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1. Development of the methods for efficient digital
presentation of event flows and their high-speed digital
processing: computer simulation of algorithms, creating
of test mock-ups and research

1.1. Development of DSP-based event timing technologies

By the term “event timing” we mean measuring the time instants when some events
occur. In addition, we consider the event timing only in the context of the technical
applications where events are represented by leading edges of uniform pulses. In this case
the event timing is simply a measuring of time at instants when these pulses arrive at the
input of a measuring device. The devices of such kind are called event timers.
Functionally the event timers cover possibilities of the conventional time interval
counters since any time intervals between any events can be further calculated as
differences between the corresponding time-tags. Accordingly, the event timers offer
significant benefit in applications where complicated signal analysis in Modulation
domain is especially needed (e.g., time-of-flight spectrometry).

One of the most important problems for development of advanced event timing
technologies is to combine high measurement precision with high measurement rate.
There is a DSP-based approach to event timing which can provide such requirements. In
particular, the recently developed by us innovative technology for event timing that
provides for the timing products competitive on the world market, confirms that.
However, applied potential of this approach is not exhausted, and further improvement of
based on its technologies seems very promising and quite practicable. For these reasons
we are continuing R&D activity in this area, and this annual report briefly represents the
current results of such activity.

1.1.1. Principles of DSP-based methods for event timing.

Usually ones define the timer’s precision as the standard deviation of time measurement
for single event. Currently the “high” timer’s precision means that it is less than tens of
picoseconds (although such criterion is not too strict). To achieve so high precision,
certain interpolation measurements are used in addition to the coarse time measurements
performed in a digital way. Mostly the methods for such interpolation measurement (time
interval stretching, Vernier method, time-to-amplitude conversion, etc) are similar to the
methods conventionally used for the high-precision measurement of single-shot time
intervals. However, practical implementation of the conventional interpolation methods
usually entails considerable hardware complexity, including very careful design and
adjusting. For this reason most of the currently available top-quality event timers belong
to the class of the custom-made and very expensive instruments.



In addition to the traditional interpolation methods mentioned above, a few new
DSP-based methods for high-precision event timing have been recently suggested.
General idea of these methods is to generate a specific analog signal at instant determined
by the input event, digitise such Event-Initiated (EI-) signal and then digitally process it.
When the processing is made in a proper way, it results in an estimate of the El-signal
position (and the input event position respectively) on the time axis (Fig.1-1).
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Fig. 1-1. Time (a) and block (b) diagrams illustrating the DSP-based methods for event
timing

As can be seen, unlike the traditional interpolation techniques, in this case the common-
used DSP facilities replace essential part of usually complicated analog circuits, resulting
in considerable reducing of hardware complexity.

Conceptually the mentioned approach to high-precision event timing has been offered
about ten years ago. Theoretically it can provide the precision as high as is wished, if the
El-signal is absolutely stable and ideally timed to the input event. Unfortunately such
conditions are not practicable. Correspondingly various specific methods for event timing
based on this approach mainly differ in regard to the best practice of El-signals
generation and to the matched algorithms for their digital processing. For example, for



the first time we generated the El-signal as a train of triangular pulses with use of re-
circulating cable loop. At that time (1998), such method already has provided top-level
precision (8.5 ps RMS).

Another DSP-based method for event timing recently developed in Prague University, is
based on application of the El-signal in the form of radio-frequency pulse (in response to
a SAW filter excitation) and computing algorithm for cross-correlation estimations. In
experimental implementation this method demonstrates the currently world’s best
precision (less than 1 ps RMS), confirming the high potential of the DSP approach as a
whole.

However a large amount of signal samples (up to a few thousands for the Prague model)
is needed to perform the high-precision event timing in accordance to the above
particular methods. That leads to a large dead time between adjacent measurements and,
correspondingly, significantly decreases the achievable maximum measurement rate. In
addition, this requires essential computing resources for the related DSP.

The mentioned drawbacks considerably limit the application area of DSP-based event
timers. For example, in many cases the creating of multi-channel event timer systems is
only one way to apply them for the task where small dead time is vitally needed.
Evidently, the multi-channel systems are much more complicated, expensive and not too
reliable. In view of that it was important to develop the methods for event timing that can
use a limited amount of the El-signal samples for further DSP to reduce the dead time,
supporting at the same time high measurement precision.

1.1.2. Improvement of EET-method for event timing

The method (called EET, i.e., Enhanced Event Timing), which basically meets the above
condition, has been developed in early 2000. Briefly, the method includes the generation
of the El-signal in form of a single Gaussian pulse and the capturing from it only four
samples for further processing. Corresponding algorithm for El-signal processing is
based on the conversion of difference between two specifically selected El-signal
samples to the target digital time-tag. At that time (2001), in a specific implementation
the EET-method provided precision about 12 ps RMS at measurement rate up to 10 MHz.
The achieved precision was quite good for so high measurement speed. Further
improvement of the EET-method and its implementations during next few years
considerably advanced the performance characteristics of the high-precision event timers
based on it. A great importance in such development had general advancement of DSP
technologies, including performance improvement of A/D converters, programmable
logical chips and other electronic components.

The event timers based on EET-method contains a special Time-to-Digital Converter
(TDC) responsible for the interpolation measurement within period 7k of the master
clock. For any event that occurs at the instant #, the TDC converts the value 7=f(mod7%)
to its digital estimate D=F(7;). Conversion of all possible 7; values is defined by
particular TDC transfer function. Broadly speaking, the TDC implementation is quite
simple since it contains only some edge-triggered pulse shaper and typical Analog-to-



Digital converter (see Fig.1b). However this advantage is accompanied by considerable
integral non-linearity of TDC transfer function [3] that is caused by non-linearity of
signal being digitised. Specifically, for typical TDC implementations such non-linearity
can reach unacceptable level of hundreds picoseconds (Fig.1-2).
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Fig.1-2. Typical TDC non-linearity error over 10 ns interpolation interval

Correspondingly the key operation of EET-method is digital correction of this non-
linearity. Such correction is based on the using of experimentally predetermined
correction function F¢(D;) the shape of which is inverse to actual TDC transfer function
(Fig.1-3). In this case the estimate D; is converted to estimate T; where the non-linearity
error is subtracted. In this way initial TDC non-linearity error can be reduced in many
times. However, it is possible only if the correction function adequately reflects actual
non-linearity of the TDC transfer function.
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Fig.1-3. Diagram illustrating principle of non-linearity correction



We are focused on high-precision event timers where correction function
predetermination (also referred to as TDC calibration) should be performed with
picosecond precision. In addition, taking into account long-term instability of the TDC
transfer function, the TDC calibration should be performed expeditiously to trace such
instability as necessary, using built-in calibration means. The problem is to find the best
technique for such TDC calibration.

There are various approaches to TDC calibration, including well-proved approach based
on generation of a special sequence of test pulses. In this case it is assumed that the
instants {7;} of the test event occurring will be arranged within the interpolation interval
Ty nearly uniformly and with sufficiently high density. Under this condition the
histogram of digital values {D;} will reflect the differential TDC non-linearity (Fig.1-3).
Then the corresponding correction function (reflecting the integral TDC non-linearity)
can be constructed by directed summation of the normalised frequencies {f;} of the {D;}
realisation:

F(D))= Tz fi (1-1)

Evidently the achievable precision of such TDC calibration depends mainly on the proper
arrangement of the test events, i.e. high uniformity and high density of the instants {7;}
distribution. Generally there are two widely known techniques for test event generation
with required properties.

The first (Vernier) technique is based on generation of low-jitter test pulses with period
Tr equal to NxTz+A;, where N is any integer and Ay — defined step between adjacent
events. In this idealised case a sequence of M=Twx/A; test pulses provides required
uniform arrangement of the instants {7;}. The main advantage offered by this technique is
small time of TDC calibration but its practicability for calibration with picosecond
precision is under big question. To be specific, let us assume that each step of the transfer
function is equal to 2.5 ps and their total number N is 4000 (7x=10 ns). These parameters
are near to the case of practical implementation of the EET-method. Supposing that M is,
at least, twice as much N, duration of the test sequence is not less than 1 ms. In this case
the frequency of the test pulses should be related with the master clock frequency with
stability at the level of 10 approx. Achievement of such stability represents complicated
engineering task and seems currently unavailable.

The second technique is based on test pulse generation with deliberately unstable
repetition period. Taking into account conversion of such period to the instants {7;} by
modular operation, actually it can be near to the true statistical testing. This technique is
simple for implementation but supposedly needs a very large amount of statistical data to
achieve required precision of TDC calibration.

To analyse practicability of this technique, we used computer simulation that imitates all
steps of correction function constructing under near real parameters of test pulse
sequence. TDC transfer function is assumed as strongly linear so that integral non-



linearity of the correction function (namely, standard deviation of non-linearity errors)
reflects the quality of TDC calibration. As the simulation results indicate, about 8-10
millions of test pulses are needed to achieve the calibration precision at the level 0.6-0.7

ps (Fig.1-4).
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In this case the time of calibration lies in the range of 15-20 minutes, what is too much
for expeditious TDC calibration.

To find an acceptable compromise between two mentioned above cases, we offer a
technique of pseudo-random test event generation. Specifically, let us consider idealised
case of a test pulse sequence with a constant period 77, value of which is arbitrary. The
instants {7;} of test events occurring are defined as follows:

{5 =(1.,+Tr)(modT)}. (1-2)

In this case arrangement of the test events is pseudo-random, and in the most cases the
values {7;} will approach to a nearly uniform distribution. It is important that, unlike the
case of generation of really random values, this technique can provide comparable
uniformity by using much smaller volume of statistical data.

Exception from the mentioned principle is a limited number of “bad” 77 values which
should be avoided. To find the acceptable 77 value we used computer simulation. The
level of non-uniformity for defined 7r value was estimated by standard deviation of
normalised frequencies for {7;} calculated accordingly to (1-2). Such estimation was
performed for 7x=10 ns and values 7; ranged from xxx9.200 ns with 1 ps increment
(Fig.1-5).
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Fig.1-5. Non-uniformity level depending on the increment to the nominal value of 77

As can be seen, the level of non-uniformity considerably depends on the 77 value.
Nevertheless, there are a lot of the values that provide quite admissible level of the non-
uniformity. Taking into account expected long-term instability of the test pulse period, its
nominal value should be defined in a widest area of 77 variation where too large level of
non-uniformity is absent. In particular, this is the area xxx9.208 ns * 7ps. At first glance
the required stability about of 10~ for test signal oscillator seems practicable.

As an assurance of such practicability, we simulated the TDC calibration under supposed
test conditions. To simulate test pulse sequence we used the results of our research that
concern theoretical model of clock oscillators and experimental evaluation of its
parameters (see part 1.2 of this report). In particular, we supposed that high-performance
clock oscillator is used for test sequence generation, and the simulation model of this
oscillator is defined as follows:

k
{t=kTot) A7+ 8330, (1-3)
i=1

where k is serial number of test pulse, Ty — test pulse period (an average), A7 -

accumulative jitter component and A% - superimposed (non-accumulative) jitter

component of test pulse sequence. Additionally, we take into account that the model (1-3)
is validated during limited time-range. As the simulation result suggests, this technique
has allowed achievement of calibration precision at picosecond level using the test pulse
sequence with not more than 150000 pulses, i.e. in 50 times less than that for the true
statistical testing.

However, generally realisation of “bad” value 77 is not excluded absolutely. So there is a
particular task to detect and avoid such cases. To solve this task, it was supposed that
normally two separately obtained correction functions should be similar. If such
similarity is not observed, probably it is caused by realisation of “bad” value 77, i.e. by
spurious bursts in estimation of the differential non-linearity. In this case the frequency of
test pulse source should be slightly corrected, and the TDC calibration is performed once
more. The acceptable level of similarity can be defined empirically so that in average not
more than some defined part of TDC calibrations could be detected as “bad” ones.
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Basically practical application of this technique has confirmed the simulation results.
(Fig.1-6). In this case the average time of TDC calibration does not exceed 15 seconds,
which is quite allowable for its expeditious application. Effectiveness of this technique
has been tested experimentally in a number of event timers. Specifically, the event timers
employing such calibration have provided the timing RMS precision in the range 2.5-3.0
ps where fraction caused by the errors of TDC calibrations does not exceed 15%.
Currently the advanced EET-method provided precision about 5 ps RMS at measurement
rate up to 20 MHz.

RMS 0.84 ps
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Fig.1-6. Typical errors of TDC calibration

Recently, instead of the above technique of similarity testing, the technique of
synthesis of “good” Tr values that is strongly related to the interpolation period 7, has
been developed and investigated. The main advantage of this technique (as compared to
the above one) is high stability of the calibration procedure under time-varying conditions
of the event timer operation. In particular, experimental investigations have showed that
such calibration supports sufficiently high event timer RMS resolution in a wide
temperature range (Fig.1-7).
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Fig.1-7. Temperature stability of TDC calibration (experimental data)

In addition, another alternative approach to correction function predetermination was
theoretically investigated in framework of the project. This approach is non-statistical and
based on reconstruction of the form of the corrective component of the transfer function
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with use of the scatter diagram of the ordered pairs of the experimental and predicted
data. It is shown that such pairs may be obtained in the process of periodic event flow
timing with estimations of the time positions of the signal and the predetermined instants
of the event occurrence being elements of the ordered pairs.

The efficiency of this approach to corrective component reconstruction was confirmed by
simulation with use of the real measurement results. The correction of the estimated time
position of the analog signal’s midpoint strongly exceeds the accuracy of the
measurement of the time intervals between the periodic events. Sequences of the interval
measurement errors before and after the correction of the estimated time positions of the
signal’s midpoints are presented in Fig.1-8.
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Fig.1-8. The sequence of errors in the measurement of periodic time intervals
before and after correction

As can be seen, the RMS error of the measurements calculated for the whole sequence of
the measured intervals without correction of the estimations was 282 ps, and it fell to 3.0
ps after correction of the estimations.

Let us note that fully computer simulation of such calibration process provides the value
of RMS error equal to 1.0 ps, which is three times lower than that in the experiment with
actual data. This may be explained by the instability of the El-signal and possible
deviation of the test signal frequency in process of the calibration. Generally this
approach to correction function predetermination is under further development to be
implemented in practice.

1.1.3. Some alternative DSP-based methods for event timing

The functional that determines the position of a certain signal midpoint in compact
form (called position functional) may act as a numerical characteristic of the position of
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the El-signal at the time axis. A position functional is defined at the set of continuous
functions describing the forms of El-signals with various time shift values with respect to
a certain initial instant at the time axis:

(1) = F{u(t) = u(t-1);}. (1-4)

A linear dependence on the time-shift parameter of the functional argument is a common
property of position functional of analog signals:

F{u(t—1)}=F{u(t)}+ . (1-5)

It is already shown that linear property (1-5) may not be fulfilled for position functional
of discrete signals. The functional that is selected as a position functional should
necessarily be a monotonic function of the time-shift parameter 7 in this case. As applied
to the interpolation problem, the time-shift t of the signal is counted from the beginning
of the discretization period 7s and may vary from zero to 7s. The time shift value is
always less than the duration of the auxiliary analog signal in this case. Numerical values
of the position functional of discrete signals may be used as estimations of the time
position of the analog signal.

Position functional (1-5) is defined at the set of N discrete samples and in this case
depends on the time shift. It is not necessary for the numerical value of the position
functional to have the dimension of time, but it should have an unambiguous connection
with the value of the interpolated (within the bounds of the discreteness of rough
measurement) modulo Ts residue of the time instant of the event occurrence. The overall
performance of the event timing method significantly depends on the algorithm of the
position functional computation.

Thus, the position functional of the EI- signal may be represented by various numerical
functions describing the positions of the following at the time axis, e.g.:

of the center of gravity of the signal;

of the maximum of the signal,;

of the median (area midpoint) of the signal.

Let us consider some examples that, possibly, represent theoretical basics for other
promising methods for event timing.

The method based on gravity center estimation. This method, like the mentioned
EET-method, is based on forming of an El-signal in form of a mono-pulse and only a
limited number of sample values of this signal (less than 10) are taken for further
calculations. Consequently a relatively high measurement rate might be achieved. As to
the algorithm for processing of these sample values, it is based on estimation of the
gravity center of a plane figure. If s(?) is a function that describes the shape of the mono-
pulse, the location of the gravity center of is expressed as follows:

tls(e-1)|"ar
» p>0, (1-6)
ls(z- 1) dt

(p) -
yr -

é%gé‘ﬁg
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where T is a shift of the signal relative to some conditional reference point (in particular,
the event timing instant). In this case the estimate of the gravity center linearly depends
on the shift 7:

Ve =y (1-7)

It is also important that the gravity center location is an integral parameter of the signal
and, by definition, it is not too sensitive to the local instability of the signal shape.

Actually we are dealing with a digital representation of the initially analog signal. In
this case expression (1-6) is transformed to the following form:

Y kls(kT, - 1)
yAT(p) - k

o BT -0

>0, (1-8)

where T is the sampling period. Contrary to the case of (1-6), the estimate of the gravity
center, calculated according to (1-8), non-linearly depends on the shift 7. In other words,
some systematic error (usually called non-linearity error) will be present. In general, the
specific value of the non-linearity error depends on the amount of the samples taken from
the analog signal. It can be reduced to some limit by increasing of the samples amount
but not excluded totally.

Potential of the considered method has been studied by simulation of the event timing
process under following conditions: a bell-shaped analog signal is digitized at 100 MHz
sampling rate with 12-bit resolution; the signal width is programmable so that the number
of its significant samples might be varied.

The timing error, for the case where the El-signal width is 70 ns, and up to 7
significant samples are processed, is shown in Fig.1-9a. As can be seen, this error (peak-
to-peak) is about +2.5 ps. The non-linearity error is actually invisible on the background
of the digitizing errors and it is estimated as not exceeding +0.5 ps. However, when the
signal is shorter (about of 50 ns) and only 5 significant samples can be processed, the
timing error reaches +2.5 ps (Fig.1-(b). In this case the non-linearity error is strongly
marked and represents the basic error component.
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Fig.1-9. The timing error when El-signal width is 70 ns (a) and 50 ns (b).

Note that even in this case achieving of good timing results is possible. Specifically, there
are ways how to make non-linearity corrections if it would be exactly predetermined.

Thus, the simulation results show that the discussed method can provide picosecond
precision of event timing. Only a limited number (less than 10) of the El-signal sample
values have to be taken. The algorithm for their processing is relatively simple. At
practical applications of this method, the expected basic problems are related to the
generation of the analog signal pulse with the best available stability.

The methods based on parametrical identification of signal models. More specifically,
in this case the methods are based on parametric fitting of regression model of an EI-
signal to its sample values. In this case, under certain conditions, there is not necessity for
correction of the calculated estimates of El-signal position.

Generally the parameters that depend on the El-signal position are selected for

estimation. Estimation ¥ of the vector of these parameters ¥ is being performed using
criteria of minimum of the functional.

¥= argminl (y) | (1-9)

where
0(y)= Z_ lu, - gt (1-10)

In other words, the regression model parameters are estimated using so called least
squares method.

This general approach has been applied to the El-signal in the form of damped
oscillation. In practice such signal can be generated by excitation of an oscillatory circuit

(Fig.1-10).
+V
Input Event é Current Source

S
I Flip —I o —_— Uy

Flop | i
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Reset
cC = /\/\/
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Fig.1-10. Diagram illustrating principle of El-signal generation
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Response of such circuit for the jump of current i(£-1)= 1,0 (£~ T) can be expressed as
follows:

s+ jo
ut-T1)-= L _[ e’ " Z(p)e”dp =
2mj 2
0 "R "R 5.
=0l -1 e P coslw (1-1)|+ .
I ey [0,¢t-1)] (1-11)
0 0
+1mDL-H R Haﬁ—aue'“"”sm[mc(f-r)]%a (t-1)
Da)CC 0r+ R[] W, i Q
, 01,072 0 N _
where T 0[0,7,), 1, - amplitude of the current, 0 (¢) = % 0.07<0 " Heaviside function,

s = Re(p) - real component of the complex variable. For this model of the El-signal the
time shift T depends on the regression coefficients a, and b, as follows:

_ID Hbrﬁ D‘IJO_ID Her D
I = —[arctgg—rg* N, 0- — = —[arctgea—s*t ], 0t const (1-12)
w.n a, 0 W, . a, 0
where
00, ifa 20
nHHﬂ, ifa <0,b,20 (1-13)
H-n, ifa <0,b <0

Note that in this case the values of frequency @ .and damping coefficient f are supposed
as known ones.

Applied possibilities of the method were investigated by computer sumulation. For
simulation the parameters of the oscillator were defined as follows: L =2.87 uH, C =20

0]
pF, r=0.3 Q, R =21.78 kQ. In this case resonance frequency f, = ﬁ =21 MHz, damping

. 4 oos Do T _ 9,
coefficient f=1.2 us?, Q= i - [3_: 54.98, and frequency f, = o =20.966 MHz.

