and GLONASS satellite systems the accuracyirsemhan in those sessions with using only GPS
satellites. It leads to think that GLONASS decrsamsecuracy of GPS. Unfortunately it is not posstble
switch off GPS system and make measurements orily @GLONASS satellites in GRS-1 receiver to
figure out the reason of such tendency. But acqudac not decrease using RTK mode with GPS and
GLONASS in comparison with RTK GPS mode.

To better understand the difference between acesradt different measurement modes let's take a
look to some following charts. Those charts represbke errors of the measurements. Let's examine
results acquired in modes with use of the GPS drfdNASS satellites. Fig.7.12 shows the distributadn
the errors for X coordinate measurements in threrent modes. As first is shown distribution diet
errors in AUTONOMOUS mode, next follows DGPS and RiTK in the end. Fig.7.13 shows distribution
of errors of Y coordinate, Fig.7.14 — errors of begght.
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Figure 7.12 Distribution of the X coordinate errorsfor measurement modes using GPS and GLONASS




Figure 7.13 Distribution of the Y coordinate errorsfor measurement modes using GPS and GLONASS
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Figure 7.14 Distribution of the height component erors for measurement modes using GPS and GLONASS




Let's shortly analyze the acquired results. Inlibginning let's analyze results for
X coordinate (Fig. 7.12). As can be seen on chartAUTONOMOUS mode
approximately 52% of errors are 1.4m and only 2%hefresults have error of 0.85m.
Next DGPS mode in this case approximately 50% @ftieasurements has error 2.6m
and in 29% of the measurements error is less ti&m.2As expected in the beginning
of the measurements most precise are measurenfdRiskomode. In this case 82%
of the results have error less than 0.023m.

Now let's analyze measurements of the Y coordinatéhis case also we see that
errors using AUTONOMOUS mode in comparison with @®&dvith corrections are
much larger. 48% of measurements have error bet&&9m and 1.43m. If we look
at the DGPS mode we see that amount of errors ishmamaller than in
AUTONOMOUS mode - only 22% of measurements haver éarger than 0.364m.
And now RTK mode - in this mode 86% of measuremdiatge error less than
0.012m.

And finally let's take a look to the distributiore$ the errors measuring height
component. Usually these measurements have thestaegors. In AUTONOMOUS
mode error of the height component measurementsiach bigger than measuring X
and Y coordinates. In this case 60% of the measemésrhave errors between 8.54
and 8.72m, it is considerable as the low accuraepsurements. If looking to the
results of the DGPS mode only small decreasingg@faimount of errors is noticeable.
In DGPS mode 50% of the results have errors betwehand 7.58m. And one more
thing errors in DGPS mode are negative but in AUTTMMOUS mode — positive.
And finally results of the RTK mode. In this cas#® of the results have error less
than 0.0224m and 26% of measurements errors arelanger than 0.0066m.
According to these results we strongly can say R mode is much more precise
than other measurement modes. If the RTK mode ésl @srors are considerably
smaller than using DGPS or AUTONOMOUS mode [7.1.3.]

7.2. Transportal dzek ap rvietoSan s mode aizveide,
sasaistot to ar datu p  rraides trumu starp kust g
objektaiek rt munb zesstacij m.

7.2.1. Cikliskais bezvadut kls

For the sake of a simpler mathematical model, letiake the following
assumptions. First, the processed tasks are horeogenA homogeneous task flow is
a common characteristic for network systems caimgpltechnological processes in
real time. Second, the processing moment for evask is accidental and is
exponentially distributed with a mean value coraggpng by element. Third,
elements and tasks being processed are mutuadpemdient.

The terminal count in each vehicular wireless nekwis usually high. It is
possible to replace conveyor transfer of files vatbonsistent transfer on evaluation
of bandwidth. Following the obtained practical deswe will calculate the base
station performance at variable client count. Im case the 200 meters long base
station operational zone of is divided to 5 zod&smeters each, the third zone being
the most adjacent to the base station, as shows Hi§. We assume that N vehicles



enter the operational zone of the base statiomtirggaat the speed of zero. Then
velocity increases exponentially [7.2.1].

Figure 7.15 200 meter segment consisting of 5 zond® meters each

Let’'s investigate a closed network consisting ofiéMdependent nodes with N

incoming queries. Distribution is exponential wilie parameteﬁi According to this
research the speed of vehicle movement on highsvalgaracterized by density. If the

interval length equal§ , and vehicle movement speed qu'a,lﬁhen the intensity of
vehicle service by road interval equals:

5 6
S (7.1)

Vehicles pass all M intervals successively, anddted number of vehicles in the
base station’s range of operation is N.

Such a system can be described in a form of adlogeic mass service system
network with M service devices, N queries and exgmtially distributed service time.

Query service intensity in thieth interval equalé, as show in Fig. 7.16. We will
assume that N vehicles enter the operational zbnleeobase station, starting at the
speed of zero.

Figure 7.16 Closed cyclic system

The model (Fig. 7.17) has been created in the ggap8imulink environment of
MATLAB package. The blokset SimEvents has been used source of source
blocks.
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Figure 7.17 Closed model in Matlab

The scheme consists of 5 nodes (Node k, where k..5)1 offered in which
contain more convenient interface for the introtucof parameters as well as more
pictorial.