Simulation results show that the systematic non-linearity error of the interpolation is
not present even if amount of samples does not exceed 6 (Fig.1-11).
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| n=16 N=6 std =0.0411 ps

n=14 N=6 std =0.165 ps

L A T L e
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std =0.662 ps

Fig.1-11. Event timing error over interpolation period
(n — resolution of AD-converter, N — amount of samples)

However, this method seems critical to predetermination of non-informative parameters,
such as fundamental frequency® . and damping coefficient f that are used in evaluation

of the regression model. Considerable mismatch between the model and real damping
oscillation results in noticeable non-linearity error. Unfortunately, if it is the case, a
special procedures of non-linearity correction should be applied.

Conclusions to the Chapter 1.1

Earlier well-proved technology for event timing based on EET-method is considerably
advanced both in theoretical and practical aspects. Especially that concerns the
techniques of event timer calibration which allow significantly improving the precision of
the event timer and its reliability in operation.

In the framework of general concept of DSP-based event timing theoretical basis of a few
new promising methods is offered and investigated by computer simulation and
experimental research.
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1.2. Application of the event timing technology: Jitter
measurement and analysis on the basis of high-precision event
timing.

1.2.1. An approach to characterization of clock jitter on the basis of
high-precision event timers

Introduction. Evidently, any new innovative technology results in new features of the
based on it products. Correspondingly these new features in the best way should be
adapted to practical applications. Frequently that needs an unconventional view to the
application problems. In framework of the project it is expected that these problems, as
applied to the event timing technology, will be investigated and in some way solved. The
first step in this direction was made relative to the clock jitter characterization where
extreme high precision of time measurement is especially important. On the other hand,
high-performance clock jitter characterization is in demands for various applications,
especially for telecommunications.

Generally there are various understanding of the term “clock jitter”. To be specific, we
shall base on the general jitter definition given in ATIS Telecom Glossary
[Attp.//www.atis.org/glossary/], and specify the term “clock jitter” qualitatively as the
short-term variation of clock pulse positions from their ideal positions in time (hereafter
referred to as A-jitter), and characteristics derived from that, such as the variation of clock
pulse periods from their ideal value (hereafter referred to as P-jitter) and the variation of
clock pulse periods from cycle to cycle (hereafter referred to as C-jitter). Here short term
implies variations at frequencies greater than 10 Hz.

Basically jitter measurement in time domain is performed using high-performance
real-time oscilloscopes with sampling rate up to tens of GHz, and special software that
calculates where in time the signal crossed the preset level between the digitized points.
In this case P-jitter is being measured directly, and other jitter characteristics are being
derived from that, wherever possible. Recently, along this technique, so-called event
timers have begun into use for jitter measurement. The event timer directly measures the
time at instants when some events (e.g. edges of input pulses or signal zero crossings)
occur, providing in digital form full data about their actual position on the time axis. In
this respect conceptually the event timers are convenient for direct measurement of A4-
jitter and related characteristics.

However currently this approach to the jitter measurement is not sufficiently
investigated since high-performance event timers refer to relatively new kind of
measurement products. In this report we shall discuss some applied possibilities of this
approach by example of clock jitter measurement and analysis.

Technique of jitter measurement by event timer. By definition the event timer supposes
detecting the events before their measurement. In view of that a special block (signal
conditioner) is used for generating these events when input signal crosses the preset level,
1.e. when the signal phase is being incremented by one period. Usually the events are
presented in the form of normalised pulses arriving at the timer input. In response to the
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input events, the event timer generates a series of digital time-stamps {t, }) that reflect

actual incrementing of time instants when the signal phase is being incremented by one
period (Fig.1-12). Deviation of the actual time-stamps from their ideal positions
represents A-jitter function 4J(k) where A4-jitter for every k-th period of input signal can
be calculated as residuals of time series data:

AJ(k)= t— (kTot ts), (1-14)

where (kT)+ t3) is the function of linear regression that, in certain sense, has the best fit to
series of time-stamps, and N — total number of time-stamps obtained in a single
measurement cycle. In this case 7 is an averaged period of input signal, and #; — a
reference time for particular cycle of measurement. It is supposed that generally 7,N
value does not exceed 0.1 sec. In this case spectral components of A-jitter function at
frequencies lower than 10 Hz are substantially suppressed to be in conformity with

general definition of the jitter.
AJ,

P f————f === 7 Linear fit

kT,

=}

1

0 Phase progression k N
Fig.11-12. Principle of 4-jitter measurement through event timing

Time-stamps

N

As for determination of the function of linear regression, the least-square method that is
usually used in regression analysis, seems quite applicable.

It is important that any preliminary integer division of signal frequency results in
reducing of sampling rate, but does not introduce essential distortions in total
presentation of A-jitter function, i.e. it simply will be presented by a less amount of
samples. Thus in this way A-jitter function can be defined with an acceptable precision
even if signal frequency considerably exceeds available measurement rate.

Using A-jitter function, other conventionally used jitter characteristics can be simply
derived. Specifically, according to the commonly used metrics, the first differences

PJ(k)y=AJ(k) - AJ(k-1), (1-15)
conform to P-jitter, and the second differences
CJ(k)= PJ(k) - PJ(k-1) (1-16)

conform to C-jitter. By the way, in the same unified manner the differences of higher
order can be calculated if desired.
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Experimental setup. To study actual potential of this approach, an experimental setup of
jitter Analyser has been used. Core of this Analyser is represented by Riga Event Timer
AO033-ET which is widely used for time-of-flight measurements in Satellite Laser
Ranging. Distinguishing feature of the A033-ET is high performance characteristics in
terms of precision/speed ratio. In particular, typical precision of the AO033-ET for
measurement of time intervals between two events is in the range of 3.5 to 4 ps RMS,
implying RMS precision of single time measurement 2.3-2.8 ps approx. At the same time
the AO033-ET supports 20 MSPS burst rate and 30 KSPS maximum average rate of
continuous measurement. To be applicable for measurement of higher frequencies, the
Analyser is supplied by a home-made controllable prescaler that allows operating at input
signal frequencies up to 300 MHz approx without inserting significant distortions into
jitter of original signal.

According to the above technique of jitter measurement, in single-shot mode of operation
the Analyser software provides calculating and displaying three basic jitter functions
defined within preset measurement cycle duration (Fig.1-13).
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Fig.1-13. Jitter of crystal clock generator. From top to bottom: A-jitter, P-jitter and C-
jitter

Generally such jitter functions offer many useful data for jitter analysis, including
detecting of clock modulation, estimating of deviations, etc. In this case the A-jitter
function clearly reflects particular process of jitter accumulation which may be unnoticed
in other functions. Additionally, the Analyser calculates statistical jitter parameters as
RMS deviations Sy, Sp and Sc for the A-jitter, P-jitter and C-jitter respectively.

Statistical jitter characterization. To better understand internal content of the

statistical jitter parameters, let us consider often-used theoretical model of jitter
accumulation. In particular, let us suppose that oscillator’s clock jitter contains only
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random components so that the measured in every measurement cycle k-th time-stamp
(=0, 1, ... N) can be presented as follows:

k
i=1

where A7 is accumulative jitter component and A7, - superimposed jitter component.

Under these assumptions the jitter values AJ,, PJ; and CJ; for every k-th time-stamp can
be expressed as follows:

k
Al=Y A+ A%, (1-18)

=1
Pl= A5+ (05 -05.)); (1-19)
CJk:(A/z'A/Z—I)+(Ai'2Ai—l+Ai-2)' (1-20)

Assuming that the A7 and A3 are uncorrelated random values characterised by variances
D(A) and D(S), the variances of the above jitter values will conform to:

D(4J)) = kD(4) + D(S); (1-21)
D(PJ) = D(4) + 2D(S); (1-22)
D(CJy) = 2D(4) + 6D(S). (1-23)

As can be seen from the above equations, ratio RI/= D(PJ,)/D(4J)<2 and reflects
significance of the accumulative jitter component in total jitter (the less is R/ value, the
more such significance). Ratio R2= D(CJ;)/D(PJ;) Sp’/S is in the range from 2 (when
D(S)=0) to 3 (when D(4)=0) and reflects relative influence of jitter components on total
jitter.

The values of S;” and S can be considered as experimental estimates of the variances
Var(PJ;) and Var(CJ,), i.e. SZ0OD(PJ,) and SZOD(CJy) if N is sufficiently large integer.
Taking that into account, the D(A4) and D(S) values can be estimated using equations (1-
22, 1-23) as follows:

D(A)03Sy - S5 (1-24)

D(S)J0.5(Sc*- 2 SF). (1-25)

However, one should take into account that the model (1-17) supposes P-jitter like a
white noise with a flat power spectral density. If it is not the case (e.g., there are
considerable bursts in the spectral density), the ratio R2 can overstep the mentioned
range.

As for the value S, it simply characterizes specific effective value of A-jitter that has
occurred in single-shot measurement cycle, and, first of all, can be used as some
qualitative indicator of accumulated jitter.

To verify validity of the considered above model, we took for experiments three
standard crystal clock oscillators chips, hereafter referred to as CXO, EXO and VCO.
The jitter measurement has been performed in time-range 7¢ 100, 50 and 10 ms. Periods
of the measured signals were in microsecond range after preliminary dividing of their
original frequency. Table 1-1 illustrates experimentally evaluated and calculated
statistical characteristics of such oscillators, including:

e measured squared deviations S, S5° and S¢7 (3-5 columns);
* indicative ratios R/ and R2 (columns 6-7);
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* calculated estimates of the model parameters (columns 8-9);
* calculated estimates of the variance D(4AJy) at the end of measurement cycles

(column 10).
Table I-1.
0 7 10
1 2 3 4 5 8 9
R1 R2 D(A4Jy)
Tc Sa2 Sp? S¢? D(4) |D(S)
Oscillator _|[ms] |(ps®) |(ps®)  |(ps’) (ps?)  |(ps?)  (ps’)
CXO 100 117,13 {10,16 (30,29 09  RI98 (0,19 499 9328
20475,5ns |50 47,33 10,17 (30,29 EQI 298 (0,22 4,98 [542.0
10 12,78 (10,16  [30,27 79  R98 0,21 4,98 107.3

EXO 100 [1550 [11,07 Pp2,72  [o.71 296 (0,49 |529 [745.8
17879.3 ns |50 8,82 11,06 32,69 1.25 2.96 (0,49 5,29 1374.9
10 6,46 11,07 32,73 1.71 2.96 0,48 5,30 R73.6

VCO 100 43,00 (9,57 28,66 22 299 (0,05 W76  48.7
20484.0 ns |50 1494 9,56 28,64 .64 299 (0,04 4,76 102.4
10 6,03 9,57 28,69 1.59  3.00 10,02 14,78 14.5

On the basis of these data one can see:
Indicative ratio R/<2 clearly indicates that there is noticeable accumulative (correlated)
component of total jitter for all oscillators. At the same time the ratio R2 is near to 3,
indicating that superimposed (uncorrelated) jitter component dominates. In a certain
sense these criteria seem like the Durbin-Watson statistic.
Sufficiently good repeatability of the model parameters estimates in different time-ranges
(columns 8,9) confirms validity of the theoretical model for the oscillators under test.
Absolute error of the evaluation of these parameters lies within + 70-80 fs, supposing its
RMS value about of 10 fs approx.
D(A) estimates (column 8) indicate considerable differences between the oscillators in
terms of jitter accumulation.
In estimates of D(S) values (column 9) the event timer error evidently dominates.
Assuming that variation of the event timer error is a little less than the smaller D(S) value
(4.6 ps?) , one can conclude that the superimposed RMS jitter is roughly equal to 0.6, 0.8
and 0.4 ps for the oscillators CXO, EXO and VCO respectively.
The calculated estimates of the variance D(A4Jy) at the end of measurement cycles
(column 10) characterize true accumulated jitter that cannot be measured directly in view
of long-term instability of oscillators.
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1.2.2. Development and experimental study of the method for precies
separation of measured jitter and measurement errors

As can be seen from the above, there is a problem related with precise separation of
measured jitter and measurement errors. In particular, in the results of jitter measurement
the measurement errors can considerably exceed own clock jitter even in the case of
application of highest-precision event timers. Taking into account that jitter
characterization in statistical terms is in practice preferable, we have considered resolving
this problem on the basis of following theoretical assumption.

Let us assume that two event timers simultaneously measured P-jitter of the same input
signal. One can show analytically that when the measurement errors are uncorrelated, the
value of covariance between the measurement results characterises this jitter without
influence of such errors.

Practical applicability of such approach to P-jitter evaluation was verified by computer
simulation and experimentally. Figure 1-14 represents obtained by simulation RMS
estimates of evaluation error depending on P-jitter value when RMS error of each event
timer is 3 ps. As can be seen, the evaluation error depends on the statistic volume (“m” is
amount of measurement cycles), and theoretically can reach a few femtoseconds.
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Fig.1-14. Evaluation error [ps, RMS] depending on P-jitter value [ps, RMS]

This simulation results have been verified on the basis of experimental setup containing
two one-type event timers with precision comparable to the accepted for the simulation (3
ps RMS). Figure 1-15 illustrates statistics for experimental evaluation of P-jitter of
crystal clock oscillator VCO.
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Fig.1-15. Experimental estimation of probability density of the covariance estimates [ps]

As can be seen, the experimental results indicate the RMS value of P-jitter about of 0.66
ps with evaluation RMS error about of ten femtoseconds. This experimental results well
conform to the simulation results, indicating that the considered method is quite
practicable. It is important that in this case the reliable estimation of true precision of
event timers becomes also possible by comparison of variances for measurement results
and P-jitter of the test signal source.

1.2.3. Development and experimental investigation of the “doubled”
event timer

Important feature of the developed technology for event timing is ability to create
virtually two event timers in one by modification of software tools. These two event
timers operate almost independently in parallel in response to the same input events.
Taking into account the above method for separation of measured jitter and measurement
errors, such feature is of especial interest for practical applications, including reliable
self-testing of measurement error for event timers.

A number of programming works and experiments have been performed to find the best
implementation of the doubled event timer. As a result of such activity, the following
performance characteristics of the doubled event timer have been achieved at this time.
Figures 1-16 and 1-17 demonstrate variances of the measurement results obtained by the
first event timer (thereafter referred to as A-timer) and the second event timer (thereafter
referred to as B-timer). In this case the both timers measure simultaneously period of the
high-performance clock oscillator. As can be seen, the A-timer provides RMS resolution
approximately about of 4.36 ps and the B-timer — about of 4.9 ps, i.e. the A-timer is
noticeably better than the B-timer. Generally such precision is a little worse than in the
case of measurement by single event timer. This result could be expected in view of
timer’s hardware particularities.
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The second important question is degree of covariance between the errors of double

measurements. As processing of experimental data suggests (Figure 1-18), such
covariance in some degree has a place.
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Fig.1-18. Covariance between the measurements by the Timer A and Timer B

In particular, the calculated covariance (an average) is negative value, indicating that it
cannot be attributed to the jitter of input signal (such jitter results only in a positive value
of covariance), and the measured errors are evidently correlated. Taking into account
expected jitter of input signal, (about of 0.6 ps RMS), the correlation between the
measurement errors can be roughly estimated as 1 ps RMS. Thus, at least with such
precision the doubled event timer can be used for P-jitter characterization, extending in
this way applied potential of event timing technology.

Conclusions to the Chapter 1.2

Relatively simple unified technique of jitter measurement by high-precision event timer
is developed and investigated. This technique is based on regression analysis approach
and offers jitter characterization in different views, starting from the process of jitter
accumulation in real time.

An approach to statistical jitter analysis based on the simplified theoretical model of
jittered clock oscillators is discussed. Experimental research confirms ability to evaluate
the model parameters with femtosecond precision and predict the accumulated jitter for
any optional time-range.

The problem related with precise separation of measured jitter and measurement errors
(both in statistical terms) is investigated and resolving this problem is found and offered.
Experimental research confirms ability to provide such separation with femtosecond
precision.

Generally the offered technique of jitter measurement can replace traditional
oscilloscope-based technique, providing better functionality, comparable precision,
simpler and cheaper solution as applied to the jitter of input signals limited in upper
frequency.
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1.3. Digital representation of analog signals by event flow

Earlier offered approach to analog signal representation by event flow with use of
crossings of analog signal with a reference signal (Fig.1-19) is significantly advanced.
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Fig.1-19. Principle of analog signal conversion to the event flow

Such advancement concerns both theoretical basis and application problems. Specifically,
an approach to designing chips having power-efficiency advantages is developed for the
application area of data acquisition from sensors and pre-processing of them on DSP
basis. Attention is drawn to the significant role of specific signal digitizing at rational
digital processing of analog signals.

The task that has to be solved at the stage of input signal digitizing is not just obtaining
digital signals representing the original continuous input signals in the digital domain. It
is shown that to achieve targeted results, in particular, power-efficiency, it is essential to
select and use the most suitable method for signal digitizing that leads to complexity
reduced processing of compactly presented data. The considered and discussed approach,
emphasizing the importance of suitable digital representation of signals, supplements
rather than contradicts other currently used methods for increasing power efficiency of
chip designs. It does not represent an exception in this sense. The difference is in the
methods used for digitizing making possible complexity reduction of designs and
compression of the involved data flows. Advantages and benefits, achievable by using the
suggested methods, are investigated and demonstrated.

Conclusion to the Chapter 1.3

The approach to representing analog signal by event flow is advanced. Particularly it is
shown that such approach allows increasing power efficiency of chip designs.
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1.4 Additional data

Related publications in 2010:
A. Rybakov. Reconstruction of the Corrective Component of the Transfer
Function of the Interpolator in the process of Calibration of the Precision Event
Timer, Automatic Control and Computer Sciences, 2010, Vol. 44, No. 1, pp. 11—
21.

A. Rybakov, V. Vedin. Precision Event Timing Based on Digital Processing of the
Responce of Harmonic Ocsillator, Automatic Control and Computer Sciences, 2010, Vol.
44, No. 6 (under publishing).

Yu. Artyukh, I. Bilinskis, S. Roga, K. Sudars. Digital Representation of Analog Signals
leading to their Energy-efficient Processing. Proceeding of Annual International
Conference on Green Information Technology, 25-26 October 2010, Singapore.
K.Sudars. Data Acquisition Based on Nonuniform Sampling: Achievable Advantages and
Involved Problems, Automatic Control and Computer Science, 2010, Vol. 44, No. 4, pp.
199-207.

I.Bilinskis, A.Skageris. Experimental Studies of Signal Digitizing Based on Sine-wave
Reference Crossings, Electronics and Electrical Engineering, 2010, No 4(100), pp. 69-
72.

I.Bilinskis., K.Sudars, M.Min, P.Annus. “Advantages and limitations of an approach to
bioimpedance data acquisition and processing relying on fast low bit rate ADCs”,
Proceedings of Baltic Electronic Conference BEC 2010, Tallinn, Estonia, 2010.

Reports at the conferences:
e The 14th International Conference “ELECTRONICS’2010”, 18-20 May 2010,
Kaunas. 1.Bilinskis, A.Skageris. Experimental Studies of Signal Digitizing Based
on Sine-wave Reference Crossings.

« Annual International Conference on Green Information Technology (GREEN IT
2010), 25-26 October 2010, Singapore. Yu. Artyukh, I. Bilinskis, S. Roga, K.
Sudars. Digital Representation of Analog Signals leading to their Energy-efficient
Processing.

« Baltic Electronic Conference BEC 2010, Tallinn, Estonia, 4.-6. October 2010.
LBilinskis 1., Sudars K., Min M., Annus P., “Advantages and limitations of an
approach to bioimpedance data acquisition and processing relying on fast low bit
rate ADCs”.

Education activity (habilitation for Master’s degree):

Jakovs Savarovskis. "Signala fazu un frekvencu parametru novértéSanas metodes, bazetas
uz laika intervalu analizi". Rigas Tehniska Universitate, Elektronikas un
Telekomunikaciju fakultatethat is , (Telekomunikaciju institats). 2010. gada, jiinijs.
Vaditajs: Dr.sc com. A. Ribakovs

Other related works that were provided but not reflected in the report.
Research that is related with time data application in image processing, mock-ups
creating, experimental studies, reviews of the problem state-of-the-art, etc.
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2.Transportlidzek|u datu bezvadu tikls

2.1. Vehicular sensor networks

Vehicular sensor networks and intelligent transportation systems are promising
approaches to use information technologies for traffic improvement in terms of safety,
comfort and environmental impact reduction. Sensors, on-board processing and
communication interface are the components needed to build an intelligent and
cooperating vehicular network which reduces cognitive load for drivers, optimizes route
selection and issues warnings about hazardous situations and accidents on the road to the
traffic participants, including public institutions and individuals.