N vehicles are entering the base stations operatng, with initial velocity of
zero after that velocity grows exponentially, aswstrig.7.18:

6 6,0 e (7.2)
where r — distance to base station.

Figure 7.18 Speed of vehicle

The Table 7.1 shows the technical data of thehatrwas used in the experiment.
The speed grow can be dependent on the vehicle data
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Table 7.1

Vehicle data
Parameter Value
Car brand VW PASSAT
Capacity 1.8 litre
Max power 90PS (66kW)
Gearbox 5 speed manual
Weight 1600kg

Vehicle speeds in various zones are presentedhble Ta2:

Table 7.2
Vehicle speed
Zone number i 1 2 3 4 5
Distance (m) 40 80 120 160 200
Velocity 6 (km/h) 38 49 59 67 74
Intensity 2 0,264 0,34 0,41 0,465 0,514
Here S is estimated by the system of equations:
M
5% 19X Py (7.3)

Buzen’s algorithm is among the most effective mdghdor closed network
analysis. Buzen’'s matrix, at the row i and columnan be calculated using the
formula:

9, ) 90,7 D g Lj)x]

where G(N) — normalizing constant, resulted eitlhem adding up and equating to
one all probabilities either by Buzen’'s method. iMally, there are no limitations for
the number of vehicles (queries) in the i-th inééras shown in Fig. 7.19.
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Average number of queries (vehicles) in i-th ingrv
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Figure 7.19 Average number of vehicles

Each vehicle in sub-zone i can exchange packeth Wwise station with

intensity /981,

Then we know the general form of the equilibriurstdbution for

Goodput of a station providing service for the oedi can be obtained from this
formula and can be seen in the Fig. 7.20:

N min, m.
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Figure 7.20 Goodput in wireless network with one roter
depending on distance for 802.11n and 802.11g

Goodput of a station providing service for the o&gi can be obtained from this
formula and can be seen in Fig. 7.21.:
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Figure 7.21 Goodput for moving with 10 vechiles

Using the M/M/1//N , model for every sub-zone i, we find the prob#&pitif base
stations idleness:

PG + o _En!
Hico 9 (En k)!s (7.5)

Goodput for moving, as show Fig.7.22:
1 R()9

(7.6)

Figure 7.22 Goodput for moving with 10 and 20 vehles
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The wireless network for mobile users has beente&teand installed in this
experimental work.

The wireless network with one access point has bestalled. Wireless network
throughput has been detected in different modeghiBiresearch the experimental
data about data transfer rate in wireless netwofk®02.11.g/n standard connecting
moving objects are presented. Basing on the expetah data the mathematical
patterns have been developed binding characteristic vehicular flow with
characteristics of data transfer system. This pdpes presented a performance
evaluation of the two layer and cyclic network miode

A calculation of goodput for each node of two layetwork has been
explained. Two layer and closed cyclic model fcal rdata transfer rate estimation
depending on number N of moving objects locatedhie wireless network base
stations operational zone has been developed. Basirthis research, the real data
transfer rate depends on the number and distamoes the base station of objects
interacting with base station. This work gives addool for modeling Vehicular
network system [7.2.1].

7.2.2. Wlan veiktsp ja autotransporta vid

Now, wireless communication network research ofireavironment is up to date,
and is regarded as a new challenge for sciencenalodtry. Objectives and benefits
of such a communication system is already cleagfynéd in the various countries or
union road development guidelines and long-termspfar future. The main goal is to
develop intellectual transport systems [7.2.2]. &Attime when the vehicle flow
increases with every passing day, the latest cormmation technology solutions for
the needs of intellectual transport systems cawmigeoan important road traffic and
safety requirements. The main objective is to stidyperformance of short-distance
communication system, which is based on wireleshl tdchnologies, highly mobile
vehicle environment, and examine the hypothesi$¢ #haa certain road speed of
movement can achieve optimal wireless LAN throughpUherefore is used
mathematical model to approximate practical requl®.3].

7.2.2.1. Results of practical measurement

Using WDS technology it is possible to extend iMeAN area without
datacommunication gap, but the switching phase mnediata throughput is reduced
by 90% [7.2.4]. Application-level data throughpw dependent on road traffic
parameters. At higher speeds the movement of taeage throughput decreases and
the practical measurement curve shows the IEEE&Q24dnd n standards (Fig. 7.23)
[7.2.5].
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Figure 7.23 WLAN access point performance

AP3 | APZ [API

00000 00004 00008 00012 00016 00020 00024 00027
Elapsed Time (h:mm:ss)

Figure 7.24 WDS connection with three WLAN equipmets
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Figure 7.25 WLAN real-time performancedepending orthe speed
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7.2.2.2. Results of the mathematical models
With IDM model can determine the number of motdnigkes in WLAN area.