Although part of contemporary cars are equipped with sensors and on-board computers,
the sensing and computational capabilities are very limited, especially when considering
scientific experimentation. And the situation is even worse in the communication field -
despite the fact, that particular protocol family called Digital Short Range
Communications (DSRC) is developed by several information society organizations
including IEEE (802.11p protocol [2.1.1]), vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) communication is very limited an inefficient due to fact that
technologies and protocols initially developed for static nodes are used, which are not
optimal for vehicular networks with highly dynamic topology and connectivity [2.1.2].
Therefore our research group is designing and developing a modular platform for novel
vehicular sensor network technology exploration and improvement, and scientific
experimentation. It consists of sensing, processing, actuator and communication modules
as depicted in Figure 2.1.1. Sensing module includes environmental phenomena, road
condition sensors as well as car positioning, and driving behavior measurement modules.
Processing module performs decision-making based on statistics, actual sensor and
received data, and mathematical models of the system. Actuators are responsible for
driver assistance including cooperative cruise control. Communication module includes a
variety of communication interfaces and ensures data exchange between traffic
participants as well as databases and services in the Internet. The platform is intended for
existing communication protocol and sensing application evaluation and improvement, as
well as new protocol design and testing.

Our vision is to have the whole system as an embedded platform, which can be easily
integrated into wide range of existing vehicles, originally lacking the sensing and
communication capabilities. However in the prototyping phase we admit a desktop/laptop
PC as a part of the processing unit to assess and identify the computation-intensive tasks.

Fig. 2.1.1. Vehicular sensor network technology exploration and improvement platform architecture

The tasks completed:
* Development of a modular and extensible embedded sensing platform, described
in Section 2.1.1.1.
* Development of throttle control module for adaptive cruise control, Section
2.1.1.2
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* Analysis and theoretical model for brake control module, Section 2.1.1.2
Research of hybrid positioning and navigation systems, optimal approach choice,
Section 2.1.2
* Development of vehicular sensor-data representation portal, Section 2.1.2
Research of 802.11p DSRC protocol, its comparison to 802.11a, Section 2.1.3.1
802.11p device market research, choice of particular hardware module, its driver
preliminary development, Section 2.1.3.1.
Analysis and modeling of software-controllable directional antenna, Section
2.1.3.2.
* Development of directional antenna prototype, Section 2.1.3.2.
Setup of directional antenna testbed with rotating stand, Section 2.1.3.2.
Future work:

* Testing of sensor platform and throttle control module

* Development of brake control module

* Implementation of positioning algorithms

* Improvement of sensor-data web portal

* Implementation of 802.11p software driver

* Testing and parameter tuning of directional antenna
Testing of all the modules in real applications

2.1.1. Sensing and Actuation

To build a smart and context-aware car, sensing is an essential part. Our approach is to
build a modular sensing system with a predefined set of sensors on-board and possibility
to add application-specific sensors afterwards. One of our proof-of-concept car-sensing
experiments was to develop a system called RoadMic: in collaboration with researchers
from VieSenTIS project team [2.1.32], we used laptop with microphone and GPS in a
driving car to identify and map road irregularities [2.1.4]. Results show, that our
approach detects potholes with more than 80% reliability and the accuracy depends on
GPS capabilities and driving speed. By adjusting the threshold value we can either detect
more potholes with less accuracy, or only the most remarkable ones with high
confidence.

As the next step we are building an embedded platform with GPS and wider range of
sensors, which performs data preprocessing and filtering to divide the data processing
complexity. Processed sensor data is used for both local decision-making and action, and
exchange with other network participants and central server. We have chosen to build an
adaptive and cooperative cruise control as driver assistant for improved safety and
increased road throughput, reduced CO, emissions, and increased driver comfort.

2.1.1.1. Sensor platform

In the first phase we have built a sensor platform (Figure 2.1.1.1.1) consisting of TMote
Mini sensor node [2.1.4] with MSP430 microcontroller [2.1.5] and CC2420 802.15.4-
compliant radio [2.1.6], iTrax300 GPS Receiver [2.1.7], ADXL335 3D accelerometer
[2.1.8], IDG500 2D gyroscope [2.1.9], BCM9765P-44 electret condenser microphone,
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TEMT6000 ambient light sensor [2.1.10], SHT15 humidity and temperature sensor
[2.1.11]. SD card support is added for local data storage. Also integrated are
communication devices, described in Section 2.1.3. Software is being developed for the
sensing platform, using adaptation of MansOS operating system for networked embedded
devices [2.1.33].

Future work includes incremental implementation and testing of sensing platform using
real experiments and applications. For example, noise pollution measurements or icy road
detection using vehicles as mobile sensor node.
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Fig. 2.1.1.1.1. Embedded sensor platform prototype.

2.1.1.2. Throttle and Brake Control

To increase driving comfort and decrease driver tiredness, since 1958 cars are equipped
with system called — cruise control. Its main task is to keep vehicle at constant speed
without driver engagement in braking or acceleration system [2.1.12]. Since 1998 S-class
Mercedes Benz made cars were equipped with active cruised control system — Distronic
[2.1.13], which allowed to keep distance constant and adaptively decrease driving speed
if suddenly another car had appeared on the road. Traffic participant count increases
monotonously, increasing number of road accidents accordingly. In this situation cruise
control system (which is now a top class car feature) is an active system, which makes
driving safer, improves communication ability among drivers and decreases exhauster.

One of the main tasks of adaptive cruise control system is to control accelerator and
braking system. In cars built before 1995 accelerator system was driven mechanically
using cable connected to accelerator pedal from one side and to choker on another. At
that time cruise control systems were local systems taking speed signal from wheel or
from driveshaft and using vacuum lines for choker control.

31



Period from 1995 to 2008 can be noted with fast direct injection system development
and significant car electronics and electronic control system evolution. Accelerator pedals
turned from simple pedals with cables in to electronic sensors having potentiometers and
Hall-Effect sensors inside. Active cruise control braking systems were using vacuum
control lines with electric vacuum pumps and electromagnetic valves, controlled by
signals from the Engine Control Unit (ECU). Newest car (which have two engines —
internal-combustion engine and powerful electro motors) brake and accelerator systems
are being controlled fully automatically with signals from ECU. While braking motors
are switched in to generator mode and are charging accumulator.

Mazda6 [2.1.14] car has been chosen as a representative of a large vehicle group to create
and research a robust, adaptive, cooperative cruise control. Mazda6 represents one of the
largest car groups equipped with electronic accelerator pedal and mechanical braking. It
is not need to control gear shifting, as the car is equipped with automatic gearbox.
Additionally, solution for this particular platform gives ability to make cheap and simple
retrofitting solutions for people with special needs.

To solve tasks set buy development of experimental adaptive cruise control system, we
studied DARPA Urban Challenge competition results and tutorials [2.1.15]. Mainly cars
equipped with automatic gearbox have been taking part on competitions so it was no need
in shifting gears while driving cars in automatic mode. Cars which were equipped with
recuperative braking system and electronic accelerator pedal were driven fully
electronically being controlled by CAN bus with computer or by using analog signals
from pedal emulators. Cars with mechanical braking system were driven using
mechanical system and electric stepper motor controlled by computer.

First step was to examine Mazda6 electric connection scheme and analyze ECU
algorithms. Signal analysis on oscilloscope discovered that Mazda6 accelerator pedal has
two embedded Hall Field sensors, supplied by 5V from ECU. Depending on accelerator
pedal position sensors IC generated voltage from 1.58V to 3.88V for first sensor and
from 1.04 to 3.38V for second one.

Next we developed electronic accelerator pedal emulator (EAPE) control algorithm. The
following requirements for it were defined:

1. EAPE must have option to be switched between normal operation mode (when
accelerator position signals are transferred directly from pedal to ECU) and cruise
control mode.

2. Voltage generated by EAPE should be automatically monitored and regulated to
provide high output signal precision.

3. [If driver presses accelerator pedal, cruise control mode must be switched back to
standard operation mode.

4. While working in cruise control mode EAPE should have ability to calculate and
set intermediate output signal change having current output signal level, needed
output signal level and At — time in which output signal switching should happen

5. Data transfer integrity check should be available to avoid data transfer errors.

To implement the control unit, highly responsive embedded system with two digital-
analog converter (DAC) outputs, six analog-digital converter (ADC) inputs, one timer
with 1 ms resolution, ability to organize data transfer using I2C, USB or UART bus is
required.
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Atmega88PA [2.1.16] micro-controller fully meets for these requirements. It works on
frequencies up to 20 MHz reaching 20MIPS.

A prototype PCB was created (Figure 2.1.1.2.1) with Atmega 88PA micro-controller,
crystal resonator at 20 MHz, L7805 5.0V voltage regulator, diode was placed between
12V voltage supply line and voltage regulator. DAC outputs have RC-high pass filter
[2.1.17] connected to smooth signal output. All input and output lines were connected to
ADC for fast and precise output signal tuning. Data input was carried out using UART
bus. This option made program easier to debug. The control unit accepts commands on
the UART bus, parses them and performs required actions by changing voltage on the
DAC output.

Fig. 2.1.1.2.1 Electronic accelerator pedal emulator (EAPE)

Most of contemporary personal computers do not have COM ports. Therefore UART-
USB converter based on FT232RL was created [2.1.18] for programming and debugging
purpose.

After EAPE programming and debugging it has been tested on oscilloscope. Tests have
shown EAPE output signal’s high precision in manual and in cruise control mode (jitter
<50 mV) and fast reaction time (At <5ms). Also high data transfer endurance was
marked. Next EAPE experiment step is to perform practical experiments on the road.
Because braking system of the chosen car is fully mechanical, it cannot be controlled in a
way similar to throttle. At first step it was needed to take measurements of force needed
to press break pedal, and pedal stroke length from one position to another on car with
started engine. Using rod with plate and electronic scales, maximum weight was
measured, which is needed to put pedal in to its extreme position. The result was 30kg.
Stroke length formed 6cm. Braking pedal lever length from pedal plate connection place
to main vacuum cylinder rod connection place was 24cm. Place and mounting points
under steering wheel was found for automatic braking mechanism placement.
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Sketch and physical model calculation for automatic braking control mechanism were
created, depicted in Figure 2.1.1.2.2.

(V)

0

Y

=

Fig. 2.1.1.2.2. Automatic braking control mechanism — pedal, rack lever, pinion and motor.

Converting 30 kilograms to Newtons we get 294,2N. For ease of calculations and
security reasons we approximate it to 300N.

Effectively fork of rack lever can be placed only between lever and pedal plate
connection, and the middle of pedal lever. We can write down needed torque inequality
as:

300N [24cm < X < 600N U12cm

Now we can calculate optimal pinion diameter, which could move such weight and lower
motor loading. As we know that mechanical work is equal to force transferred through a
distance we can write this down as (L(m) — diameter of pinion):

300N OL(m)< Nm< 600N [OL(m)

Choosing pinion diameter as 3 or 2 cm:

L(m)=0.03 9Nm< Nm< 18Nm

L(m)=0.02 6Nm< Nm< 12Nm

We have chosen 2cm as optimal pinion diameter, so we need motor with torque from
6Nm to 12Nm.
As we know, rack lever stroke length is 6 cm, while moving on such distance pinion

6
should make D = 0,95 of full turn. In the worst case, rack lever should get to the final

position in 1 second or faster. In this situation motor shaft must rotate with speed of 60
rounds per minute.
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Having formula P=
30

required motor power is calculated as:

3,14159§g 12060 _ 75.4 .

For example, Anaheim Automation stepper motor 34Y307D-LWS [2.1.19] fully matches
our needs.

Future work includes calculation, design and creation of brake control unit; testing of
throttle control unit; development of integrated cruise control algorithms; as well as
evaluation of the whole system.

2.1.2. Positioning and Navigation

Vehicle navigation as a process of monitoring and controlling the movement of a vehicle
from one place to another is one of the most important processes that occur during the
driving. Human driver is not perfect so any driving automation is welcomed. Automotive
vehicle navigation could be used for the efficient global route and local motion trajectory
planning that help to improve traffic safety, efficiency, driving comfort. There are several
existing navigation and localization approaches [2.1.20-2.1.22]. The selected one is GPS
(Global Positioning System) and MTS (Motion Tracking System, it consists of 3-axis
accelerometer, 3-ass gyro, 3-ass digital compass) integration. The main idea is to
combine the outputs of GPS and MTS sensor systems to obtain a better estimate of what
they are sensing.

A GPS receiver is a position sensor. GPS position errors will depend on the availability
and geometric distribution of GPS satellites it can track, and other error sources, for
instance, clock synchronization errors, tropospheric and ionospheric delay errors,
multipath errors. The resulting RMS position errors will be bounded, except for those
times when there are not enough satellite signals available for a position solution. A MTS
module is an orientation and a position sensor. MTS orientation and position errors will
depend on the included sensor quality and the selected motion model. Although their
short-term position is relatively accurate, RMS errors accumulate. There are many
different sensor data fusion algorithms. The most widely used in navigation are Kalman
Filter family’s algorithms (e.g. Simple Kalman Filter, Extended Kalman Filter, Sigma-
Point Kalman Filter etc.) Sigma-Point Kalman Filter [2.1.23-2.1.25] was selected for the
future research and application. It seems an optimal solution for its simplicity in
implementation and accuracy in estimation. The system diagram is shown in Figure
2.1.2.1. Other considered solutions have either poor accuracy or very complex in
implementation that is critical for the wireless sensor network applications [2.1.23,
2.1.24].
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To view resulting position track on a map, sensor data portal was developed. The main
used technologies are Java as server-side programming language and Spring framework
as web-application development basis. Large data set and real-time updates are reasons to
use an AJAX (Asynchronous JavaScript and XML) technology. DWR Java library is
used that enables Java on the server and JavaScript in a browser to interact and call each
other in a simple way. Google Maps JavaScript API is used to show sensor data on a
Google Map. Additional software was developed to test and compare different sensor
data fusion algorithms.

MTS unit hardware was developed. It contains 3-axis accelerometer ADXIL.335, 2-axis
pitch and yaw gyroscope LPY530AL, 2-axis pitch and roll gyroscope LPR530AL and 3-
axis digital compass HMC5843. MTS unit software development has been initiated.
Future work includes Sigma-Point Kalman filter implementation for the MTS unit, its
evaluation, and additional functionality development for sensor data web-portal.

2.1.3. Communication

To build a cooperative network, communication is required. On one hand infrastructure
already exists in urban environments: WLAN networks (WiFi), BlueTooth devices and
access points, cellular networks, including GPRS and UMTS. On the other hand, these
communication technologies are not optimal for large-scale vehicular networks due to
strong mobility impact on protocol performance and cost in terms of money (in part of
the cases). Therefore automotive community is developing a new family of protocols
under the name Digital Short Range Communications (DSRC). To research the
communication capabilities, perform comparison and improvement, both of the
approaches have to be tested. Therefore our research platform contains both: DSRC and
traditional communication technologies, including 802.11g (WiFi), BlueTooth and
GPRS. We are also adapting an 802.11p module (DSRC representative), which is at the
moment attached to a PC, not the embedded device, due to technical requirements —
described in Section 2.1.3.1.

On the physical communication layer, we are developing a software-controllable
directional antenna, usable for all the communication protocols, except cellular
technologies. Prototype and testbed has been built.

Future work includes adaptation and driver development of 802.11p module for data
transfer, WiFi, BlueTooth and GPRS module testing in real-world experiments and
deployments, as well as testing and tuning of the directional antenna.
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2.1.3.1. DSRC communication

Automotive community has developed a set of communication protocols under the name
DSRC. IEEE 802.11p [2.1.26], which is still premature and was in draft stage until 15"
July 2010, is a part of it and is considered on of the future state-of-art protocols for
automotive communication. Therefore we chose to participate in research and practical
application experiments of the upcoming standard.

According to analyzed documentation sources [2.1.26-2.1.27] 802.11p (draft) standard is
based on 802.11a, except several MAC and PHY layer differences. The frequency band
of 802.11p is shifted above 802.11a covering independent domain and is around 5,9GHz
respectively, differs depending on local Radio Spectrum regulatory law. As shown in
Table 2.1.3.1.1, several 802.11p modulation parameters are doubled to minimize
probability of faulty data transmission, which would require resending data packets.
Subcarrier spacing is twice decreased to use channel bandwidth more effectively.
Another significant difference of 802.11p is that its channel bandwidth is limited to
10MHz (Half-band) to make signal more robust against fading. This can be achieved by
tuning hardware clocking with help of driver.

From PHY part a more stringent ACR (Adjacent Channel Rejection) is required, which
is implemented by additional hardware filtering.

Parameters IEEE 802.11a haIlE]czl]scil;((gi.lnllg de Changes
Bit rate (Mbit/s) 26zi,9§ 61,24’81, 854 132’, 15 2621,957 el
Modulation mode BPSK, QPSK, BPSK, QPSK, -
16QAM, 64QAM 16QAM, 64QAM
Code rate 1/2,2/3, 3/4 1/2,2/3, 3/4 -
Number of subcarriers 52 52 -
Symbol duration 4us 8us Double
Guard time 0.8us 1.6ps Double
FFT period 3.2us 6.4us Double
Preamble duration 16ps 32us Double
Subcarrier spacing 0.3125 MHz 0.15625 MHz Half

Table 2.1.3.1.1. 802.11a and 802.11p comparison. Data from [2.1.27].

As it is stated in theoretical simulation research article [2.1.28], the IEEE 802.11a
standard doesn’t meet DSRC 802.11p required ACR and low-latency criteria for mobile
communications. It was decided to choose from available 802.11p hardware for practical
research and testing. After contacting with several 802.11p device manufacturing
companies and studying hardware specifications, prices, the most reasonable selection
was Unex DCMA-86P2 mini-PCI modules. However it comes without any software
drivers. To use DCMA-86P2 in compliance with 802.11p standard it is needed to develop
software driver based on open source AthSk project. AthSk is supported by Linux-
Wireless developer community and is included in Linux (Debian) kernel since version
2.6.24.
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While working on 802.11p standard support for DCMA-86P2 module, several problems
were met related to stations interconnection and Linux wireless broadcasting restrictions.
By default mini-PCI modules operate in 802.11a mode at 5,18GHz frequency. At first
wireless scan didn’t show any results. This happened due to suppression of lower
frequencies by a special hardware filter tuned to 802.11p band. After studying /inux-
wireless [2.1.29] documentation and hardware description [2.1.30], adjusting highest
802.11a allowed channel (channel 165 at 5,8GHz), two stations successfully spotted each
other. The next problem was enabling 802.11p standard frequencies. Wireless
broadcasting in Linux, especially using hardware from such vendors as Atheros, is
strictly controlled by CRDA software against illegal and inadequate use. Lots of
documentation were studied to gain knowledge on how to use wireless cards in scientific
research purposes and to understand, how do wireless software parts work together. The
CRDA software gets wireless regulatory domain code either from driver or reads it from
device EEPROM memory. None of settings allowed working with 802.11p-defined band.
To solve this problem Linux regulatory database, which contains frequency bands,
channel widths and allowed transmission power set for each country code, were modified
to support 5875-5915MHz frequency range. The database itself is stored in binary format
and modifying it takes rather complex process, which includes compiling Linux CRDA
and Regdb packages and signing database with generated public key. As the final step
Linux compat-wireless package, which contains athSk driver, was modified to respect
regulatory code input from userspace instead of reading EEPROM information. Then
compat-wireless was compiled and all wireless modules were loaded in memory. After
monitoring kernel information with dmesg command, it was confirmed that 802.11p
frequencies were allocated. There are, however, still several problems to be solved.
Despite the 5, 9GHz band was allowed by regulatory software, DCMA-86P2 hardware
doesn’t operate at 802.11p frequencies. This might happen, because no additional
channels were mapped to allocated band. Another problem is that AthSk driver doesn’t
support 10MHz channels yet, so it would require editing clocking functions and making
additional tests with spectrum analyzer. Adjusting 802.11p modulation parameters also is
associated with driver source code editing and is planned as future steps of the project.

2.1.3.2. Directional antennas

Most of information exchange in vehicular sensor networks, whether it is 802.11p,
vehicle-to-vehicle (V2V) or vehicle-to-infrastructure (V2I), is done wirelessly. From the
wireless transmission point of view there arise several problems due to physical operation
conditions specified by application of Vehicular sensor networks.
e The antennas should be located outside vehicle, since inside location of antenna
significantly reduces transmission distance and quality.
* Outside located antenna should be small sized to reduce wind load un both
antenna and vehicle
* Wireless coverage should be as wide as possible considering given transmit
power
* Interference between involved vehicles and infrastructure radio should be
minimal
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* Energy expenditure for radio transmission especially on stand alone infrastructure
points should be considered
Due to specified requirements we propose usage of passive element array antenna
[2.1.31] for Vehicular sensor networks.
PEAA consists of a central radiator and six passive elements located at equal
distances around it. Control of passive elements is made by TELOSB mote via 12C bus
and digitally controlled potentiometer %ggl& \(see Figure 2.1.3.2.1).

e ——

Fig. 2.1.3.2.1. Antenna control system protypé.\

Radio waves are being transmitted via monopole and then reflected by passive
elements. In each passive element the signal is guided to the transmission line and then
along the transmission line to a varactor connected to the ground plane. Then the signal is
reflected and travels back the same way to the passive element being re-radiated to ether.
Because of superposition of waves and phase shift made by the passive element circuit
the signal in each particular direction could be amplified or attenuated. The direction is
controlled by a sensor node via I12C connected to a digital potentiometer. Finding of right
capacitances is a complex task. However, for the purposes of antenna test, a simple
adaptive technique was used.

Our built prototype meets all requirements mentioned above: it could be placed

outside vehicle, prototype is shaped to withstand winds during vehicle movement, and
wireless coverage is extended due to directionality of antenna, in the same time antenna
can reach 360° coverage because of electronic switching capability. Interference is
decreased because of controlled directionality of transmission. Energy expenditure
(transmit power) is decreased for reaching same distance objects.
We have designed and built antenna prototype ready to use with wireless sensor
networks. We have built testbed for antenna directionality and performance tests (Figure
2.1.3.2.2). We have built antenna control circuit and developed software for electronic
antenna direction control.
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Fig. 2.1.3.2.2. Our Antenna testbed allows rotating the antenna in 360°.

We have presented our work in the 8th ACM Conference on Embedded Networked
Sensor Systems (SenSys 2010) [2.1.34].

Our future work includes development of algorithm for finding optimal passive element
load configuration to reach maximum gain in given direction; testing different antenna
geometries to minimize reactance in central element; testing of antenna under real data
traffic loads (including switching speed, data transfer speed, interference impact etc).
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2.2 MAC limena traucéjumu ad-hoc tiklos novértésanas metodes
un panémieni to ietekmes mazinasanai lielas intensitates
datplismu gadijumos

Marsrutésanas protokolu efektivitate ad-hoc tiklos augstas intensitates datplismu
gadijumos liela méra nosaka pakalpojumu realizacijas kvalitati. Lai padaritu
marSrutéSanas protokolus efektivakus tiek analiz€ta protokolu starpslanu informacijas
apmainas iesp&jas un tas ietekme uz efektivitates paaugstinasanu. Zemako MAC un PHY
slanu informacijai jabiit pieejamai augstakos slanos, lai dinamiski varétu mainit iekartas
parametrus. Jaunaja IEEE 802.11s standartd jau ir paredzets, ka marSrutéSana notiek
MAC adre$u limeni. Sis standarts izmanto HWMP marsruté$anas protokolu, kura tiek
kombingéts proaktivais un reaktivais reZims.

IEEE 802.11MAC [1] pamatmetode kanala piekluvei ir DCF (Distributed Coordination
Function), kas zinama arT ka CSMA/CA (Carrier sense multiple access with collision
avoidance). ST protokola galvenais uzdevums ir novérst kolizijas, kas var rasties uztvérgja
vienlaicigi sanemot paketes no vairakiem avotiem. To realizé tada veida, ka bezvadu
mezgls, kur§ v€las nosiitit datus, vispirms ,,klausas” vai kanals ir brivs (Carrier Sense).
Mezgls aiztur parraidi, ja kads cits mezgla raida signalu (ir nes€js — carrier) un kanals ir
aiznemts. Paketes parraida to tikai tad, kad tiek sanemta informacija par to, ka kanals ir
brivs. Liela koliziju iesp&amiba rodas uzreiz péc kanala atbrivoSanas, jo iesp&jams, ka
vairaki mezgli to ir gaidiju$i. Lai So iesp€amibu samazinatu, papildus tiek izmantots
random backoff time, kuru mezgliem janogaida pirms sitit datus.

CSMA/CA nodro$ina fizisko CS mehanismu. Paraleli tiek izmantos ari virtualais
mehanisms, izplatot kanala rezervéSanas informaciju. Tas tiek realizets kadros ieklaujot
informaciju par laiku, kas nepiecieSams, lai parsiititu datu kadrus un attiecigo ACK
(Acknowledgment) kadru. Tas lauj mezgliem lieki netérét energiju, klausoties kanalu
fiziskaja Iimen.

RTS/CTS protokols tiek izmantos, gan rezervéSanas informacijas apmainai, gan arl
koliziju noveérSanai. Kolizijas var rasties, ja divi mezgli, kuri nav viens otra CS apgabala,
vienlaicigi nosiita datus treSajam mezglam (hidden terminal problem)[2]. Pirms siitiSanas
mezgli apmainas ar vadibas zinojumiem — request to send (RTS) un clear to send (CTS).
CTS zinojumu sanems arT citi mezgli un tadejadi zinas, ka kanals bis aiznemts. V&l viens
blakus ieguvums no §1 protokola ir parraides cela parbaude.

Problémas intensivam datplismam un videokonferencém

CSMA/CS metode ar RTS/CTS protokolu veiksmigi nodroSina datu parraidi klasiskajos
bezvadu tiklos, kur visi mezgli atrodas bazes stacijas (BS) raidiSanas apgabala un visa
informacijas apmaiga notiek caur BS. Tomeér daudzlécienu tikliem (t.s. ad-hoc un
rezgtikliem) mingtie protokoli ne tuvu nav ideali. Galvenokart tadel, ka tiek novérstas ari
iesp&jami sekmigas datu parraides. Ka viens no galvenajiem c€loniem ir exposed-station
probléema [2]. Ta ir viena no CSMA/CA metodes nepilnibam. Tie ir gadijumi, kad divi
mezgli, kuri savstarpé&ji ,,dzird” cits citu un tapéc neraida, lai gan katrs no tiem vélas
parraidit datus veél kadam citam mezglam, kur§ ir arpus otra konkurgjosa mezgla
sniedzamibas zonas.
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Analizéjot MAC protokolu ietekmi uz intensivam datu plismam ka, pieméram, video
straum&Sana un videokonferences, novérojam arT citus min&to protokolu trikumus.
Pieméram, RTS/CTS rada papildus noslodzi tiklam un Iidz ar to stipri ietekmé ta
caurlaides spg€ju. Ja tikls tiek parslogots — tiek sttita datu plisma ar bitrate virs
maksimalas caurlaides sp&jas - paradas lielas kadru aiztures, jo kadri tiek aizturéti
interfeisa rinda (IFQ). Bez tam daudz ir arT zuduso kadru gan del IFQ parpildisanas, gan
RTS pielaujamo izsiitiSanas atkartojumu skaita sasniegSanas.

Art CSMA/CA protokols ietekm& maksimalo caurlaides sp&ju un lidz ar to arT ieglistamo
video kvalitati. /.zim. ir att€lots videokonference gadijums ar 2 datu plismam (1 katra
virziena). Ar zalo krasu ir paradita notiekoSa datu parraide un ar sarkano visas tani laika
aizkavetas parraides. CS apgabals parasti ir ~2 reizes lielaks ka raidiSanas/uztverSanas
apgabals. Tas uzskatami paradits 1. attela, kur paradita 3. mezgla datu parraides
sniedzamibas zona (RX) un citu mezglu ,,dzirdamibas”zona (CS).

1. attels. Ad-hoc tikls ar 20 mezgliem.

Te pirmkart izpauzas exposed terminal probléma, kas noveér§ iesp&jami veiksmigas
transakcijas ar mezgliem, kas atrodas arpus CS apgabala (piem&ram, starp mezgliem 5 un
4), bet bez ta skietami varétu notikt ar1 citas transakcijas ka, piem&ram, starp mezgliem 0
un 5.

Pamatojoties uz 802.11 izmantota MAC standarta un zinatniskas literatiras analizi, tika
izvirziti vairaki iesp&amie risinajumi lielas intensitates datplismu parraides atruma
palielinaSanai ad-hoc tiklos. Tika veikta datormodeléSana un rezultatu analize $adiem
risindjumiem:

1. RTS/CTS atslégSana vai sliekSpa palielinasana.

2. CS apgabala maini§ana.
3. Daudzcelu (multipath) datu parraide.

RTS/CTS atslégSana vai sliekSpa palielinasana. P&c nokluséjuma RTS/CTS handshake
tieck izmantots pirms pilnigi visu pakeSu parsitiSanas. 802.11 MAC standarts paredz
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iesp&ju palielinat kadru izméra slieksni, pie kura notiek handshake [1]. Uzliekot So
slieksni pietiekami augstu, Sis mehanisms praktiski var tikt izslegts.
Dalgjus §is problémas risindjumus jau paredz 802.11n standarts, kurd ir ieviesti $adi
pasakumi:

*  kadru agregacija

*  bloka apstiprinajums (ACK)

Abi risindjumi lauj samazinat izstitamo RTS/CTS kadru skaitu.
CS apgabala maini$ana. Sadi var mainit to mezglu skaitu, kurus ietekmé notiekosa
parraide. Biitiba Siet tieck mekléts kompromiss starp hidden nodes un exposed nodes. Ta
ka optimalais CS apgabals ir atkarigs no daudziem faktoriem, tad mehanismam, kas to
regul€, ir jabut adaptivam, lai pielagotos k konkrétajai situacijai. Darba [4] tiek piedavats
adaptivs algoritms CS automatiskai pieskanoSanai, kas izmanto 802.11k standartu un ta
sniegto informaciju par radiolinijas kvalitati.
Daudzcelu (multipath) datu parraide. Sadalot videopliismu pa vairakiem celiem, var
tikt mazinata iesaistito mezglu noslodze. Tomer, te ir jagem veéra tas, ka izvéletajiem
celiem jaatrodas pietiekami talu vienam no otra, lai viena cela mezgli minimali atrastos
otra CS apgabala. Lai to realiz€tu ir nepiecieSami uzlabojumi marSrutéSanas protokolu
Itmeni. Dalgji risinajumi ir ieviests HWMP protokola, kur§ sp€ja analizét cela noslodzi,
tomer tas tie$a veida nenem veéra minétos traucgjumus starp mezgliem ka ar1 neizvélas
vairakus paral€lus celus.
Datormodelésana veikta 1. attéla paraditajam ad-hoc ftikla modelim ar NS2
programmatiiru. Tika simuléta videokonference statiska ad-hoc tikla. Starp gala
mezgliem bija 3 l&cieni. Tika parbaudita gan RTS/CTS mehanisma atslégSanas, gan CS
apgabala samazinasana ietekme uz tikla caurlaides sp&ju. Vienlaicigi tika noteikts un
analizets arT koliziju skaits. UztverSanas apgabals (attalums, kura mezgls var parsitit un
sanemt informaciju) ir 50m.
2. attela ir paraditi datormodeléSanas rezultati datu parraides gadijuma ar un bez
CTS/RTS protokola. Salidzinata maksimala caurlaides sp€ja pie CS apgabala 110m
(standarta) un 65 m (nedaudz virs uztverSanas apgabala).

Maksimalais atrums,2 paralélas videopliismas (3 |€cieni)

400
350
300 —
250

200

150 1 — CTS/RTS off
100 A —
= ' B
0 4 T |

CSrange110m CSrange 65m

B CTS/RTS on

bitrate, khps

2. attels. Maksimalais datu parraides atrums ad-hoc tikla ar ieslégtu un atslégtu CTS/RTS
protokolu.

Ka parada rezultati tad CS apgabala samazinasana nekadus ieguvumus nedod, savukart
RTS/CTS atslegSana abos gadijumos caurlaides spg&ju uzlabo gandriz 2 reizes. Ja $im
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paSam gadijjumam analiz€jam koliziju skaita izmainas (3. attéls), tad jasecina, ka tas
pieaug bitiski.

Koliziju skaits pie maksimala atruma (3 lécieni)

10000

8000 —

v

=

S 6000 —

S B CTS/RTS on
4000 —
2000 CTS/RTS off

0

CSrange110m CSrange 65m

3. attéls. Koliziju skaits ad-hoc tikla ar ieslégtu un atslégtu CTS/RTS protokolu.

Tika parbaudits ar1 ka CS apgabala izmainas ietekmé divu vienlaicigu videokonferencu
datu pliismas, kas katra notiek pa citu celu. Rezultati ir paraditi 4. attela.

Maksimalais atrums,
2+2 neatkarigas videoplismas (3 lécieni)

200
a 190 ——
2 180 — —
L 170 ——  mCSrange 110
g 160 - T
2 150 L cranee
140

RTS/CTS off

4. attels. Maksimalais datu parraides atrums ad-hoc tikla 2 neatkarigu datplismu
gadijuma ar ieslégtu un atslégtu CTS/RTS protokolu.

Celi tika izv€l&ti ta, lai pie standartizéta CS sliekSna visi iesaistiti mezgli cits citam raditu
trauc&jumus, bet pie samazinatd CS sliekSpa, trauc€jumi biitu noverojami tikai starp
atseviskiem dazado celu mezgliem. Ka jau to var€ja prognozet, samazinot CS apgabalu
pieaug datu parraides atrums.

Secinajumi

Intensivam datu plismam daudzlécienu tiklos ir lietderigi atslégt RTS/CTS. Sis
apgalvojums tika parbaudits tiklam ar nekustigiem mezgliem, tapec turpmak lietderigi
bitu izpétit iespaidu, ko tas rada dinamiska tikla, jo tad papildus ietekmi varétu radit
sttiSanas cela parbaudes (path check) mehanisms.

Bitisku datu parraides apstaklu uzlabojumu ad-hoc tikla dodoptimala CS sliekSna
iestadisana pamatojoties uz riipigu konkrétas tikla situdcijas analizi. Sis risinajums gan
vél prasa dzilaku izp€ti un adaptivu algoritmu ievieSanu.
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Videokonferences kvalitate ir jaizv€las atbilstosi tikla caurlaides spé&jai, kas nozimée
rupigi izveéleties kod€Sanas standartu un parametrus. Te svarigi ir ne tikai izmantot video
imitgjosas datu plismas ka CBR, bet izmantot realas video pliismas, lai biitu iesp&jams
novertét kvalitati gan analitiski (PSNR), gan vizuali. STm nolikam turpmakajos pétijumus
esam paredzgjusi izmantot Evalvid rikus [5], kas laus kodétu video plismu parveidot
simulacijas programmai saprotama formata.
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3. Platjoslas signalu generésana un registrésana

3.1. Diskrétas stroboskopijas adaptivo metoZu optimizacija
dinamiska diapazona paplasinasanai

3.1.1 Diskretas stroboskopijas ,alfa” adaptacijas optimizacija
dinamiska diapazona paplasinasanai

3.1.1.1. Diskretas stroboskopijas metoZu dinamiskais diapazons

Diskrétaja stroboskopija signalu momentano veértibu mérisana notiek, momentano veértibu
salidzinot ar zinamu slieksni. Atkariba no ta, ka tiek mainits slieksnis un ka tiek
apstradati salidzinasanas ar slieksni rezultati, ir iesp&jamas vairakas metodes, kas
nodroSina noteiktu dinamisko diapazonu. Ar dinamisko diapazonu Seit tiek saprasts
lielums

d=—, (3.1.1.1.1)

kur
A* - maksimala monosvartibas amplitida parveidotaja ieeja, pie kuras parveidojuma
std(u, - u,) e
A %
u, - harmoniskas monosvarstiba ar amplitidu 4, un periodu 7; ;

rezultata normetais formas kroplojums ¢ , =

u, - tas parveidojuma rezultats;

0, - parveidojuma rezultata vidgja kvadratiska novirze pie amplitidas 4, = 0 (trok$nu
celipa RMS);

¢ — pielaujamais kroplojumu koeficients. Jo mazaki ir pielaujamie kroplojumi, jo mazaku
ir jaizvelas ¢ vertibu. Konkrétibas labad Sajos pétijumos krit€rija ¢ veértiba ir pienemta
¢ = 0.03, kas v&l nodroSina pietiekosi kvalitativu signala parveidoSanu.

Tiks apskatitas sekojoSas signalu parveidoSanas metodes:

*up-and-down metode (turpmak ud metode);

*modificéta up-and-down metode (turpmak udc metode);

*statistiska metode.

Saskana ar ud metodi, sliekSna izmainas notiek sekojosa veida:

ejje1 = €t st signUy; = e ), (3.1.1.1.2)
kur
e

-e

i+1,1 in s

U, = u; + X - meramas signala vértibas #;; un normali sadalita trokSna X ar disperiju

DX =0 summa.
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Par signala momentanas vertibas merisanas rezultatu uzskata pedgjo slieksna vertibu
Uyi = €. (3.1.1.1.3)

Udc metodes gadijuma sliekSna izmaina notiek tada pasa veida ka ud metodei, bet par

signala momentanas vertibas mérisanas rezultatu uzskata sliekSnu vid&jo vertibu

_ ¢
Uy, = =) €. (3.1.1.1.4)
ne,
Statistiskas metodes gadijuma slieksSna izmaina notiek sekojosa veida:
S On;
€y SN0,0 =gt e,, (3.1.1.1.5)
n
kur
€,=€,=...7¢,;=..7 ¢, -slieknis i-aja signala fazes punkta.

Par signala momentanas vertibas mérjjuma rezultatu uzskata lielumu
Ui = €. (3.1.1.1.6)

Tada gadijuma katra no metodém nodroSinas sev raksturigu dinamisko diapazonu
(3.1.1.1.1). Hustracijai Zim. 3.1.1.1.1. ir paradita 0 f(Al) atkariba statistiskai metodei —

likne 1, ud metodei — likne 2 un udc metodei — likne 3 pie sekojoSiem nosacijumiem:
A, 0 (01400 ] ;

0,=1;
n, = 50;
N =300;

n = 25 - salidzinasanu ar slieksni (strobu) skaits;
S.q = 0.10 | —ud metodes solis;

Suae = 0.50 | —udc metodes solis.

48



/ /S
W/
0.05 / /
ol :

0 20 40 60 80 100 120 A

Zim. 3.1.1.1.1 Parveidojuma rezultata normétais formas kroplojums pie dazadam
metodém: statistiska metode — likne 1; ud metode — likne 2; udc metode — likne 3.

No iegutiem rezultatiem redzams, ka signala parveidosanu pie augstak min&ta kritérija
¢ = 0.03 statistiska metode nodro$ina lidz amplitadai 4, = 16, ud metode — 4, = 24 un
udc metode — 4, = 114,

Solis udc metodei s= 0.50, tika izvéléts, izejot no sekojoSiem apsveérumiem. No
agrakiem pétfjumiem ir zinams, ka udc metodei 0 , visai plaSas robezas nav atkarigs no
sola $ lieluma un izsakams sekojosa veida [3.1.1.1.1]:

0,%1250  /Jn (3.1.1.1.7)

Bez tam ir skaidrs, ka lielaks solis S pielauj lielaku parveidojama signala amplitiidu pie
uzdota kroplojumu faktora. Saja sakara tika veikta statistiska model&Sana, lai atrastu tadu
udc metodes soli, pie kura 0, udc metodes gadijuma biitu vienads ar 0 , ud metodei pie

sola s = 0.10 , un n = 25 (sk. Zim. 3.1.1.1.2.).

49



0.3

0.25

0.2

0.15

0.1

0.05

O T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Zim. 3.1.1.1.2. 0, atkariba no sola S lieluma udc metodes gadijuma.

Ud metodes gadijuma pie augstadk minétiem nosacfjumiem 0, = 0.254. No iegitiem
rezultatiem (Zim. 3.1.1.1.2) redzam, ka udc metodes ekvivalentais sola lielums tada
gadijuma ir s = 0.50 |. Ar $o soli tad arT tika veikts zemak izklastitais metodes dinamiska
diapazona pétijums.
Statistiskas metodes gadijuma, lai nodroSinatu tadu paSu 0, ka ud un udc metozu
gadijumos, tika piemekléts attiecigais koeficienta 7T lielums: 1 = 0.97. Pie Sadas
koeficienta /1 veértibas tad ari tika veikts zemak izklastitais metodes dinamiska diapazona
petijums.
Ir iesp&jami vairaki adaptacijas principi [3.1.1.1.2]. Viens no tiem ir ,,alfa” princips, ko
var pielietot visam augstak min€tajam metodém. ,,Alfa” adaptacija paredz katra nakosaja
signala fazes punkta merisanu uzsakt no sliek$na vertibas, kas tiek aprékinata, nemot véra
signala pieaugumu (kritumu) salidzinajuma ar mérjjuma rezultatu iepriek$¢ja fazes
punkta:

€y = Uy PO \Uy, ~ Uy, (3.1.1.1.8)
kur
e, - J -ta slick$na vertiba 7 -aja fazes punkta, kur / mainas no 1 Iidz 7 ;
u,; —signala izmerita vertiba 7 -aja fazes punkta;
0 — adaptacijas koeficients.
Signalu parveidosanas adaptivo metozu optimizacija nozimé atrast tadu ¢ vértibu katrai
no augstak min€tajam metodém, kas pie dotajiem nosacijumiem (7, n,) nodroSinatu
maksimalo dinamisko diapazonu. Pe&tijums tika veikts ar statistiskds model€Sanas
palidzibu, kas musu interesgjoSa parametru apgabala dod pietickosi izsmeloSu parskatu
par metozu 1paSibam. Sakara ar to, ka adaptivo metozu praktiskais pielietojums ir
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paredz€ts augstas jutibas stroboskopisko parveidotaju projektéSanas vajadzibam, pétijumi
tiek veikti pie nosacijumiem, kas nodrosina 0 , < 7 | .