Figure 7.26 Evaluation of number of users dependingn the road speed of the WLAN area

Figure 7.27 Evaluation of performance of client nurber, which varies depending on the speed

Chart compares small road scenario of experimeastallts with near real-road
analytical model results, showing that at low sgedte movement of vehicles is
increasing, according to active clients. This metra each individual client will
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receive less WLAN network resources, as evidencgd the results of the
mathematical model. But with increasing vehicle eshethere are decreasing the
number of users and network resources are prowdedeach user. According to the
experimental results when increasing the speed, M/pArformance decreases. As a
result, at 100 km / h is optimal WLAN performan@eZ.4]

7.2.2.3. Results of Simulation software NCTUns7.0

Figure 7.28 Measuring the performance of WLAN

Conclusion Road traffic is the the transport flow in certgiace and in the time
interval, which depends on the velocity and densftyhe vehicles. As the speed of
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the traffic increases, the WLAN data effective tigbput decreases. The speed of
vehicle traffic is dependent on the density officaf
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8. Efektivit tes paaugstin  Sana daudzu ce u
datpl smu sadarb bas scen rijiem mobilos bezvadu
ad-hoc t klos (MANET) izmantojot OSI starp-l me u
saites un viedo (cognitive) radiot  klu tehnolo ijas

8.1. Introduction

Video separation into multiple streams and sim@tars transmission over
multiple paths has proven to be beneficial for MAT$HS8.1-8.4]. It is possible to
achieve higher aggregated data transmission ratke whoosing several spatially
distributed paths, thus benefitting from the spateuse of a wireless channel.
Multiple paths have uncorrelated loss patterns tletrease the chance of video
interruption.

However, there are cases when network is not cagalfiandle video streams with
the given data rate and network congestion ocdiossavoid it, we propose coding
intrusive approach. Video coding parameters areisteljl to the network quality
receiving feedback from the network, thus ensufmgtwork friendly” transmission.
Additionally, techniques to improve path qualityndae applied e.g. equip nodes with
smart antennas what helps to mitigate inter-patrference.

The 8.2 chapter comprises survey on state-of-th@tarctices on multiple path
video transmission over MANET. It has been attemh@eswering questions: what is
appropriate multi-stream coding method, optimal hamof streams, bitrates and
other parameters. To fully exploit multi-path adigges one should evaluate network
performance. Therefore network transmission quatistrics and their influencing
factors have been described in 8.4 chapter. Siriee-path interference is one of main
factors influencing path bandwidth [5] technique moitigating node mutual impact
with smart antennas has been described in 8.5@hapt

8.2. Survey of multiple path video transmission

There are different multi-stream coding methods @aadameters that can be
influenced to ensure “network friendly” transmigsidn this section the survey on
state-of-the-art practices in multiple path videansmission over MANETS is
performed.

8.2.1. Coding methods

For transmission of video over multiple paths dVM&NETS, the primary task is to
choose the most appropriate multi-stream codindhatetin combination with multi-
path routing it ensures video transmission ovemigtsvork. Depending on a number
of paths and their reliability, one or another e@dmethod can be used. Most popular
choices are: layered coding (LC) and multiple desion coding (MDC).

In LC method video frames are coded in base laggy. ( frames) and in several
enhancement layers (e.g. P and B frames). Recepfidnase layer alone provides
acceptable video quality, whereas reception oftamdil enhancement layers further
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improves the quality. Without the base layer thehamtment layers alone can't be
decoded. Therefore, the base layer should be sentloe most reliable path to avoid
packet losses. To inform a sender about the lose layer, packet retransmission
requests can be used. In [8.4] it is suggestectmhnl setransmission request over a
different path, rather than over the one, where lager packets were lost, in order to
avoid additional losses. Layer coding has been useadalable video coding (SVC)
extension of the H.264/AVC standard. It seems psorgi for MANETSs as it allows
once-encoded content to be adapted not only tangnetwork conditions, but also
to heterogeneous client devices. In addition téebda quality it provides opportunity
to reduce picture size (spatial resolution) andnfarate (temporal resolution) by
removing some parts of the bit stream at the cl®de. However, cost for the
scalability is increased decoding complexity andaift0% higher bitrate if compared
to nonsalable H.264/AVC [8.6]. The higher numbedafa packets in the SVC stream
leads to a more frequent channel access and, tinwesentual contention at Media
Access Control (MAC) layer [8.7].

The MDC method allows using several streams of legu@ortance. Every
separate stream provides the basic quality, but additional stream improves it. As
packet losses in any stream don’t affect otherasise there is no need for packet
retransmissions.

Several authors [8.8, 8.4, 8.9] link effectivenes8/DC and LC with the network
characteristics, such as delay and path reliability [8.9] both methods were
compared using two paths and considering diffekevels of the packet loss. Peak
signal-to-noise ratio (PSNR) was measured at aivexceThe results revealed that
without retransmission LC gives the worst resutithifor low and high packet loses.
MDC and LC (with retransmissions) showed simildeetiveness at low packet loss
level, but at the high number of packets loosed,dutperformed MDC. In addition
LC showed better results, when one path was mdieble than another. However it
was also noted that delay was not critical forgkperiments that may not be the case
for real time video applications. The survey done€[8.8] concludes that if delay
constrains limit retransmissions, MDC is better thé high packet loss levels.
Therefore, MDC is more appropriate for delay-sevesistreaming over a less reliable
network.