3.1.1.2. Signalu parveidoSanas adaptivo metoZu optimizacija

3.1.1.2.1. Adaptivas ud metodes optimizacija

Lai ud metodi optimizgtu, ir jaatrod tada ¢ vértiba, kas nodro§inatu pie uzdotajiem 7 un
n,; maksimalo dinamisko diapazonu (3.1.1.1.1).
Saja sakara tika sastadita optimizacijas programma ud metodei, ar kuras palidzibu tika

ieglta dinamiska diapazona d atkariba no optimizacijas koeficienta ¢ lieluma (skat.

Zim. 3.1.1.2.1.1.) pie sekojoSiem nosacijumiem:
N =300;

n=25;

ny = 50

g ,<0.03;

0<a <14,

s=0.10 .

Ka redzams no iegiitiem rezultatiem, optimala @ vertiba ir vienada ar 0.9, kas
nodrosina dinamisko diapazonu d = 325.

350
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Zim. 3.1.1.2.1.1. Ud metodes dinamiska diapazona d atkariba no optimizacijas

koeficienta 0 vertibas.
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Maksimala ieejas signala amplitiida, kas atbilst nosactjumam c < 0.03, pie optimalas @

vertibas ir 4., = 84 . Signala ar $adu amplitidu parveidojums attélots Zim. 3.1.1.2.1.2.

100
50 b
o iy
-50 b
_1 OU L 1 1 L L
0 S0 100 150 200 250 300
44.4056, 111.916

3.1.1.2.1.2. Monosvarstiba un tas parveidojums pie optimalas 0 vertibas (¢ = 0.9) un

amplitidas A4* = 84.

Ar minétas optimizacijas programmas palidzibu ir iesp&jams pétit optimalas 0 véertibas
atkaribu no parametriem 7, n,. Tacu $adu peétjjumu lietderigi biitu veikt tikai
efektivakajai no augstak uzskaititim metodem. Saja sakara talak apskatisim alfa

optimizaciju udc metodei un statistiskajai metodei pie tiem paSiem n, = 50 un n = 25.

3.1.1.2.2. Adaptiva udc metode

Tika sastadita optimizacijas programma udc metodei, ar kuras palidzibu iegiita sekojosa
dinamiska diapazona d atkariba no optimizacijas koeficienta ¢ lieluma (Zim
3.1.1.2.2.1.).
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Zim. 3.1.1.2.2.1. Dinamiska diapazona d atkariba no adaptacijas koeficienta ¢ vé&rtibas
udc metodes gadijuma pie s = 0.50 ,.

Ka redzams no iegiitiem rezultatiem (Zim. 3.1.1.2.2.1.), pie augstak minétiem
nosacijumiem, optimala @ veértiba udc metodes gadijuma ir vienada ar 0.85, kas
nodro$ina dinamisko diapazonu d = 1334. Tatad udc metode, salidzinagjuma ar ud
metodi, nodroSina aptuveni 4 reizes lielaku dinamisko diapazonu. Monosvarstibas
parveidojums pie optimalas 0 vertibas paradits Zim. 3.1.1.2.2.2.

[ =Y

400
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400 I I 1 1 1
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140.169, -238.080

Zim. 3.1.1.2.2.2. Monosvarstibas parveidojums pie optimalas 0 vertibas (¢ = 0.85) un

amplitidas A*= 340.
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No parveidojuma rezultata redzams, ka pie optimalas @ vertibas udc metode dod
apméram tadu pasu signala izsvarstiSanos monosvarstibas beigas ka ud metode.

Parbaudot 0, pie optimalajam 0 veértibam ud metodei pie sola s= 0.10, un udc
metodei pie sola s= 0.50 ,, tika iegits, ka tas praktiski neatSkiras. Zim. 3.1.1.2.2.3

paradita 0 , atkaribas model€Sanas rezultati un to aproksimacija ar taisném.

02
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Zim. 3.1.1.2.2.3. 0 , atkariba no adaptacijas koeficienta & vertibas: ud metodei —likne 1;

udc metodei- Iikne 2.

3.1.1.2.3. Adapfiva statistiska metode

Statistiskas metodes gadijuma, saskana ar 0 adaptacijas principu, sliekSna izmainu var
uzrakstit sekojosa veida:

+

- n.
ei+l,l - []0 I(D IE;H-F ej,n + a (uz,i - uzyi_| . (311231)
n

Par mériSanas rezultatu 7 -aja punkta uzskata lielumu:
S Hn;
u,; = N0, E;% €. (3.1.1.2.3.2)

Saja sakara tika sastadita optimizacijas programma statistiskajai metodei, ar kuras
palidzibu iegiita sekojosa dinamiska diapazona d atkariba no optimizacijas koeficienta
0 lieluma. Ka redzams no iegiitiem rezultatiem (Zim. 3.1.1.2.3.1.), pie augstak min&tiem
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nosacijumiem, optimala @ vertiba ir vienada ar 0.9 , kas nodrosina dinamisko diapazonu
d=306.
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Zim. 3.1.1.2.3.1. Dinamiska diapazona d atkariba no adaptacijas koeficienta @ vé&rtibas
statiskas metodes gadijuma pie 1 = 0.97

Salidzinajumam dinamiska diapazona pétjjuma rezultati augstak minétdm metodém
att€loti Zim. 3.1.1.2.3.2.
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Zim. 3.1.1.2.3.2. Adaptivo metozu efektivitates salidzinajums: likne 1- udc metode, Iikne
2- ud metode, Iikne 3- statistiska metode

Saja petijuma iegita adaptacijas koeficienta optimala vértiba visam metodem gandriz
neatSkiras un aptuveni vienada ar 0.9. No Zim. 3.1.1.2.3.2. redzams, ka udc metode
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uzrada butiski plasaku dinamisko diapazonu neka ud un statistiska metode (vairak ka 4
reizes). Savukart ud un statistiska metode praktiski neatSkiras. Lidz ar to talakos
petijumus ir lietderigi veikt tikai udc metodei ka perspektivakai metodei.

3.1.1.2.4. Diskretizacijas punktu skaita uz periodu ietekme uz optimalo
adaptacijas koeficienta alfa vertibu udc metodei

Petijums tika veikts ar statistiskas model€Sanas palidzibu pie $adiem nosacijumiem:
n= 25; 50,100 pie n, = 10; 20; 30; 40,

Iegtti $adi secinajumi: pie visiem augstadk minétiem 7, palielinoties 7, , optimala
adaptacijas koeficienta @ vertiba asimptotiski tiecas uz 1 (Zim. 3.1.1.2.4.1.) un
dinamiskais diapazons palielinas (Zim. 3.1.1.2.4.2.).

a
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Zim. 3.1.1.2.4.1. Optimalas 0 vertibas atkariba no 7, (n= 25).

Pie citiem apskatitajiem 7 0 izmaina atkariba no 7, ir apméram tada pati.
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Zim. 3.1.1.2.4.2. Dinamiska diapazona atkariba no 7, pie dazadiem strobu skaitiem un
optimalajam ¢ vertibam: likne 1 - n= 25, Itkne 2 -7 =50 Iikne 3 - n = 100.

3.1.1.2.5. Salidzinasanu skaita viena punkta ietekme uz optimalo adaptacijas
koeficienta alfa vertibu udc metodei

Petijums tika veikts ar statistiskas model€Sanas palidzibu pie $adiem nosacijumiem:
n= 25;50,100 pie n, = 10;20;30; 40. No iegitajiem rezultatiem redzams (Zim.
3.1.1.2.5.1.), ka koeficienta @ optimalas v&tibas no 7 praktiski nav atkarigas.
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Zim. 3.1.1.2.5.1. Optimalas 0 vertibas atkariba no 7 pie dazadiem n; : likne 1 - n, = 10
, Iikne 2 - n, = 20, likne 3 -n, = 30, likne 4 - n, = 40.

Pie ieglitajam optimalajam @ vertibam ar statistiskas modeléSanas palidzibu tika veikts
petijums par dinamiska diapazona atkaribu no salidzinasanas operaciju skaita 7. No
iegiitiem rezultatiem redzams (Zim. 3.1.1.2.5.2), ka, palielinoties 7, dinamiskais
diapazons arf palielinas. Saja sakara rodas jautajums, kas ir efektivak: palielinat 7 vai n,
pie nemainiga nln, .

d /
6000 4
5000

3
4000
3000
/ 2
2000 /
1000 g /
n/ !

hd T

25 50 75 n

Zim. 3.1.1.2.5.2. Dinamiska diapazona atkariba no 7 pie dazadiem n; : likne 1 - n, = 10
,likne 2 - n; = 20, Iikne 3 -n; = 30, Iikne 4 - n, = 40.

3.1.1.2.6. Kombinacijas n*nt efektivitate

Statistiskas model&Sanas rezultati, kas tika veikti pie kombinacijam: nUn, = 25020 = 500
un nln; = 50010 = 500 paradija, ka efektivak ir palielinat n,. Ta, pie nln, = 25020
tika iegits dinamiskais diapazons d = 236, bet pie nln, = 50010 dinamiskais diapazons
ir gandriz 2 reizes mazaks: d = 133. Lidzigs pétijjums tika veikts pie kombinacijam
nln, = 25040=1000; nln, = 50020=1000 un nln, = 100010= 1000, ka ari pie
nln, = 102000 = 2000 ; nln, = 50400 = 2000; nln, = 25080 = 2000;
50040 = 2000 ; nln, = 100020 = 2000 . A1 pie §Tm nln, vértibam modelé$ana
paradija, ka joprojam pie nemainiga nlUn;, lietderigak ir lietot liclaku 7n,, nevis 7.
[lustracijai:

- pie nln, = 25020 4 = 236; nln, = 50010 d =133,

25040 d=879; nln, = 50020 d = 648; nln, = 100010 d = 364.

nln,

- pie nln;
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- pie nln, = 102000 d = 8392; nln, = 50400 d = 5605; nln, = 2580 4 = 3265;
nln, = 50040 d = 2416; nln, = 100020 4 = 1807 .
Sis apsvérums biitu janem véra pie UWB uztvérgjiekartu projektesanas.

3.1.2. Diskretas stroboskopijas ,s” adaptacijas optimizacija
dinamiska diapazona paplasinasanai

Diskretas stroboskopijas s adaptacija tiek veikta uz ,,up-and-down” metodes, kura tika
aprakstita jau augstak, bazes. Saja pétijuma par adaptacijas efektivitates kriteriju tika
izmantota parveidojuma rezultata norméta vid€ja kvadratiska novirze:

1 1 &
O-f": _\/_Z (usi_u2in) s (3.12.1)

1\ r &1

kur 4, ir signala ¥, amplitiida, bet 7, - strob&jamo momentano vértibu skaits, rékinot uz
signala ¥, periodu 7. 4, un s tiek mériti ieejas trokSpa vidéjas kvadratiskas novirzes? ;
vienibas.

Adaptacija $aja metode tiek panakta, ieveSot mainigu s vertibu atkariba no parveidojama
signala izmainas lieluma dotaja fazes punkta saskana ar $adu formulu:

+

2n; )
s=s,(0+ k(——-1"), (3.1.2.2)
n

kur §y —ud procediiras “nominalais” solis,

n; - sliek$na parsnieganas gadijumu skaits i-taja strob&$anas cikla,

n — kopégjais salidzinasas ar slieksni operaciju skaits,

k, r —adaptacijas koeficienti.

Sakuma tika veikts pétijums ar statistiskds modeléSanas palidzibu pie S$adiem
cksperimenta apstakliem: So= 0.0 »n=200  7,=50 A4, =1 15 izpétitu
0 ,,= f(k,r) atkaribu no adaptacijas koeficienta k vértibas pie dazadam koeficienta

vertibam: 7= 1, 2,3, No §1 pétijuma (skat. Zim. 3.1.2.1.1.) varam secinat, ka mazam
parveidojama signala amplitidam un koeficienta 7 vértibam, vienadam ar 2 un 3, signala
kroplojumi ir relativi nelieli un maz atkarigi no koeficienta k vertibas.
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Zim. 3.1.2.1. Signala formas kroplojumu atkariba no adaptacijas koeficienta k vértibas
pie r=1 —likne 1; = 2 —Ilikne 2; r = 3 — likne 3.

Lai ilustrétu koeficienta » iespaidu uz signala formas kroplojumiem pie mainigas
amplitiitadas, tika veikta statistiska modelé$ana pie $adiem apstakliem: s, = 0.01
n=200, n;=50 4 =1.200 pgtfjuma rezultati ilustréti Zim. 3.1.2.2. Ar likni 1 ir
attelota 0 ,, = f(k,r) atkariba pie k = 0 (klasiska ud metode). Kroplojumu koeficienta

0 ,,= f(k,r) atkaribu adaptivas metodes gadfjuma pie k=10 un 7= 1,2,3 ilustré
attiecigi Iiknes 2, 3, 4.

Zim. 3.1.2.2. Kroplojumu koeficienta atkariba no parveidojama signala amplitiidas.

Ja par dinamiska diapazona robezu uzskata 4, vértibu, pie kuras 0 ,, = 0.02 tad pie
k=10 un r = 1+ 2 iesp&ams panakt aptuveni 8-kartigu diapazona paplaSinasanu.

Ar statistisko eksperimentu palidzibu tika konstatéts, ka dinamiska diapazona robeZzu
vispariga gadijjuma var izteikt ar sakaribu:
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A, = sy (3.1.2.3)

kur A ir koeficients, kas atkarigs no parveidojama signala formas. Sinusoidalam
signalam A = 0.67 . Ilustracijai Zim. 3.1.2.3. ir paraditas atkaribas 0 ;(4,) pie dazadam

Sy, n un k vertibam:

1. likne: Sonk = 0.010200010 = 20
2. Iikne: Sonk = 0.010200030 = 60 ;
la. likne: S nk = 0.020100010 = 20 ;
2a. likne: S,k = 0.020100030 = 60

Zim. 3.1.2.3. Kroplojumu koeficienta 0 ;(4,) atkariba no parvedojama signila
amplitiidas pie dazadam $,7k kombinacijam.

No iegiitajiem rezultatiem redzams, ka kombinacijai o7k = 20 Iiknes 1 un la pieaugot
amplittidai, saiet kopa un nodro$ina vienu un to pasu dinamisko diapazonu ($aja pieméra
A,y * 150), L1dZigi, kombinacijai s,7k = 60 attiecigas liknes saiet kopa, nodrosinot
dinamisko diapazonu 4, ., = 400,

Projekta ietvaros ir izstradata ,,s” adaptivas metodes modifikacija, kas pie tam pasam 7,
So k, r vertibam, ievieSot jaunu parametru, lauj vél vairak paplasinat dinamisko
diapazonu (skat. Zim. 3.1.2.4).
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Zim. 3.1.2.4. Adaptivas ,,s” metodes (Iikne 1) un tas modifikacijas (Iikne 2) salidzinajums
pie n= 200, s, =001, k=1, r=15,

Secinajumi:
1. Mainiga § izmantoSana ud metodes adaptacija lauj paplasinat dinamisko diapazonu
Ak reizes pie < 2 un k< 30.
2. ,,S” metodes modifikacija lauj vél papildus paplasinat dinamisko diapazonu 5+ 6
reizes.
3. Parveidojuma kroplojumi ir atkarigi no 5 argumentiem: 0 ,, = f(n,n.,5,,k,r), pie
tam neviens no argumentiem nav ar mazu ietekmi. Tas ieverojami apgriitina analitisku
sakaribu iegiSanu, tapéc pétijumi tika veikti ar statistiskas modeléSanas palidzibu
praktiskos pielietojumos interesgjoSo parametru robezas.

3.1.3. Parveidotaja uz udc metodes bazes jutibas paaugstinasana

Ka jau sadala I. tika minéts, parveidojamo signalu momentano veértibu mériSana udc
metodes gadijuma notiek sekojosa veida:
e jr1 = eyt s*sign(Uy; - e ;) (3.1.3.1)

kur

e e

it1,1 T in s

U, = u; * X - meramas signala vértibas ¥;; un normali sadalita trok§pa X ar disperiju

DX =0 summa.

Par signala momentanas vertibas mérisanas rezultatu uzskata sliekSnu vidgjo vértibu
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Y e (3.13.2)
A

S | =

Fizikalu eksperimentu veida tika veikts $ads pétijums. Tika izgatavots stroboskopiska
parveidotaja eksperimentalais paraugs ar iesp&ju parslégt dazadus parveidosanas rezimus,
ka arT ar iesp&ju mainit komparatora kompensacijas signala solus s = 0.6650V un
s = 10.641V . Viduv&jamo slieksnu skaits

n* bija izveléts n*= 255. Komparatora tika izmantotas germanija tuneldiodes ar

sekojosiem parametriem: [, = 10mA; U, = 110mV"; yoltamperu raksturliknes pirma zara

pretestiba R, = 5.5Q ; komparatora ieejas pretestiba R, = 47.3Q .| Saskana ar agrak
veiktiem pétijumiem stroboskopiska parveidotaja uz $ada komparatora bazes parejas
rakstuliknes kapuma laiks izsakas ar izteiksmi:

t,= CJ2n(R? + R2) . (3.13.3)

Tuneldiozu voltampéru raksturliknes krito§a zara minimala pretestiba tika aprékinata

saskana ar izteiksmi [3.1.3.1]:

0.7
18U
: I

p

(3.1.3.4)

Misu gadijuma R, = -21Q .
Eksperimentala parveidotaja parejas raksturliknes kapuma laiks tika iegats ¢, = 80 ps, no
ka tika aprékinata pielietoto tuneldioZzu kapacitate C=1.47 pF'. Izmantojot iegitos
lielumus, varam aprékinat parveidotaja pastroksnpa teorétisko vidgjo kvadratisko novirzi:

ql,

= R - - 7
7 . C(RI_RZ) ’

(3.1.3.5)

kur ¢ = 1.602010°" C - elektrona ladins.
Misu gadijuma 0 , = 303.3p V"
Parveidotaja ud metodes rezima parveidotdja izeja trokSna vidéja kvadratiska novirze

izsakas ka:

0, = +/0.6250 s+ 0.255° . (3.1.3.6)
Saskapa ar $o izteiksmi, miisu gadijuma pie s= 0.6650V ieglistam 0, = 11.23pV",
Savukart, pie s=10.644V -a,=4522,V7 .
Parveidotaja videja kvadratiska novirze udc metodes rezima tika aprékinata ar statistiskas

model&Sanas palidzibu, izmantojot zinamos n = 255; s= 0.6654V ; ¢ ,=303.34V un
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tika ieguts 0 , = 10.4 4V . Ka redzam, udc metodes gadijuma 0 , ir tikai nedaudz mazaks
par 0, ud metodes gadijuma. Tas ir izskaidrojams ar to, ka pie tik maziem soliem

5= 0.6651V ud procediiras parveidotais troksnis ir ar lielu autokorelacijas intervalu, kas
samazina sliek$nu viduvé$anas operacijas efektivitati. Saja sakara saglabajot vienu un to
pasu viduvéSanas operaciju skaitu n*= 255, parveidotaja eksperimentalaja parauga tika
ieslégts rezims, kas viduvéSanai izmantoja iztveérumus arpus korelacijas intervala (katra
42-a sliekSna vertiba). Rezultata eksperimentali tika ieglita parveidotaja jutiba
0,=74uV.

Eksperimentos ar s = 10.644 V" udc metodei tika iegits 0, = 254V, kas labi sakrit ar

datormodelésanas rezultatu 0, = 22.4uV . Autokorelacijas intervala iespaids tika
noverots ar1 $ada, lielaka sola gadijuma, kaut ar1 mazaka méra. Pedgjais ir izskaidrojams
ar to, ka pie lielam sola vertibam korelacijas intervals saSaurinas un viduvéSanu
efektivitate palielinas. Tatad, parveidotajos uz udc metodes bazes pie viena un ta pasa

viduvgjamo iztverumu skaita var palielinat jutibu, iztvérumus nemot retak
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3.2.Ultraplatjoslas impulsu veidoSanas panémienu izpéte

3.3.1. levads

Palielinoties pusvaditaju iericu un nelinearo elementu razosanas tehnologijam un
paplasinoties datu apstrades algoritmiem un programmu iesp&jam, nenoverSami pieaug
ultraplatjoslas (UPJ) impulsu forme&Sanas nepiecieSamiba.

Sadi impulsi tiek izmantoti tadas iekartas, ka zemvirsmas radiolokatori, dazadu
objektu struktiras diagnostikas instrumenti u.c. Tas saistits ar superaugsto frekvencu
impulsu jeb ultraplatjoslas impulsu (UPJ) optimalam 1pasibam, kas nodroSina
nepiecieSamo impulsa jaudu un maksimalo izskirtsp&ju.

UPJ impulsus iesp&jams iegtt ar elektrisko shému palidzibu, kas veidotas uz
tuneldiozu, IMPATT diozu (IMPact ionization Avalanche Transit-Time - IMPATT), kas
strada nestandarta rezima, ladiguzkrajoSo diozu (Step Recovery Diode - SRD),
lavintranzistoru, lavindiozu ar S-veida voltamperu raksturlikni (VAR). Izmantojot
iepriek§ min€tos elementus, tika veikti vairaki eksperimenti impulsu ar maksimali atru
fronti iegiiSanai. Lavindiozu ar S-veida VAR registracijai izmantots misdienigs reala
laika osciloskops Tektronix DPO 70604 ar maksimalo frekvencu caurlaides joslu 6 GHz,
ar kuru veikts iegiita impulsa spektra novertgjums.

3.2.2. Ultraplatjoslas impulsu formétaji

Tuneldiodes. Tuneldiodem novérojams lielakais parslégsanas atrums. Germanija
tuneldiodém ir lielaks parslegSsanas atrums neka Gallija-arsenida (GaAs) diodém.
Tadgjadi diode 1M308 lauj radit impulsus ar fronti 30 ps, bet diode TD1107 — 20 ps
fronti. VAR taisnaja apgabala diodei raksturiga N-veida stravas-sprieguma atkariba un
noverojams negativas diferencialas pretestibas apgabals. Tas lauj izmantot $is diodes ne
tikai impulsu ar atru parslégSsanas laiku iegtSanai, bet ari harmonisku svarstibu

generéSanai un pastiprinaSanai. Att€la 1. redzamas tune]diozu radito impulsu
oscilogrammas.
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Zim. 3.1. Tuneldiozu radito impulsu oscilogrammas: a - impulss ar fronti 150 ps; b —
augstfrekvences impulsu paka, c - nepartraukts harmonisks signals ar frekvenci 0.7 GHz
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IMPATT diodes. IMPATT diodes negativais pretestibas apgabals iesp&jams pie
noteiktiem baroSanas sprieguma nosacijumiem. Zim. 3.2.b redzama IMPATT diodes
VAR. Normala diodes rezima tiek nodro§inata kontinualu elektrisko signalu generéSana
un pastiprinasana gigahercu rezima. Eksperiment&jot ar nestandarta barosSanas
nosacijumiem ar $adu diodi tika iegtti impulsi ar pikosekunzu fronti. Attéla 2b. redzama
iegiita impulsa ar 90 ps fronti un 3.5 V amplitiidu oscilogramma.

b | it | i | e | | | | Memsr | Mok | Wt | WySorpa | Ao | Lot | ot | IR e X
T L

62 ps 90 ps
ol

(=T s = J e T

Zim. 3.2. IMPATT diodes voltampéru raksturlikne (a) un ar So diodi iegiitd impulsa
oscilogramma (b)

IMPATT diodes aptuvena lavinstravas vértibu I, (t) var noteikt, risinot
diferencialvienadojumu [1]

0 huy (0, 0 G

S s
Ja: U§0(5 5

kur 0 - zonas platums metalurgiskas parejas tuvuma;
V.- piesatinaSanas atrums pie ladipnes€ju dreifa caursites reZima, V.
= 107 cm/s;
0 - triecienjonizacijas intensivitate, 0 =5...7,
Uy , - lidzsprieguma sastavdala lavincaursites slani.
Izmantojot vienadojumu (3.1), aprékinam lavinstravu pie impulsveida ieejas sprieguma.

Ka modeli jeb ieejas signalu U; (f) izmantosim funkciju, kas raksturojama ka izvirzijums
rinda

u; (£)= 0,3373+ 154,5966¢ - 91,4931£ + 21,6435¢* - 1,7704¢*  (3.2)
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Koeficienti ir izveéleti ta, lai samazinatu vidgjas kvadratiskas kltidas novirzi no
gabalveida linearas funkcijas (Zim. 3.2.a). Saja gadijuma intervala 0...5 ns vidg€jas
kvadratiskas kltidas novirze bija 5%.

uV
b

20+

all

w4 L

0 T T T T !
i 1 2 3 4 st, ns

Zim. 3.3. leejas sprieguma impulsa modelis, a — ka gabalveida lineara funkcija, b — ka
izvirzijums rinda (3.2)
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Lavinstrava I, () dotajam ieejas spriegumam ¥, (f) aprekinama:

- 0166kt(12a4t*+ 15a33+20ayt2
i(t)= 10600 66kt(12a4*+15a3*+ 20a5°+ 30ayt+ 60ag)

kur I,— stravas I, () pastaviga sastavdala no lidzsprieguma avota bez U; (t) .

T ~v-l|~w~ |D-m |mm T — A:‘m wrmul T T IR e
'\ll UJV 56000868804 i' A
1ins \ ot
i ] - 804
\ I 0,15
/ u 1 ad
| 1
fe A e l\ o fﬂ\w“'\wwv'ww
DN 0,10
N N
\\j"\r\.\,‘.\w
. Hoos
1 204
glrn[uunv I I u;;n:fus T e 0
- - 0 0 1 13 21, ns
Zim. 3.4. IMPATT diodes sprieguma un stravas oscilogramma: a — iegiita

eksperimentalaja modeli, b - aprékinata

Zim. 3.4. redzama IMPATT diodes eksperimentali iegiita strava un spriegums un
model&Sanas rezultata analogi iegiitas stravas un sprieguma laika atkaribas. Salidzinot
3.4a. un 3.4b. Zim&jumus, noverojama laba eksperimentalas un modulétas stravas liknes
sakritiba.

Vel veérojama: a) stravas kapuma aizkavéSanas pret spriegumu; b) stavas
pieaugums darba apgabala ir 0.5 A/lns; tas ir lielaks par sprieguma stavumu §aja vieta ;
¢) stravas kapuma fronte noraditaja apgabala ir 100 ps.

Ladinuzkrajosa diode (SRD). Saja gadijuma, lai samazinatu diodes regeneracijas
laiku, izmanto pusvaditaju pareju ar neviendabigu piemaisijumu koncentraciju. Tas
nodroSina pret€jas polaritates ladinnes€ju uzkrasanos diode. Parslédzot diodei
sproststravu, ladini tiek izstkti no p-n parejas un diode strauji pariet no zemas uz augstas
pretestibas apgabalu, kas nodrosina loti strauju impulsa kritumu (parasti mazaku par
nanosekundi). Pieméram, diodei 10050A tas ir 45 ps [2]. Sa. att€la redzama impulsu
fronsSu samazinasanas maketa izejas signala oscilogramma, kura izmantota SRD diode
[2]. Ieejas impulsu fronte no 1 ns tiek samazinata lidz 100 ps.
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Zim. 3.5. Impulsu fronsu samazindsanas maketa izejas signdla oscilogrammas, kuras
izmantotas: a — SRD diode, b — lavintranzistors

Lavincaursites tranzistors. Lavincaursites rezims tranzistora kolektora pareja tiek
panakts pie lieliem kolektora spriegumiem. Tad€jadi tranzistora parslégSanas atrums
palielinas simtos un tiukstoSos reizu. Tas lauj form&t impulsus ar lielam spriegumu
amplitidam un front€ém, kas mazakas par 1 ns. Zim. 3.5.b redzama oscilogramma ar
impulsa fronti 250 ps, kas iegiita, izmantojot lavincaursites tranzistoru.

Lavincaursites S -diodes. Lavincaursites S-diodes paver lielas iesp&jas UTP
signalu formé&Sana. Diodes S-veida VAR liknes otraja pusé atrodams negativas
diferencialas pretestibas apgabals. Tas atdala divus stabilus stavoklus — augstomigu
(~1 GQ) un zemomigo (~10 Q). Diodes parslégsanas notiek sasniedzot noteiktu
pretsprieguma sliekSna vertibu. lesp&jama lielu stravu (lidz 15 A) impulsu form&Sana ar
fronti 100 ps ar zemomigam slodzém. Tadgjadi lavincaursites S-diodes ar saviem
parametriem, ka liela jauda un atrdarbiba, parspgj lielako dalu pusvaditaju iericu, kas
paredz€tas analogam pielietojumam. Ar S-diodi form&amo impulsu oscilogrammas
att€lotas 3.6.zZim&juma.

a . 200ns 1 b ;/ _*\
: A LY i /
impulse- - / b
spike : f/
: ~"1 125 ps
- | CI’ S——

11 150 ps [ 1

50V

/""M'" - S ) . o . . ]
s :
L L L L L L L | L L L L
Tyt

L
[T [ e | o Sty wa ] [ Il

Zim. 3.6. Ar lavincaursites S-diodi formétu impulsu oscilogrammas pie dazadam
izversem.
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3.2.3. Ultraplatjoslas impulsu spektralais novértéjums

Lai modelétu signalu, kas atbilst impulsam ar stavu kapjoSo fronti un l€nu
nokriSanu, izmantojam nepartrauktu funkciju [2]. Tadu modeli izmantoja spektra
noveért§jumam. Modela signala funkcija tiek noteikta apgabala, kas vienads ar impulsa

ilgumu T = #, * £, kur f, - frontes ilgums, 7, - nokri$anas ilgums. No Iidzigu funkciju
saimes tika izv€leta funkcija, kas raksturota ka:
U= Are™”
(3.3)

Labakais tuvinajums realam impulsam ar E = 100 V tika panakts ar koeficientiem
A =100,a=0.4,b=0.42. Tad funkciju var izteikt ka:

U= 100/e"™
(3.4)

0,42

Zim. 3.7. tiek salidzinatas faktisko impulsu formas (1) un to modeli: 2 —
gabalveida lineara funkcija, 3 - funkcija (4). Ka redzams attéla, impulsa forma, ko
raksturo funkcija (4), praktiski sakrit ar realo impulsu.

V100 W 100
| 3 |
20 20
60 - 60 -
40 40
20 20
D_ ‘t- _t nS EI T T T T ‘t nS
o ta 1 0 10 m 0 40
a b

Zim. 3.7. Izejas impulsa un ta modelu forma. a — impulsa kapjosas frontes daja; b -
impulsa nokrisanas dala

Faktiska impulsa oscilogramma - 1. Impulsa aproksimacija, izmantojot gabalveida
linearu funkciju — 2, vienadojumu (3.4) - 3.

Impulsa spektrala blivuma novertgjums, ko raksturo ar funkciju (3.4) intervala

0 - T raksturojams ar §adu izteiksmi [2]
T

IS|- 4 |J't"[cosh(tb - 1) - sinh(z” - 1)][cos(2m ft)- jsin(2m fi)]dt |

(3.5
[zmantojot formulu (3.5) ar koeficientiem A= 100, a = 0.4, b = 0.42, skaitliski

izteikts impulsa spektralais blivums ar ekvivalentiem parametriem E = 100 V, ¢, = 0.2 ns,
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l, = 50 ns (r = 50 ns ).
Sada spektrala blivuma attélojums un, salidzinasanai, gabalveida linearas funkcijas
spektralais blivums att€lots 3.8.zZim&uma.
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g . T GHz
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Zim. 3.8. Impulsa spektrala blivuma attélojums: a - gabalveida linearai funkcijai, b -
nepartrauktai funkcijai (3.4)

Nemot veéra reala impulsa un td modela formas lidzibu, lietderigi izmantot
gabalveida linearu funkciju ka modeli strauji augoSam un 1€ni kritoSam impulsam.
Spektrala blivuma aprékins gabalveida linearam signalam ir daudz laikietilpigaks.

Viena no izmantojamajam platjoslas signalu 1pasibam ir spektra relativais platums

,) - f max__ f min
f max ¥ f min ’
(3.6)
ja: f. . - maksimala pienémta spektra frekvence [Hz], f. . - minimala frekvence

signala spektra [Hz].
Ultraplatjoslas signala kriterijs ir ] 2 0,25.

Ja visu apskatito signalu minimala frekvence ir f,;, = 0.2 GHz, tad to spektra
relativais platums /] > 0.8, kas atbilst ultraplatjoslas signala kritérijam.

3.2.4. Secinajumi
Iegiitie rezultati parada:

e Pusvaditaju iericu izmantosana ultraplatjoslas impulsu form&Sanai lauj iegtit impulsus
ar amplitidu no volta dalam lidz vairakiem simtiem voltu ar impulsu front€ém no
daziem desmitiem Iidz simtiem pikosekunzu.

* IMPATT diodes iegiita stravas izteiksme pie impulsu iedarbibas aprakstama iecirkna
sakuma ar ceturtds pakapes rindu dod apmierinosus rezultatus un saskan ar realo
eksperimentu rezultatiem.
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* Spektra maksimala frekvence impulsos var sasniegt 10 GHz un augstak, kas atbilsts
UTP signalu kriterijam.

* Impulsa ar stavu kapjoSo fronti un 1&€zenu kritoSo fronti modela izvéle raksturojas ar
kompromisu starp vienkarSotu modeli, kura spektrala blivuma aprékins un 1paSibu
noteikSana nav laikietilpigs process, un sarezgitu modeli, kas maksimali pietuvinats
realam impulsam, bet ta raksturigo ipaSibu noteikSanai japatéré ieverojami lielaks
laiks.
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3.3. Datorvaditu signalu registrésana

3.3.1.Stroboskopiskais parveidojums

Atru procesu oscilografé$anas pétfjumiem, kuru ilgums ir nano- un piko- sekundes
(10° — 10""?) biezi nepietiek ar klasiskajam signalu iztverSanas metodém. Sadu signalu
registréSanai tiek pielietota stroboskopiska oscilografésanas metode, kuras pétijumu
pirmsakumi un metodes pamatnostadnes atrodamas 20.gs. 60.-70.-ajos gados. Ieprieks §1
metode tika pielietota salidzino$i zemu frekvencu signalu iztverSanai, kuram miisdienas
izmanto uzlabotas klasisko metozu implementacijas, iekartas. Tacu pétamo signalu
frekvences pastavigi paliclinas un tehnologijas nepartraukti uzlabojas. Tapéc tiek pétita
stroboskopisko mérfjumu metode un veikti tas parveidojumi, mekléti uzlabojumi. ST
metode paredzeta atkartojosu vai periodisku elektrisko signalu ar mazu ilgumu pétiSanai
(mérisanai).
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Zim. 3.9. Stroboskopisko parveidojumu raksturojosie spriegumi
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Stroboskopiska osciloskopa princips balstits uz ieejai pieslégtu atkartojosu signalu
momentano sprieguma vertibu noteikSanu, izmantojot 1sus ta saucamos ,,strob&josos”
sprieguma impulsus (strobimpulsus) ar atru fronti. Strobimpulsi tiek automatiski nobiditi
laika pie katra ieejas signala atkartojuma, tada veida secigi pa punktiem iegiistot ieejas
signala formas attelojumu ekvivalenta laika (Zim. 3.9.). ST Tpatniba atikir reala laika
meérinstrumentus no ekvivalenta laika instrumentiem. Reala laika signala forma tiek
iegiita viena perioda laika.

Tiek izmantota kvantgjosa parveidojuma tehnika, kas butiski atSkiras no analoga
parveidojuma metodes. Momentano veértibu noteikSanai vairs netiek izmantots jaucgjs.
Signals parveidotaja izeja ir diskréts un kvantets. TieSi So trikumu d€] kvantgjoSam
stroboskopiskam parveidotajam (KSP) ir zinamas priekSrocibas, 1pasi pielietojot tos
ciparu merinstrumentu izveide. Galvenas prieksrocibas ir primara informacijas devgja
(momentanas veértibas noteikSanas bloka) miniaturizacija; primaras informacijas
diskrétums, primaras informacijas datu parraides noturiba, stabilitate; iespgja pielietot
elementarus algoritmus signala ataunoSanai analoga forma; augsta sist€émas linearitate.

Kvantgjosais stroboskopiskais parveidotajs tiek realizéts ka virtualais instruments,
kas piesledzams datoram un, izmantojot LabView aplikaciju, vadams no ta, ka arT sanem
un saglaba datus. Tas pieskir iericei &rtaku portabilitati un samazina tas izmaksas.
Informacijas apstrade notiek datora. Aparatiiras dalu ar datoru savieno ar virtualu virknes
portu ports caur fizisku USB interfeisu, kopa izveidojot vienotu instrumentu.

3.3.1.1. Analogsignalu komparators ar kompensacijas shemu

Zim. 3.10. redzams izstradatais momentanas vertibas noteikSanas bloks ar
analogsignalu komparatoru un kompensacijas shému. leeja uz strob&amu komparatoru
tieck padots atkartojoss platjoslas signals. Strob&jamais komparators strob&Sanas bridi
salidzina iepriek§€jo signala vertibu ar jauno un attiecigi parslédzas uz pozitivu vai
negativu baroSanas spriegumu. Salidzinamie signali tiek padoti uz abiem komparatora
pleciem un lemjosa shéma parslédzas. Uz viena tranzistora kolektora vérojams augsts
impulss, bet uz otra — mazakas amplitidas impulss. Ja ieejas signals kliist mazaks par
iepriek$¢jo vertibu, tad impulsu amplitidas mainas vietam. Diferencialais pastiprinatajs
nodro$ina spriegumu starpibas pastiprinajumu, tadgjadi ta izeja verojami pozitivi vai
negativi baroSanas spriegumi. Strobimpulsa beigas komparatora izejas sprieguma ltmenis
nokrit neitrala — nulles stavokli [idz nakamajam strobimpulsam.

Integratora k&de integré izejas impulsus, nodroSinot amplitiidas pieaugumu par
konstantu vertibu. Integratora izeja ir atjaunots ieejas signals ekvivalenta laika. Analogs
pastiprinatajs/vajinatajs regulé integratora soli. Analogais laika transformétais signals tiek
padots uz mikrokontroliera iebiivéto 12-bitu CAP signala ciparosanai.
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Zim. 3.10. Kvantéjosais stroboskopiska parveidotdja momentands vértibas noteiksanas
bloks

Sis sheémas prieksrocibas ir tas augsta precizitate. Atgriezeniskas saites sprieguma
izmainu iesp&jams regulét. Komparators centisies satvert ieejas signalu ar uzdoto
precizitati (soli). Tada veida netiek ierobezots kvanteSanas solis ar noteiktu bitu skaitu.

Sis slegums darbojas lidzigi Sigma-Delta parveidotajam. Tas paredzéts savstarpgji
koreletu vertibu secigai uztverSanai, jo strauji mainiga lielas amplitidas signala
izsekoSanai nepiecieSami daudzi strob&Sanas akti. Precizai signalu registréSanai
nepiecieSams atkartot strob&Sanu ar nemainigu nobidi tik ilgi, kamér signals netiek
sakerts.

3.3.2. Projektéjama sistéma
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Zim. 3.11. Virtuala instrumenta struktiira

Izstradata virtuala instrumenta sist€ma sastav no Zim. 3.11. zim&juma redzamajiem
blokiem. Instrumenta lietotajs pieslédz test€jamo iekartu pie kvantgjosa stroboskopiska
parveidotaja ieejas ar zondi vai caur salagotu parraides Iiniju. Vadibas paneli pieejamas
lidzigas funkcijas, kadas ir standarta osciloskopiem - mérjjumu tipa izvéle, signala
novirzu un izverses regulésana, registréta signala att€lojums uz ekrana un iesp&ja saglabat
ieejas datus.

Vadibas bloks izstradats, izmantojot TI MSP430F1611 mikrokontrolieri. Starp
datoru un mikrokontrolieri jeb vadibas bloku izveidots virknes datu parraides kanals
(UART), kas datoram pieslégts caur Sim nolilkam veidotu USB/UART parveidotaju
FT2232L. Mikrokontroliert realizéta no datora sanemto komandu atpaziSana un
pieprasito funkciju izpilde. Izmantojot vienu iek$€jo CAP un cCetrus ar€jos, caur SPI
parraides protokolu vadamus CAP (AD5324), mainot lidzsprieguma novirzes, tiek
reguléti stroboskopiska parveidotaja bloka rezimi. Ar regul€jamu aizturi uz test€jamo
iekartu tiek padots sinhronizacijas impulss. Strobimpulsu generéSana tiek sakta pirms
peétama signala sakuma.

Datora uzdevums ir nositit komandas mikrokontrolierim un sanemt mérfjjumu

datus. Instrumenta vadiba notiek caur LabView aplikaciju, kura pieejami regulgjoSie
bidslédzi, osciloskopa ekrans un rezimu uzstadijumi.