8.2.2. Optimal number of streams

An optimal number of video streams and thus, thenlmer of routing paths is
another issue that should be considered. TheoltgtiGes pointed in [8.10], total
aggregated bandwidth increases additively withnilmaber of streams and probability
of packet loses decreasing exponentially with tiielmer of disjoint paths. In its turn

jitter decreases asJVN , whereN — number of disjoint paths. However, as it has
been proven by the real-life experiments perforrmed8.5], in order to achieve a
higher aggregated bandwidth, not only the nodestlisput also non-interfering paths
must be selected.

On the one hand optimal number of streams depem@dsanding method used, but
on the other hand - on a network topology and eneffifectiveness of multiple paths
routing protocol. For MDC an error recovery ariseish two paths, while further
increasing in the number of paths doesn’t giveiigant improvement in the quality
of performance [8.10]. The cross-layer routing scbavas proposed in [8.1] for LC
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video, that takes path mobility and reliabilityanaccount. Simulations showed that
for a network consisting of 100 mobile nodes itofgimal to use three paths by
separating I/P/B video frames. If the number ohpas increased to 4 or 5, the packet
lose rate and jitter increase considerably, becthese paths introduce higher delays.
Additionally it was suggested to manage queue pigsrby setting a higher priority
to | frames.

8.2.3. Video data rate

Optimal video data rate for each stream is anatbhding parameter, which requires
information about network performance to providéragsation. In [8.2] it was shown
that, when video rate in a stream exceeds cetagshold, the video quality quickly
degrades because of the congestion in a netwollereTexists an optimal video data
rate, when the highest PSNR could be achieved atsdme time avoiding the
overloading of a network. Additionally, as noted®11], if data rate is too high, the
performance of equipment CPU can be insufficieriotavard traffic.

8.2.4. Multi-path routing

Selection of a path set is done by a multi-pathinguprotocol. In this paper we
consider only those protocols, which select sevgraths for simultaneous
transmission of the multiple streams, not for bacgurposes of a single stream.

A number of good paths found strongly depends ofird@lligence” of the protocol.
The more video critical network metrics are taketo iaccount, the more suitable for
video streaming the selected paths are. Althoaghnoted in [8.12] including all
effective routing metrics in one protocol may calmgh overhead because of the
control messages. Multiple path selection metrigghich separately or in
combinations are included in multiple path routprgtocols are: bandwidth, delay,
mobility, reliability with respect to packet lossndh reliability with respect to
disjointness etc. However, as it has been provethéyanalyses made in [8.13] and
the experiments performed in [8.5], it is also @lto consider eventual interference
between the nodes. Effectiveness to a great eigalso influenced by the protocol
type: proactive, reactive or hybrid. There is atgoconsensus on the issue of, which
type is the most appropriate. In [8.11] is statest best multi-path routing protocols
for MANETSs are reactive, but at the same time hie works on the analysis of video
streaming in MANETS [8.3, 8.14, 8.15] the proaetpotocols are also applied, e.g.
Optimized Link State Routing (OLSR) protocol extens. According to [8.4], the
proactive protocols provide faster decision andh patovery after a link failure, what
is critically important for video applications. At@r advantage noted is that the
proactive protocols have more complete picture abhetwork topology and metrics,
thus resulting in the better sets of paths. Theafighe reactive protocols is justified
by a lower traffic overhead due to control messdlgasis also important in MANETSs.

Multipath routing protocol must be integrated witie video coding method. Two
examples showing good results are considered:

* a-MMDSR (adaptive-Multipath Multimedia Dynamic @ce Routing) protocol for
LC methods [8.15]. Prior to transmission it sends grobe packets from source to
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destination over each of the paths discovered tasore its quality. This process is
repeated over a certain period to adaptively coipie dynamic nature of MANETS.

* MP-OLSR (Multipath OLSR) protocol for MDC is proged in [8.16]. It includes
Multipath Dijkstra Algorithm to discover multipleigjoint routes and source routing
approach to forward the packets. It can be regaaded hybrid multipath routing.
Control messages are sent out periodically to bere@wf the network topology (like
OLSR), however, it only computes the routes, whemne are data packets needed to
be sent out.

8.3. An Algorithm to select optimal parameters

The analyses made in the previous section showtlibe¢ is no single approach to
select optimal coding parameters. There are maggestions on the selection of the
best coding method for the given network conditjobst other parameters (e.qg.
optimal number of paths) are case-sensitive an@rdkepn every particular situation.
Therefore, network quality metrics should be estegdaevery time as video is being
prepared for transmission. In addition, coding @aths selection algorithm should
take into account the network quality during trarssion to adapt to unexpected
circumstances or wrong initial estimates. In tl@st®n we offer general algorithm of
how coding should be adjusted and which factoraulshbe taken into account to
ensure the optimal video transmission in MANETS.

Video transmission over a network usually is chimdéwed by a set of parameters
(also called metrics): bandwidth, delay, jitter goacket loss. Estimation of these
quality metrics is a complicated task since they @etermined by several mutually
interdependent network parameters. The more ddtaihalysis of the parameters and
their interdependences is provided in next sectioriig. 8.1 the idea is presented

graphically.
< ( , delay, jitter, ) >

Fig.8.1. Schema of the algorithm

If paths and their eventual quality metrics arevknat is possible to choose optimal
coding parameters. Suggestions presented belowased on the analyses done in
the second chapter of the present paper:

coding algorithm (LC or MDC) choice depends on flaeket loss [8.8, 8.9] and
spread of delay among the paths, since if somé has been exceeded it may cause
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additional loses [8.13]. We assume that a routiogogol is able to work with any of
the coding methods;

number of streams depends on coding algorithm @B10Q] and number of paths
offered by the routing protocol;

bitrate for stream must be chosen according to maxi allowable bandwidth for
a path to avoid the network congestion [8.2];

stream allocation to paths depends on the packstdad delay metrics in a path
(important for LC) [8.1].

8.4. Video transmission quality metrics

Video transmission over a network can be charaddrby a set of parameters
(also called metrics) describing the capability tbe network to ensure video
transmission. These metrics usually are bandwjaiibket-loss, delay and jitter.

Bandwidth defines maximum possible data rate for a videeastr at a given
network conditions. In the case of multipath stremgmt is important to estimate the
path bandwidth to determine maximum achievable widge for each stream. This
parameter is important, since if the video date mtceeds the network capacity, it
results in a sharp increase of packet delaysr gitel throughput degradation due to
congestion.

Packet lossmay cause video quality degradation or even disynptf a packet is
lost and not retransmitted in time it will get disded. Packet loss characterises path
reliability. Single path reliability metric help® tselect the best path for a more
important stream (e.g. I-frames in LC algorithms) adiscard non-reliable paths.
Overall reliability characteristics of the set ofadable paths can help to select the
most suitable coding algorithm.

Delay characterizes a time interval from packet genematiatil its reception.
Delay metric can be analysed from different aspdaot€ase of one direction video
streaming (Video on Demand) using single path dplnameter does not affect the
quality if only its variation (jitter) is kept lowit is different in the case of several
paths. If video frames (sequence of packets) aretseough multiple paths each with
different delay, frame order can be lost. To besdblrecover initial frame order a
spread of delay among the paths must not exceeacitgf buffer. If the buffer
cannot compensate delay, some frames will be bsting video quality degradation.
In the case of two-way streams (videoconferencitiggre are much higher
requirements for delay.

Jitter reflects delay variation of consequent packetmuiti-hop transmission. If
jitter exceeds certain buffered limit some packetay be lost. Jitter frequently
appears when network is overloaded with a videsastrhaving higher data rate than
it can normally handle. Packets accumulate in gei@guérwarding nodes where they
walit for different time intervals until being formged. Changes in network conditions
may also influence jitter, e.g. a route failure nieeyay some packets till a new route
is found. If video streaming parameters are optchiBor network performance then
jitter will be negligible.

For efficient video transmission over the networkeanust choose some paths
possessing an optimised set of described pararmatdries. It is a complicated task
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to determine these metrics directly from some mmegsants before real video traffic
is transmitted over the network. Therefore we sthdabk for other techniques how to
indirectly estimate and forecast these metricsutjinoother parameters.

The main factors influencing video transmissionldyanetrics are basic network
characteristics and path selection (Fig. 8.2).

------ < ( , delay, jitter, ) >

Fig. 8.2. Schema of influencing factors

Basic characteristics are performance of the dsyigeotocols deployed (e.g.
wireless standard, routing protocol, multiple-ascegshnique), network structure (e.g.
number of nodes, density), state of radio chanad. (fading, weather, mutually
interfering devices), network dynamics (e.g. mapilbf nodes) and network load
created by other applications. All these basic attaristics together determine the
potential of the network, which has to be usedh@ tost efficient way. The path
selection is another factor which has an impadhemnetwork quality metrics mainly
due to the mutual interference of nodes. Therefibrean be assumed that the basic
network characteristics together with the path tele algorithm determine video
transmission quality metrics.

Quality of paths strongly depends on the intellgef path selection algorithm.
An intelligent algorithm should base its decisionst only on basic network
characteristics (mobility, path length), but also the potential impact of selected
paths on the quality metrics at the time, whendeeitransmission starts. Since such
information could be obtained from analysing nekvqarameters (interference,
packet loss etc.), the feedback is introducedersttheme (Fig. 8.2).

8.4.1. Basic network characteristics

8.4.1.1. Performance of the network devices

MANETSs usually consists of portable devices witma@ited energy and processing
resources. It should be considered whether perfocemaf devices is sufficient to
forward video traffic. As it was observed in thgpekment described in [8.11] transit
traffic consumes a significant amount of CPU resesir Experiments were conducted
with different wireless network interfaces, CPU hatectures, drivers and operating
systems. Different video formats created diffemnagtivork load, since packet number
was different.
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The simplest way to determine CPU performance metrio use information about
CPU clock speed and average load, which can beggtlirom nodes within paths.