75



XN XOUT DVes DVss AVgc  AVss ASTANMI Pl P2 P3 P4 PS5 PB

L] | SO T A N Lo o o b Lo )
vt

L. % 1. 1
Rosc |—k Oscillator [ ACLK | 55KB Flash| [ 5KB RAM O Port 1R| |0 Port 3/4| [ 1O Port 5/6|
<3 e 1610 1610
7 v 48KB Flasp| [(T0KB RA
XT20UT
32KB Flash| | 5KB RAM

12:Bit
nels | I 2 Channels
10us Conv ] v

DAC12

12-Bit

u
joltage out apabilit
)T@ waB,
oot MAB, 16-Bil L1
| MCB
§o
23
2
I

WDB, 16-Bit

IIL II ll Ill s II l Ii | TT l
DMA  [4 Watchdog [ Timer B7 [| Timer_A3 [~ POR ["|Comparator [{ AsaRToN{/UsaRTY [~
Contraller |4 Timer  H H 1 svs H A H —
b 7CCReg [ | 36C Reg Brownout UART Model JUART Mod
& Channels|] 15/46-8it | | Shadow SPI Mode ) 5Pl Made,
Reg %G Mode
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Zim. 3.12. redzamas iericé izmantotas kontroliera periferijas. Izmantoti Sadi elementi:

IeksEjais CAP: ,Leénda” kapnveida zaga signala generéSana -  Vyer=2.5 V, 8-bitu rezims
Argjais CAPx4: Lidzsprieguma nobizu regulésana - Vrer=5 V, 12-bitu rezZims
1. Aiztures reguléSana
2. Nobides regulésana (Y-novirze)
3. Nobides regulésana (X-novirze)
4, Laika izverse

Kopgja blokshéma (Zim. 3.13.) att€loti simboliski bloku apzim&umi.
Mikrokontrolieris tiek taktéts ar 8 MHz argju takts generatoru. Mikrokontrolierim
pieslégts 2.5V atbalsta sprieguma generators REF192, kur§ nepieciesams ACP un
iek§€jo CAP stabilitatei. Iespgjams izmantot ar1 iek§€jo atbalsta srieguma avotu, tacu tas
ir neprecizs (pie uzdotajiem 2.5 V iespéjamas izmainas no 2.4-2.6 V). Aréjai ar SPI datu
parraides interfeisu vadamai Cetru CAP mikroshémai AD5324 pieslégts 5 V atbalsta
sprieguma avots REF195. Abu atbalsta spriegumu generatoru pielaujama novirze ir
2mV. Ta tiek nodroSinata preciza CAP vertibu izvade un preciza ACP signalu

ciparoSana. Gan iek$gjam, gan ar§jam CAP relativa tipiska precizitate noradita 12 LSB,
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Zim. 3.13. Kvantejosa stroboskopiska parveidotaja funkcionala blokshéma

Mikrokontrolieris vada vienu iek$€jo 12-bitu CAP ,léna” kapnveida zagveida
signala generé$anai. Sis CAP uzstadits 8-bitu rezima, jo, ka izradijas, atrai parveidojuma
veikSanai ar izstradato programmu, nepiecieSams vairak operativas atmigas. No
kontroliera ar dalitaja palidzibu tiek iegiiti ]| MHz sinhronizacijas impulsi, kuri vada ,,atra
zaga” generatora bloku. Parveidotas signala vertibas uztverSanai izmanto iebtvéto 12-
bitu ACP, ko takté no ick$€ja generatora.

Komunikacijai ar datoru izmanto USB/UART parveidotaju, kur tiek sutiti virknes
dati. VienkarSai tikai divu ieri¢u komunikacijai caur UART izmanto 8-N-1 protokola
variantu. Tas nozimé — 8 datu biti, nav lietots paritates, viens stop bits. Pargjie biti netiek
lietoti. Parraides atrumu esmu izvélgjies salidzino$i atru — 115200 Baudi, jo gan
mikrokontrolieris, gan dators to sp& nodroSinat. Jo atraka datu parraide, jo 1saks laiks
starp signala meérjjumiem.

,,Atrais” zagveida signala un ,,lena” zagveida signala Iimenu krustpunktos notiek
komparatora parslégsanas. Tiek izmantoti 60 MHz komparatori ADS8561. Sads
komparators pielietots gan strob&joSo impulsu nobidei, gan aiztures reguléSanai péc ta
pasa nobides principa, mainot sprieguma Itmeni. Strobimpulsu komparatoram pieslégts ar
lidzsprieguma nobidém vadams pastiprinatajs ar lidzsprieguma nobides summatoru. Abi
parametri tiek vaditi ar argjiem CAP. ST bloka ieeja tick padots ,,lénais” zagis. Tada
veida, mainot ,,Iéna” zaga parametrus — amplitiidu un lidzsprieguma novirzi, iesp&jams
mainit pétamo laika logu un X novirzi, lai biitu iesp&jams signalu ievirzit petamaja laika
intervala. Rupjakas vienibas horizontalo novirzi var regulét, mainot aizturi.

Aizture nepiecieSama, lai signala sakumu nobiditu laika. Tada veida iesp&jams
regulét horizontalo novirzi, ka arf iebidit pétamo signala apgabalu linearaja ,,atra zaga”
posma. Tada veida iesp&jams ar1 noverot procesus, kas notikus$i pirms trigera impulsa.

Strobimpulsiem jabiit ar atram frontem. Jo atraka fronte, jo lielaka osciloskopa
josla, stabilaka un precizaka darbiba. Tapéc pec komparatora novietots EDI izstradats
strobimpulsa forméSanas blocins (Zim. 3.14.), kas satur 1adinuzkrajosas diodes k&di. Ar
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So k&di no 4 ns frontes komparatora izeja tiek panakts 500 ps kapuma strobimpulss. Tas
tieck izmantots gan stroboskopiskd parveidotaja strob&Sanai, gan ka testa signala
palaiSanas trigeris, jo $ajas abas vietas atras frontes ir vienlidz svarigas.

R
—1_ 08V
500
1 D2
ieeja o1 = o izeja
1MN4148 1M4148
/o
L]

Zim. 3.14. Strobimpulsu formétajs ar LUD diodi

Stroboskopiskajam parveidotajam pienak strobimpulss, parasta vai diferenciala
testa signala ieejas Iinija, Y novirzes vadibas lidzspriegums, kas vadits ar argjo CAP. Ta
izeja ir registréta ieejas signala transformétas analogsignalu vértibas, kas padotas uz

ACP. Stroboskopiskais parveidotajs ir bipolari vadams ar 15V spriegumu. Y novirzes

maksimalais diapazons ir T 4V ar nulles limeni ka viduslimeni. Tads pats spriegumu

diapazons ir ar7 izejas signalam. Lai sasaistitu stroboskopiska parveidotaja bloka signala
Iimenus ar mikrokontroliera Itmeniem un ar CAP Iimeniem, tika izveidoti ITmenu

parveidotaji no T4V ar nulles limeni uz ACP diapazonu no 0 — 2.5V un 125V

viduslimeni, un Y novirzes analogs parveidotajs no 0-5 V ar 2.5 V viduslimeni diapazona
14V
uz T=Y,

Plates barosanas spriegums nodrosSinats no NORDIC POWER 9932-L (800mA) 5V
tikla baroSanas bloks. Bipolarais -5 V spriegums iegiits ar pozitiva uz negativo sprieguma
parveidotaju - PTNO4050AAD-6W. Mikrokontroliera baroSanas spriegums 3.3V
parveidots ar LT1587CT-3.3 stabilizatoru.

Turpinajuma veiksu nelielu ieskatu izstradataja mikrokontroliera programma un tas
funkcijas.

3.3.2.1. Mikrokontroliera programma

MSP430F1611 mikrokontrolieris programméjams C programmésanas valoda. Tas
ir ta saucamas pirmas Texas Instruments s€rijas 16-bitu mikrokontrolieris. Ir pieejami art
jaudigaki mikrokontrolieri, tacu tiesi izv€l€tajam ir zinamas priekSrocibas. [zvelgjos tiesi
So modeli ta 10 KB RAM atminas d€]. Citiem lidzigiem modeliem, ar1 otras sérijas
mikrokontrolieriem, kuri ir atrdarbigaki, nav tik lielas atminas.

Mikrokontroliera programma veic datu apmainu ar datoru, izmantojot UART datu
parraidi, ka ar1 ir savienota ar dazadam periférijam, kas kontrol€ stroboskopisko
parveidotaju. Tiek izmantots ADCI12 bloks datu ciparoSanai, DAC12 bloks ciparu
vadamu anologo signalu izvadei, USART/SPI bloks argja CAP vadisanai,
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USART/UART datu parraides bloks, DMA funkcija tieSai datu parsiitiSanai no viena
atminas apgabala uz citu bez procesora izmantosanas.

DMA izmantoSana lauj efektivak veidot datu parsiitiSanu mikrokontrolieri, ja
nepiecieSama bieza un sistematiska datu transportéSana. Darba pielietoju So
mikrokontroliera funkciju, lai sistematiski parsititu ,,léna” zagveida signala generéSanai
nepiecieSamas vertibas uz DAC12 (CAP) izeju, péc tam secigi parsiitu iegiitas ciparu
nolases no ADC12 (ACP) bloka uz atminu, un tad visas iegiitas nolases uz UART TX
registru. Viena baita vai ,,varda” (16-bitu vértibas) parsiitiSana izmantojot DMA aiznem
tikai 4 MCLK (Master clock) taktis, turpretim partraukuma izsaukSana aiznem 6 taktis,
neskaitot datu parsiitiSsanas operacijas un atgriesanos no partraukuma (interrupt) atpakal
programma.

Programma veidota Code Composers Essentials v4 vide. Ta sastav no diviem
failiem — definiciju faila un programmas faila. Mainigos un funkcijas defingju definiciju
(header) faila, bet programmu un datu apstrades funkcijas veicu programmas faila. Skatit
programmas komentarus, lai labak izprastu notiekoSo.

Programmas faila tiek izsauktas un izpilditas funkcijas. Sakuma tiek veikta
inicializacija, kura tiek pieslégts ar¢jais takts generators un nodefinétas kontroliera ieejas
un izejas, izveletas specialas funkcijas. Tiek konfiguréti datu parraides interfeisi SPI un
UART.

Programma cikliski parbauda, kads stavoklis ir uzstadits (vai pacelts karodzins) un
attiecigi izpilda prasitos uzdevumus. Stavokli ir definéti ka mainigie, kuri var ienemt
vertibu ,,1”7 vai ,,0°. Tie ir simple ADC KAROGS, triple ADC KAROGS un
continious ADC_KAROGS. Saja programma tiek izsaukta attieciga funkcija, kas defingta
definiciju faila.

Nakamais solis ir parbaudit, vai uzspiesta kada poga. Ja ta ir uzspiesta, javeic
papildus parbaude un neliela aizture, lai noverstu dreb&Sanu. Tam izveidota funkcija
poga_1() un poga2(). Stavoklu un pogu parbaude cikliski atkartojas.

Programmas otra dala ir partraukuma vektoru apstrade. Sie vektori tiek izsaukti,
kad tiek ,pacelts” kads vektora karodzin§ — noticis jauns notikums. Svarigakais
partraukuma vektors ir UARTO RX. Sis partraukums rodas, kad tiek sanemti jauni dati
UART ieeja (komandas no datora). Komandas identificeéSanai tiek parbauditi sanemtie
dati RXBUFO registra. Tie tiek interpretéti ka ASCII burti.

Iespgjama sekojoSu simbolu sanemsana:

*  merijjumu tips:

+ 5" —tiek izsaukta ,,Viena mérfjuma funkcija”. ST funkcija

+ ,t° — tiek izsaukta ,,Triskartiga mérijuma funkcija”. ST funkcija veic tas pasas
darbibas, ko ,,Viena mérjjuma funkcija”. AtSkiriba ir tada, ka ieejas signala
ciparoSana notiek 3 reizes péc kartas, atstajot to pasu ,,atra zaga” slieksni. Tada
veida iesp&jams vidgjot trokSnu [Tmeni.

e ,c” — tiek izsaukta ,Atkartota meérjjuma funkcija”. St funkcija nodroSina
vairakkartigu viena mérjjuma veikSanu un periodisku datu nosttiSanu uz datoru,
lai att€ls osciloskopa ekrana nepartraukti atjaunotos. Tada veida var giit aptuvenu
priekSstatu par signalu. Konkrétiem mérjjumiem jalieto kada no iepriek$gjam
funkcijam.
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CAP vertibas uzstadiSana:

»A”, ,,B”,,,C” vai ,,D” — izsauc attiecigi funkciju, kas uzstada 1., 2., 3. vai 4. argja
CAP ciparu veértibu (izejas veértibu) 12 bitu formata no 0-4094.

Tiek sanemti tris datu baiti — pirmais - ,,A”, ,,B”, ,,C” vai ,,D” — norada izvel&to
CAP, otrais un tresais — CAP vertiba, adrese un papildus parametri.
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3.3.2.2. Grafiskais lietotaja interfeiss

Virtuala instrumenta vadibas grafiskais interfeiss (Ztm. 3.15.) izstradats LabView
vide. Prieks€ja paneli ir tikai lietotajam nepiecieSama virtuala instrumenta vadibas
elementi un signala att€lojuma bloks. Vadibas funkcionalo bloku un datu apstrade
grafiskas programmeésanas valoda nodro$inata bloku diagrammu paneli.

Zim. 3.15. LabView grafiskais lietotdja interfeiss

Ar pogu ,,Sakt darbu” tiek ieslégts datorvadibas bloks. Sakot darbu, tiek izveidots
datu parraides kanals ar mikrokontrolieri. Saja bridi tiek atvérts izvélétais virknes ports,
tiek pieteikts izv€letais datu parraides atrums un datu pakas uzstadijumi (Zim. 3.16.).
Izveletais COM ports tiek aizverts tikai darba sesijas beigas.

[Virknes porta kenfiguracijal

Virknes porta izvéle

I
i @
c "

SERIAL

Datu parraides dtrums

(EL

Zim. 3.16. VI darbibas ar virknes portu

Komandas izvéles bloks (Zim. 3.17.) nodro$ina 8§ dazadu komandu un to parametru
nosiitamo datu paku forme&Sanu. Nostitama informacija tiek forméta ar ,,Build text” rika
palidzibu. Papildus elementi veic datu tipu parveidosanu. Rezultata, izveloties komandu,
aktiviz€jas viens no 8 komandu variantiem un tiek nosititi atbilstoSie dati.
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Zim. 3.17. VI komandu izvéle un uzstadijumi

Lietotajam jauzstada v€lamie parametri un jaizvélas komanda. CAP att€lojamo
vertibu un nosiitamo vértibu saskanoSanai izmantots reizinasanas bloks. Komandas jalieto
atsevisSki viena no otras. Visas komandas tiks izpilditas tikai vienu reizi - tas izsaucot,
iznemot nepartraukto mérjjumu reZima. Ta nokonfigurétas pogas. Nepartraukto jeb
atkartoto mérfjjumu reZima vairakkartiga datu nolasiSana notiek automatiski.

Datu siitiSanas operaciju veic bloks ,,Write”. Datu nosiitiSana un nolasiSana notiek
automatiski un nav jauztraucas par ,draiveriem”. Datu komunikaciju interfeisus
nodroSina LabView sastavdala VISA. Datu sanemsana notiek ar ,,Read” bloka palidzibu.
Gan rakstiSanas, gan nolasiSanas blokam pieejami papildus parametri — nositito datu
apjoms, klidu pazinojumi, utt. Sie pazinojumi nav redzami prieksgja paneli. Tie ir
sekundari un lietotdjam nav nepiecieSami.

MTrue <}
Nolastt noteiktu )
ffane=rm Nolastie baiti return READ count
- =L il e
J— F:ia-c Ins;r ,.L.],_, i |
ytes at Port)|
-
lasizanu HEX sttelojums Nolas -
olasito datu masivs

TTrue <P Amplitida
v

signala attelojums

£

fc2.5)/095

Triskartigas mérizanas rezultats

Zim. 3.18. VI sanemto datu apstrade

Sanemto datu apstrade notiek ,,Case structure” bloka péc tam, kad pienakusi jauni
dati (Zim. 3.18.), ja atlauta datu lasiSana. Sanemtie dati ir baitu masivs, kura informacija
var tikt interpretéta ka ASCII kods (teksts), gan ka heksadecimalu skaitlu formats. Ja
sanemts teksts, to var att€lot teksta logs, bet ja sanemti skaitliski dati, tie ir 12-bitu ACP
parveidotaja dati, tatad — nepilni 2 baiti. Sanemto datu virkni (string) japarveido datu
mastva ar ,,Unflatten from string” bloka palidzibu (Zim. 3.18.) un jasaskano datu
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sttiSanas kartiba — pirmie tiek nosutiti vecakas kartas dati (MSB) un otraja baita —
jaunakas kartas dati (LSB).

Signala datu att€lojums redzams loga ,,Sanemto datu att€lojums”. Tas ir ieejas
signala att€losanas logs jeb osciloskopa displejs. Sos datus iespgjams saglabat vélakai
apskatei vai papildus ciparu apstradei.

TriskarSaja mérijjuma javeic videjoSana no katram trim nolas€m un dati jasaglaba
jauna masiva. ACP datu parveidoSanai sprieguma vienibas atkariba no uzstadita reZima
tiek veikta matematiska konvertacija.

Lai beigtu darba sesiju, janospiez poga ,,Beigt darbu”.
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3.3.2.3. Pielietojums

Stroboskopiskos parveidotajus pielieto tadu iericu pétiSanai, kuras verojami
atkartojoSi signali. Tiem nav obligati jabut periodiskiem. Stabilaka un plasaka signala
parametru noteikSana iesp&jama, ja sinhronizacijas impulss tiek padots no osciloskopa
kédes, nevis generéts no icejas signala.

Atri atkartojosie platjoslas signali novérojami parraides Iiniju tieSo un atstaroto
signalu izp&te (reflektometrija), RADAR un LIDAR iekartas, UWB iekartu testé3ana. Sos
parveidotajus izmanto arl integralo shému parejas procesu pétisana, Cetrpolu iedarbes
pétisana, ka ari atru strobimpulsu generéSanas metozu noveértésana. Ka jau ieprieks
minéts, stroboskopiska oscilograféSsana un jauno tehnologiju (pikosekunzu impulsu
generatori, atras datu apstrades iekartas, elektrisko shému integracija) attistiba ir
savstarpgji saistitas nozares, jo viena otru papildina.

Visizplatitakie stroboskopisko parveidotaju pielietojumi ir zemvirsmas skanéSanas
(GPR) iericu signalu meériSana un parraides liniju bojajumu un impedancu veidu
noteikSanai paredz€tie meérjjumi. Zemvirsmas skanéSana notiek ar raidoSo antenu starojot
zemé augstu frekvencu harmonikas saturoSas monosvarstibas, kuru atstarojumi no péc
dielektriskas caurlaidibas atSkirigiem slaniem (vidém) nes informaciju par zemvirsmas
strukttiru un formu.

3.3.3. Stroboskopiska parveidotaja optimizacija

Lidzigi iepriek$ raksturotajai sist€mai, paraléli izveidota kompaktaka atseviska
sisttma stroboskopiska parveidotdja optimizacijas pétiSanai, izmantojot rekursivu
kompensacijas algoritmu un monovibratoru laika nobizu un signala nobides realizéSanai.

Lavindiodei, lavintranzistoram un ladiguzkrajosajai diodei (SRD) impulsu
atkartoSanas periods ir no daziem desmitiem Iidz daziem simtiem kilohercu.

Lai informaciju par impulsu no stroboskopiska parveidotaja sanemtu pec iespejas
1saka laika, rodas nepiecieSamiba péc atSkirigas no klasiskas (ar integratoru izeja)
kompensacijas shémas un algoritma.

Vels viens uzdevums ir minimiz€t stroboskopiska parveidotdja izmérus un
optimizg&t ta parametrus, lai tas paterétu nelielu jaudu un var€tu biit izmantojams mobilos
apstaklos. So iemeslu péc, tika izvéléts MSP430F1611 mikrokontrolieris, kura integrétas
periferijas ierices (funkcijas) bija pietickamas vienkarSota stroboskopiska parveidotaja
izveidei — ACP, CAP, analogais komparators, 16 MHz takts frekvence, I12C interfeiss.

Papildus tam tika pétita un veidota stroboskopiska parveidotaja aiztures Inija, no
kuras stabilitates stipri atkariga uztverta signala att€loSanas kvalitate.

3.3.3.1.1. Stroboskopiska parveidotaja komparatora kompensacijas algoritmi

Stroboskopiska parveidotaja atrdarbibu lielakoties nosaka komparatora
kompensacijas shéma un tas algoritms, kas p&c biitibas ir FIR filtrs, un var tikt raksturota
ar parvades funkciju.