8.4.1.2. Protocols deployed

The effective routing protocol is crucial, as it svalready discussed before.
Routing protocol determines whether the choselwfsgaths is the best of all possible
options. The effectiveness is influenced also loptquol type: proactive, reactive or
hybrid. According to [8.4] proactive protocols prde faster decision and path
recovery after link failure and have a more congletepresentation of network
topology resulting in better sets of paths. The afseeactive protocols is justified by
less traffic overhead due to control messages]8.12

A wireless standard deployed determines the limacsy, the delay, as well as the
network connectivity. Today the most popular ar&HB02.11g and IEEE802.11n
standard based technologies. When knowing thelatdnone can make estimation
of maximum achievable data rates, as well as tressom distances and other
technology related parameters. IEEE802.11 standefides Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA) as a niplk access technique which
coordinates channel access by concurrent usensilNse explained in subsection B,
it has a significant impact on mutual interferebeéwveen nodes.

8.4.1.3. Network structure

Network connectivity is also determined by suchwaek characteristics as number
of nodes, distances between nodes, density. Tlagaepters affect a chance to find a
good set of paths, because the possible numbeorobioations increases with the
number of nodes and the density. Node distancetrandmission range along with
environmental factors will also influence link giiland achievable data rates, as it
will be explained in the next section.

8.4.1.4. Radio channel

Every link in a path influences the whole path @iyaand reliability. A link
quality between two nodes depends on radio chawcharacteristics, such as
attenuation, multipath propagation effects, intefiee from other electronic devices
and networks. All these conditions influence achide data rate, as well as possible
packet losses in a link between any two devices.

Link capacity In real radio channel, the transmitted signaltisrauated between
the transmitter and the receiver. The signal ati#on in the channel increases with
the distance between the both nodes. That in tfitnences the data rate in a link
between the nodes, since it depends on receivathalSig Noise plus Interference
Ratio (SNIR). SNIR at receivglis calculated:

(1)
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where G is channel gain between transmitter i and recejyd? - power of
transmitter i, R — thermal noise and background interference ativec j, R —
interference from other transmitting nodes in sathannel. SNIR determines the
maximum bitrate that can be used between the trigtesrand the receiver to satisfy
given BER requirement.

Analytically received signal strength is calculateg using radio propagation
models. The accuracy of the result depends on heW twe model describes the
environment and the physical processes in the @dlahlowever, in a real network
this parameter can be obtained from Received Si§tangth Indicator (RSSI)
measurement in physical layer.

Packet lossThis parameter quantitatively characterises thalnéty of a link in
respect to eventual packet loss. In [8.14] it wHenapted to experimentally find
relation between packet loss and both SNIR and R&SIt was concluded, loss rate
increases when both parameters drop below a ceatagshold (SNIR=10dB and
RSSI=-82dB). However, as authors noticed, it wasl @ find a direct relationship
between the measured parameters and the packeates#t was possible to discover
the difference between a good and a bad link bueasy to calculate an exact packet
loss rate (Fig. 8.3).

Fig. 8.3. Dependence of packet loss rate on SNR 14

Packet loss may also influence bandwidth of the nobh because of
retransmissions of the lost packets.

8.4.1.5. Network dynamics

In mobile network, links between nodes are likelychange over time resulting in
instability of throughput or even break of the lio&using bursty packet losses. That
in turn may result in video quality degradation amstreaming interruption
respectively.

The time in which video stream is resumed afték failure depends on the ability
of the routing protocol to discover a problem aimdi fa new route. Proactive routing
protocols discover the failure of link from abseraferegular control messages, but
reactive - from error messages sent by node attegpd forward traffic through
broken link.

Paths with higher mobility experience more frequiark failures, therefore such
paths have lower reliability metric. Path mobildynamics can be characterized by
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nodes mobility within the path. As offered in [8]Léach node’s mobility metric is
calculated as a relative change of signal stremgth respect to other neighbour
nodes. If two successive packets are received freighbouring node, it is possible to
determine mobility at node_1 with respect to ne@ir(node_2) using equation

new
Rx |node;—~node; )

old

Rx|nodes—nodey | 2

ML (node,) = 10log10

nodey

rel
Negativemmdel value means that nodes move away and positive valmeve

closer with respect to each other. Aggregate mghali node 1 (Moge) IS expected
value (E) of the squares of relative mobility fraihits neighbours

®3)

Mobility of path is calculated by adding & values determined for each node
within a path and getting mean value by dividingiith total hops number in the path
[8.1].

8.4.1.6. Network load

Depending on a network usage, there may exist ottadfic generated by
commonly used applications (e.g. HTTP, FTP) andches@current video streams.
Background traffic creates not only a load on nodasying it but also increases
interference level in the network. Therefore, itsihbe taken into consideration to
correctly estimate available path capacity.

For this reason, background traffic load (BTL) neets introduced. As offered in
[18] BTL can be obtained at each node in a netwwykmeasuring packets that
traverse a node. This includes packets transmiijfedode or destined to the node
itself and packets received from the others butdestined to the node itself. Since
traffic has a dynamic nature, BTL readings over squariod should be collected and
weighted average computed by assigning the higheghw to the latest readings.
BTL; is a load of a'l node in the'f path. BTL of a'f path is considered as

(4)

In [8.18] such assumption is justified by simulasoproving that degradation of
throughput depends on the most congested nodeeirpdth. The BTL collection
mechanism can be implemented at MAC (Media Acces#rGl) layer where packet
information is available.

8.4.2. Path selection

Network parameters which are directly influenced d®yected set of paths are:
disjointness of paths, hop count and interfereacell
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8.4.2.1. Path disjointness

Depending on path selection algorithm there maystegeveral paths sharing
common nodes or even links. Such sets of pathiessaeliable because transmission
failure in any of shared nodes causes disruptiodaté streams in all related paths.
The more disjoint paths are the less probabilithave packet loses in all of them
simultaneously (losses are uncorrelated).

Another drawback is that shared nodes may redutie gapacity, since they
aggregate traffic from several paths. That may equeth capacity degradation and
even unexpected delays if traffic is too intensectSsituation can be accounted as
self-interference.

Path disjointness characteristic can be obtainewh frouting table available from
network layer of server node. In [8.19] a methodffered to calculate shared nodes
ratio, which indicates level of disjointness of twoutes which have the same
destination. It can be calculated in the followingy:

number,;

sh;u'edlmdu

shared

node Spatle LEn gt h IJI:-H] [

SHOTTE T, g e (5)

Such ratio has to be calculated for every pairathg.

8.4.2.2. Hop count

Hop count has impact on two quality metrics — emdenhd delay and path
reliability. Majority of routing protocols selectafhs following hop count metric and
prefer paths with fewer hops. That is reasonabtaulrse the number of hops increases
end-to-end delay in almost linear relation. An @gh described in [20] proposes to
calculate the approximate value of average delaypeket taking into account only
delays introduced by intermediate nodes and trasmam delay. Processing time and
CSMA/CA delay in intermediate nodes is approximains. Average delay D can
be calculated from equation

(6)

where L packet size in bits, v — data rate (bpsd, Nnumber of retransmission of
packet,  — number of hops, D delay in intermediate nodes.

Hop count influences also path reliability becapaeket loss probability of each
link adds to the overall packet loss probabilityagbath. Due to more hops in the path
there is higher probability of packet loss in orfettee links. The probability of a
successful packet delivery in the path can be Gtked:

(7)

where Rss iinkiS Stable packet loss probability in each link.
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8.4.2.3. Interference

Only few routing protocols take into account mutimérference between network
nodes when paths are selected. Interference masydewably limit the capacity of a
path. There are two kinds of interference: intenfiee caused by contention at MAC
layer and physical interference of signals.

Channel access in MANET is controlled by CSMA/CAotocol. Before
transmission node senses the channel and transniyt$ the signal level from other
nodes is below a certain threshold. MAC contentiansed interference arises when
nodes being one in another sensing range havanenit simultaneously. Only one
node is allowed to transmit at a time while othames blocked.

Physical interference (also called co-channel fatence) may arise from other
transmitting nodes which are outside a carrier isgnsange. Signals from distant
nodes interfere with the signal from the actuahgraitter and worsen the reception
conditions at the receiver site. The conditions ehnaracterized by SNIR (1)., P
reflects power level received at node (receiverdmir all interfering nodes
(transmitters) and is calculated:

P. = Gl‘:| P[.;.

Elk=i (8)

where G; channel gain between node k and receivey frdhsmit power of node k.
Higher interference level results in lower SNIR usaland accordingly lower link
capacity to keep BER level low.

Lower data rate means also that the channel witbdmeipied for longer time by a
single pair of transmitting-receiving nodes. Timesend N bits with data rate v B
N/v. That in turn results in longer waiting for érechannel by neighbouring nodes
because of MAC contention.

Both types of interference influence nodes not anlghe same path (intra-path
interference), but also nodes from different pdthter-path interference). As shown
in [8.5], if data streams were transmitted via patvhich are close one to another,
then throughput of each path decreased considerablihe next subsection these
results are presented in more detail.

8.4.3. Interdependence graph of the network
characteristics

As it follows from analysis in the previous chaptdrere is a great variety of
network characteristics and many of them are imiezd. This makes overall
evaluation of network conditions for video datansmission very complex.

To visualize relation between interdependent ndtvparameters, they are grouped
in several levels and presented as a graph witkrnat links between separate
elements (Fig. 8.4). The graph can be useful foerseé purposes. Firstly, it shows
different characteristics and factors that haveatfbn network and determines its
parameters. Secondly, the interdependencies betwasmeters are shown, that
allows to predict how changes in one parameter wifect the other. Thirdly,
following the graph from top to bottom, one canpsby step determine the video
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transmission quality metrics (bandwidth, delay,tejit and packet

loss). To

quantitatively estimate network characteristics d@imas the performance for video
transmission, also possible measurements of paeasriedve been included.
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Fig. 8.4. Dependency graph of different network pameters characterizing path quality

8.4.4. Techniques to improve transmission quality

metrics

As one can conclude from graph, interference (cdite at MAC layer, co-
channel and path coupling) impacts all the transimmsquality metrics (emphasised
blocks in Fig.8.4). Therefore it should be assurasdne of the main parameter’s
describing path quality. Knowing the interconneatidoetween network parameters
and characteristics allow us to suggest technigumelssolutions on how to decrease

inter-path interference:

select paths that have less mutual

impact;

use equipment and protocols that provide highea d#te to occupy channel for

shorter periods;

enhance CSMA/CA protocol with adaptive carrier gem@chanism which tunes
sensing range for every particular situation;

use smart antennas which can decrease the infldimeanterfering transmitter
from neighbour path by adapting its antenna beatenoa

8.5. Smart antennas for interference mitigation

Traditionally omni-directional antennas are used 8062.11 devices. Since they
radiate in all directions it causes high inter-noded inter-path interference.
Equipping MANET nodes with smart antennas may helmitigate interference. In
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this chapter we describe implementation of dire@lantenna in MATLAB Simulink
802.11 model.

Smart antenna is multiple antenna element systdawialj to automatically
manipulating antenna pattern. It is accomplisheith lad software and hardware level.
There are two basic types of smart antennas: sedtbeam and adaptive antenna (Fig.
8.5) [8.21].

Fig 8.5. Basic types of smart antenna a) SwitchectAm antenna, b) adaptive antenna[8.21]

Switched beam antenna forms narrow beam towardeededirection. Beams are
switched by predefined angle (sectors). Performahcaitput signal may suffer from
side lobes and inability to point main lobe maxidwavered desired direction.

Adaptive array forms beam so that performance derara output signal is
maximised. It is achieved by maximizing beam towamesired direction and
minimizing towards interferers. Output of each ante element is multiplied by
weight which is calculated by control mechanism.

Although, switched beam antennas doesn’t allowdd#ptively, they are relatively
easer to implement in currently used wireless amvic

8.5.1. Directivity control mechanism

In scope of the work directivity model based on HBB2.11b has been elaborated.
To achieve automatic directivity control, existi&@2.11b MATLAB Simulink model
has been modified using method described in US78§&622] patent.

First, coordinates of potential receivers are debd. Next they are summarized in
table of directions (Fig.8.6) specifying identifief receiver and antenna direction.
Using MAC layer frame information, a recipient éentified. The information later is
used to change antenna-subsystem parameters aard pstitern towards desired
receiver.

Requirements for Simulink model:

Transmission range: 100m

Number of antenna sectors (beams): 8
Receivers are Omni-directional

Table of directions has been already prepared
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Fig.8.6. US7609648 directivity model scheme [8.22]

8.5.2. Elaborated model
Matlab Simulink block scheme of the elaborated nadgiven in Fig. 8.7.

Fig. 8.7. Block scheme of the elaborated system

Descriptions of separate blocks:

bl+b2 MSDU generation block Contains generators of source and destination MAC
address as well as data to be transmitted.

b3 Transmitter Forming of physical signal

b4 Antenna control mechanism From b5 information about destination is obtained
and antenna control signal is formed.

b5 Registry of receivers’

directions

b6 Antenna block Depending on the control signal from b4, beam is
switched towards destination and transmission
power is adjusted
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Simulation output of the described system show2-tdimesnional spatial diagram
(left side of Fig. 8.8). Receiver Rx3 (yellow das)out of coverage, Rx2, Rx0 (red
and blue dots) is in the same antenna sector, 8xi the other, currently inactive
sector. On the right side spectral density of theeived signal for each receiver is
shown. Additionally it is possible dynamically adiag transmission power level
considering distance to a receiver. In this casg.§B) Rx2 doesn’'t “hear” a signal
which is transmitted in Rx0 direction.

Fig. 8.8. Simulation output.

Results above are for ideal channel conditions &/heise and interference are
not taken into account.

8.6. Conclusions

Network characteristics should be foreknown foriceght multi-path video
streaming in MANETSs. There are some quality met(lmandwidth, delay, jitter and
packet-loss) which characterize network potenbalvideo transmission. Estimation
of these quality metrics is a complicated task esitteey are determined by several
mutually interdependent network characteristics:erfggmance of the devices,
protocols deployed, network structure and dynansitzde of radio channel, as well as
network load created by other applications. Videmdmission quality metrics are
determined by the network characteristics and #ik pelection algorithm.

A coding intrusive algorithm has been proposed,relteder has a feedback about
network characteristics required to ensure “netwiagndly” video streaming. Such
an approach is an alternative to other methods,reviteding is done without
reference.

Smart antenna has been suggested as techniqueigateninterference. Antenna
model has been elaborated which allows to formomatteam towards receiver and
adapt transmission power.

This work will serve as a basis for future develepmiof cognitive systems to improve
multiple path video transmission in MANET's. Implentation of the coding scheme requires
cross-layer information exchange in each networkiocgeas well as between devices. For
evaluation and appropriate coding parameter seleciit the sender side some kind of
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artificial intelligence (Al) techniques might be ats Since the task involves both the
parameter optimisation and decision making sevekhl techniques can be applied
simultaneously, e.g. fuzzy logic and evolutiongjosithms.
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