Stroboskopiskaja parveidotaja ar diskrétiem elementiem ir pielietota lineara
kompensacija ar integratoru izeja. Sada izpildijuma ieguvums ir tas, ka var iztikt bez
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mikrokontroliera palidzibas, tomér butisks minuss - nepiecieSamas liels nolasu skaits atra
signala izsekoSanai.

Ja veido stroboskopisko parveidotaju ar mikrokontroliera palidzibu un CAP, var
izveidot nelinearu signala izsekosanu (kompensacijas algoritmu), kas izsekos stavu ieejas
signala fronti 10..15 nolasgs.

Apskatisim kompensacijas algoritmu efektivitati periodiskam, sinusoidalam
signala pieméram. Uzskatamibai, nemsim 300 signala vertibas un 100 mV amplitidu, lai
stkumos redz&tu izsekosanas algoritmu darbibu.

100

. N
o/ \

Amoplituda, mV

0 50 100 150 200 250 300
Nolases, n

Zim. 3.19. Pétamais sinusoidalais signals

3.3.3.1.2.Linearais izsekoSanas algoritms

Saja algoritma kompensacijas kédes izejas signala vértiba tiek palielinata vai
samazinata par konstantu vértibu atkariba no ieejas signala vertibas. Maksimalais signala
stavums, kuram S§is algoritms ir sp&jigs izsekot, raksturojams ar taisnes vienadojumu:

y=nla,
kur  n—x ass mainigais;
a — amplitiidas pieauguma konstante.

Sis metodes galvenais triikums ir tas, ka javeic liels daudzums signala nolasu, lai
notiktu kvalitativa signala izsekoSana. Ta, pieméram, ja kompensacijas pieauguma solis ir
1 mV, tad, lai izsekotu 400 mV signala frontei, ir javeic vismaz 400 nolases.

Var tikt pielietota viena punkta vairakkartéja skané€Sana, Saja gadijuma troksnu
limenis samazinas, jo notiek ieejas signala momentanas veértibas vidéjoSana péc nolasém,
turklat kompensacija var veiksmigi izsekot signalam, tacu paliek galvenais linearas
kompensacijas metodes trikums — signala ilga skanéSana.
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Zim. 3.20. Lineara algoritma vienibas léciena reakcija

Neizsekosana. Ja signalam ir apgabali, kuros ta fronte ir stavaka par kompensacijas
algoritma taisnes vienadojumu, tad kompensacijas momentana vértiba tiecas uz signala
momentano vertibu, bet nespéj to panakt. Lidz ar to, izeja var redz€t taisnes nogrieznus.
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Zim. 3.21. Lineara kompensacija, kompensacijas solis 1 mV

IzsekoSana. Vieniga iesp€ja izsekot stavakus signalus par kompensacijas taisni ir
palielinat §Ts taisnes koeficientu ,,a”. Tomer, Saja gadijuma samazinasies kompensacijas
jutiba, sekojosi redzamais signals bis robains, nemot par maz nolases.
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Amoplituda, mV

Nolases, n
Zim. 3.22. Lineara kompensacija, kompensacijas solis 4 mV

3.3.3.1.3.Rekursivais izsekoSanas algoritms

Izmantojot mikrokontrolieri un CAP ir iesp&jams realizét dazadus kompensacijas
algoritmus. Viens no atrakajiem mikroprocesora implementacijai ir rekursivais jeb y=2"
algoritms, jo nakamo x vertiba ir bidot registru par vienu bitu.

Sis ir rekursivs filtrs, jo kompensacijas izejas vertiba ir atkariga no iepriek$gjas
kompensatora izejas vertibas. Rezultata, §im kompensacijas algoritmam ir dazi minusi -
parejas procesi un svarstibu generésana. Sis filtra svarstibas ir novérojamas, kad ieejas
signala apgabala stavums tuvojas vai parsniedz filtra impulsa reakcijas stavumu.
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Zim. 3.23. Rekursiva kompensacijas algoritma reakcija uz vienibas leciena funkciju

IzsekoSana. Rekursivais algoritms nav sliktaks par linearo kompensacijas
algoritmu, jo sp& kompensét signala I€cienus, gan tos, kuriem sp&j izsekot linearais
algoritms, gan stavakus.
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Zim. 3.24. Rekursiva algoritma sekoSana sinusoiddlam signalam

Mikrokontrolier iebuivéts 12 bitu CAP. Tas nozimé, ka dinamiskais diapazons
sastav no 4096 soliem. Pienemsim, ka signala frontes amplitida aiznem visu diapazonu,
ti., sprieguma leciens 4096 nolaSu augstuma un pietiekoSi stavs, lai kompensacija
nespétu Sim signalam izsekot.

y= 2" > 4096 = 2" > n=log, 4096 =12

Tatad, Sis kompensacijas algoritms izsekos sprieguma leéciena amplitiidu péc 12
signala nolasém.

Protams, noveérojot tik stavu signalu, vares izdarit secinajumus tikai par signala
amplitiidu un stavumu, tomer, signals tiks veiksmigi detektets.

Piemers:
Pienemsim, ka stroboskopiskais parveidotajs ar konstantu soli izdara 1000 nolases
10 ns diapazona. Tad teorétiski, var novérot mazu signalu lidz frekvencei

oo = @DIOOMHZ = 50000.1GHz = 50GHz

Tomeér, nemot véra, ka stroboskopiskajam parveidotajam ir noteikta jutiba un
troksni, var pienemt, ka maksimala reali novérojama frekvence ir 10 reizes zemaka un,
korekti sheémtehniski izprojekt&jot sistému, sastada 10 GHz.

NeizsekoSana un kompensacijas paStrokSni. Nemainot ieejas signala amplitidu, bet
palielinot ta frekvenci, palielinas tikai kompensacijas algoritma (p&c bitibas - filtra)
trokSni. Tas izdevigi atSkir to no linearas kompensacijas, jo tiek saglabata signala
amplitiida un stavumes.
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Zim. 3.25. Rekursivd kompensacija, palielinot ieejas signala frekvenci

Pielietojot atbilstosus filtrus izejas signalam, Sos kompensacijas darbibas troksSnus

ir iesp€jams veiksmigi reducét [idz pienemamam lielumam.

3.3.3.1. Kompensacijas algoritmu salidzinajums

Uzskatami var paradit, ka rekursivais (y=2"n) kompensacijas algoritms ir

efektivaks par linearo algoritmu.
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Zim. 3.26. Linedrais algoritms nespéj pandakt signalu, rekursivais panak.

3.3.3.2. Secinajumi

Pielietojot nelinearu algoritmu kompensacijas k&dge, ir iespgams par vairakam

kartam samazinat nepiecieSsamo nolasu daudzumu.

Ja piepem, ka dinamiskais diapazons sastav no 4096 punktiem, tad:
6. Linearam algoritmam bis nepiecieSams 4096 nolases, lai izietu cauri visam

diapazonam,;

7. Secigajam algoritmam biis nepiecieSamas tikai 12 nolases, lai izietu cauri visam

diapazonam.
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Ieguvums ir apmeram 1000 reizes.

Kopuma, tas cels sistémas efektivitati un veiktspgju. Ja stroboskopisko
parveidotaju pielietos zemes radiolokacijai, tad biis iespgja parvietot ierici un skanét
zemes apgabalus ar lielaku atrumu.

3.3.3.3. Aiztures linija — monovibrators
Signala aiztures linija ir nepiecieSama, lai nove€rojamais signals ieklautos
stroboskopiska parveidotaja skan&Sanas apgabala.
Aizturi var realiz€t vairakos veidos:
— Koaksiala ieejas signala aiztures Iinija. Koaksialas linijas minuss ir taja, ka ta veido
konstantu aizturi. Lai mainitu aiztures laiku, nakas fiziski mainit linijas garumu.

u

lesgjas signals Skanganas apoabals

Zim. 3.27. Signala aizture

— Strobésanas impulsa konstanta nobide nobida visu skané&Sanas apgabalu par noteiktu
laika momentu. Nemot véra, ka skangSanas apgabals tiek veidots ar zagveida
spriegumiem un komparatoru, tad aizture var tikt mainita atra zaga robezas (10-100
ns), turklat, tikai uz priekSu no signala.

— Signala aizture generacijas momentd. ST metode, tapat ka iepriek3gja, ietver sevi
nobidi zagveida sprieguma frontes robeZas.

— Monovibrators, ka aiztures Iinija. Metode satur divus monovibratorus. Abi tiek
palaisti no viena impulsa. Viens no tiem aiztur par konstantu laika spridi strobg&joSo
impulsu, kur§ tiek padots uz komparatoru, bet otrs ir ar mainigu RC konstanti un
palaiz ieejas signalu. Rezultata tiek panakts, ka ieejas signalu ir iesp€ja nobidit
attieciba pret skanéSanas apgabalu. Vienigais §is metodes trukums ir tas, ka
ievérojami palielinot abu signalu aiztures laiku (1-100 ms), ir novérojama bitiska
aiztures nestabilitate. To labo ievieSot stravas avotu RC kedes uzladei, faktiski
izveidotjot idealu integratoru.

Monovibrators ir digitala elektriska shéma, kuras izejas impulsa garums nav
atkarigs no ieejas signala garuma, bet gan no RC k&des laika konstantes.
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Zim. 3.28. Monovibratora laika raksturliknes

Zim. 3.28. paradita monovibratora darbiba, kur a — ieejas (palaiSanas) impulsa
sakums un vienlaicigi arT izejas impulsa sakums; b — palaiSanas impulsa beigas; ¢ — izejas
impulsa beigas.

Mainot R vai C vértibas ir iespgjams mainit impulsa garumu. Izmantojot digitalo
potenciometru, katrs nakamais impulss var bit ar atSkirigu ilgumu — ta kritosa fronte
mainis savu poziciju. So Tpasibu var veiksmigi pielietot stroboskopiska parveidotaja
signalu aizturei. Specializétas monovibratora mikroshémas satur neinvertéto un invertéto
izeju, tapéc ir diezgan vienkarSi parverst kritoSo fronti par augoSu, lai izmantotu
tranzistoru komparatora un/vai novérojama signala aizturei.

Par monovibratoru tika izv€l&ta specializéta mikroshéma 74HC/HCT123. Ta satur
divus monovibratorus, kuriem nepiecieSams pieslégt tikai ar€jus R un C elementus.

Ry vieta tika pieslégts X9119 digitalais potenciometrs ar maksimalo pretestibas
vertibu 100 kOmi, kura pretestibas veértiba tika mainita un izvéléta, lai monovibratora
izejas signala augosa fronte (signals, kuru v€lamies noverot) atrastos skangSanas
apgabala. X9119 tiek vadits ar I2C interfeisu.

Sadas sistemas trikums salidzinot ar zagveida signalu veidotu aiztures shému ir ta
nelinearitate. Lai laika nobides bitu linearas, jaizmanto ideali stravas avoti, kas ar1 ienes
kludas. Tika secinats, ka monovibrators ir derigs rupjai pieskanosanai, bet nav derigs
precizu digitali mainamu laika aizturu veidoSanai.
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4. Biometriskas attélveidoSanas (imaging) panémienu
attistiba.

ST etapa ietvaros tika attistiti plaukstas attélu iegfiSanas panémieni — ne tikai plaukstas
asinsvadu, bet arT plaukstas rievu struktiiras att€lu ieguve izmantojot vienu kameru. Tika attTstiti
arl att€lu apstrades panemieni, kas saistiti ar plaukstas asinsvadu un rievojuma struktiiras
izdaliSanu no iegttajiem att€liem.

Darbs galvenokart veikts sekojoSos virzienos:
*  Plaukstas biometrija
© Plaukstas attelu iegiiSana

= Attistita plaukstas asinsvadu un rievojuma struktiiras eksperimentala att€lu
iegiiSanas sistéma;

= [zveidota datubaze ar 50 personu plaukstas asinsvadu un rievojuma strukttiras
att€liem;

= Jzveidots kameras modulis savienoSanai ar paralélo programmé&jamo logikas
(FPGA) izstrades riku.

o Plaukstas attelu apstrade
= Attistita 2D kompleksa salagota filtra teorgtiska baze, izveidojot bez-halo filtru;

=  Visparinata 2D kompleksa salagota filtra pieeja, izveidojot visparinato 2D
salagoto filtru dazadu Imijveida objektu izdaliSanai;

= [zveidota metode plaukstas asinsvadu att€lu apstradei un salidzinasanai, balsoties
uz vektoru kopu sastadiSanu un salidzinaSanu. Rezultati publiceti®*.

* Petijuma rezultati par plaukstas asinsvadu att€lu iegiiSanu, izmantojot dazada
infrasarkana diapazona vilpa garuma apgaismojumu, publicéti:

R.Fuksis, M.Greitans, O.Nikisins, M.Pudzs. ,.Infrared Imaging System for
Analysis of  Blood Vessel Structure” ,,Electronics and Electrical Engineering” -
Kaunas: Technologija, 2010, No.1(97), 45-48.

e Peétjjumu rezultati par plaukstas asinsvadu att€lu izmantoSanu multimodala
biometrijas sist€ma, lai paaugstinatu sistémas kopgjo precizitati, publicéti:

O. Nikisins, M. Greitans, R. Fuksis, M. Pudzs, Z. Serzane. “Increasing the
Reliability of Biometric Verification by using 3D Face Information and Palm Vein
Patterns”, BIOSIG2010, Darmstadt, Germany, 09.-10. September. 2010.g.133-138.
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* Peétijumu rezultati par plaukstas asinsvadu att€lu izmantoSanu biometrijas sist€éma,
publicéti:
M. Greitans, M. Pudzs, R. Fuksis. ”Palm Vein Biometrics Based on Infrared
Imaging and Complex Matched Filtering”, The 12th ACM Multimedia and
Security Workshop MM&Sec, Rome, Italy, 9-10, September 2010.g. pp. 101-106.

levads biometrija

Biometrija ir zinatne par personu identitates atpaziSanu péc to fiziologiskajam vai
uzvedibas T1pasibam. Pie fiziologiskajam TpaSibam var pieskaitit seju, pirkstu
nospiedumus, rokas un plaukstas geometriju, ka ari acs tikleni. Tac¢u pie uzvedibas
IpaSibam parasti pieskaita balss intonaciju, gaitu, rakstiSanas ritmu u.c. Pieaugos$as
krapniecibas, identitates zadzibas un viltoSanas rezultata rodas nepiecieSamiba veidot péc
iesp&jas drosakas personu atpaziSanas ierices, lai novérstu $adas launpratigas darbibas.
Biometrija ir piemérota tehnologija augstaka drosibas limena nodrosinasanai, kas var tikt
integréta liela méroga personu atpaziSanas sistémas. Biometrijas sistémas darbojas
balsoties uz to, ka katras personas fiziologiskie un ipaSibu parametri ir unikali un tie var
tikt iegiiti, izmantojot piem&rotus sensorus. Sensoru sniegta informacija var bt gan
vienas dimensijas signals, piem&ram, balss ieraksts, gan divu dimensiju signals, ka,
piem&ram, sejas attels.

Pirkstu nospiedumi jau sen tiek lietoti kriminalistika, tacu to izmantoSana
automatiz€tas biometriskas sist€émas nav sasniegusi pietickami lielus panakumus sakara
ar to vienkarSo iegiiSanu un viltoSanu. Lai gan biometrijas sistémas miisdienas tiek
ieviestas, sakot no portativa datora, kur ar pirkstu nospieduma palidzibu var aizstat
tradicionalo paroles ievadiSanu, lidz ar acs tiklenes atpaziSanu, Sk€rsojot robezu, vél
arvien pastav nepiecieSamiba veidot droSakas un &rtakas sist€mas. TieSi tadel pedgja
dekade pétnieciba Saja virziena ir augusi gandriz eksponenciali, ka rezultata ir izstradati
jauni biometrisko parametru registréSanas sensori, att€lu apstrades algoritmi, iegultu
sistému risindgjumi utt. ST pétnieciska darba mérkis ir veidot biometrijas sistému,
izmantojot ties$i plaukstas biometriskos parametrus: plaukstas nospieduma struktiiru un

asinsvadu izvietojumu.
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Plaukstas biometrisko parametru attélveidosana
Visbiezak biometriskie parametri tiek iegiiti ar att€lu sensora palidzibu vai

vienkar$i kameru. Saja projekta izpildes karta tika pilnveidota jau izveidota plaukstas
asinsvadu registréSanas sisttma un parveidota ta, lai bitu iespgjams registrét gan
plaukstas asinsvadus, gan plaukstas rievojuma struktiiru. Metode balstas uz divu gaismas
spektralo diapazonu izmanto$anu. Lai ieglitu plaukstas asinsvadu att€lu tiek izmantotas
infrasarkanas gaismas diodes, tacu lai iegiitu plaukstas rievojuma struktiiras att€lus tiek

izmantotas baltas gaismas diodes. legiitie atteli redzami 4.1. Zim&juma.

b)
4.1.zim. Plaukstas rievojuma un plaukstas asinsvadu atteli.

Izmantojot uzlaboto att€lu iegiiSanas sistemu, tika veikti eksperimenti un izveidota 50
personu datubaze ar plaukstas asinsvadu un rievojuma att€liem. Katrai personai tika iegtiti vairaki
plaukstas asinsvadu un rievojuma struktiiras att€li. Izveidotas datubazes tika izmantotas lai
novertétu izstradatos biometrijas sisteémas algoritmus.

Projekta ietvaros tika izveidots kameras modulis, kas sp&j fiksét gan plaukstas asinsvadu, gan
plaukstas rievojuma att€lus. Modulis ir paredz&ts pieslégSanai pie FPGA maketa lai test€tu
algoritmu pielietojamibu iegultas sistemas un izveidotu multimodalas biometrijas sist€mas, kas

balstita uz plaukstas parametru registré$anu, demonstratoru. Kameras modulis redzams 4.2. zim.
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4.2. 7im. Izveidotais kameras modulis

Attelu apstrades panémienu attistiba

Plaukstas asinsvadu attélu apstrade pec CMF

Svariga biometrijas sistémas sastavdala ir programmnodro$inajums, kas ieglitos att€lus
un izdalitos parametrus p&c filtracijas sadala segmentos. Segmentacija nepiecieSama, lai veiktu

salidzina$anu. Pirms segment€Sanas tieck veikta kompleksa salagota filtracija, ka rezultata tiek

iegiita matrica ar reakcijas vektoriem I7(x, y), kas ir tik pat liela ka ieejas attels. Vektoru

fragments un to attiecigas absoliitas vertibas redzamas 4.3. attela.
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4.3. zim. Kompleksa salagota filtra reakcijas vektoru
fragments (a) un to absoliitas vertibas (b)
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SegmenteSanas merkis ir atrast N nozimigakos vektorus, kas apraksta plaukstas
asinsvadus, tada veida atvieglojot salidzinasanas procediiru un samazinot informacijas
daudzumu, kas jaglaba datubazg.

Segment@sanas algoritmu iesp&jams attélot ka iterativu ciklu. Katra iteracija tiek izdalits
viens aprakstoSais vektors V, pie koordinatém (x,, y,) un pievienots kopai. Aprakstosais
vektors ir vektors ar maksimalo absoluito veértibu konkrétaja iteracija. P&c vektora atrasanas un
pievienoSanas kopai, vektors un ta apkartne tiek pielidzinata nullei, lai izvairitos no vairaku
blakus esoSu vektoru izdaliSanas. Vektora apkartne, kas tiek pielidzinata nullei var tikt izveleta
gan ka taisnstiiris, gan ovals. Zim&juma 4.3. redzami izdalitie aprakstoSie vektori. Isak sakot,
algoritms mekl€ pasSu intensivako vektoru visa vektoru kopa, saglaba to un izdzes segmentu ap to,
mekl& nakamo intensivako vektoru un atkal izdz&§ segmentu ap to. Sada veida algoritms turpina
mekl&t vektorus lidz tiek sasniegts ieprieks definéts vektoru skaits. Eksperimentgjot tika izvElets,
ka vektoru kopa ietilpst tikai 64 intensivakie vektori, kas aprakta asinsvadus. Tada veida nav

nepieciesams glabat visu attelu, bet tikai 64 vektoru kopu.

SegmentéSanas meérkis ir atrast N nozimigakos vektorus, kas apraksta plaukstas
asinsvadus, tada veida atvieglojot salidzinasanas procediiru un samazinot informacijas
daudzumu, kas jaglaba datubazg.

Segment@&Sanas algoritmu iespgjams attelot ka iterativu ciklu. Katra iteracija tiek izdalits

viens aprakstoSais vektors V, pie koordinatém (x,, y,) un pievienots kopai. Aprakstosais
vektors ir vektors ar maksimalo absoliito veértibu konkrétaja iteracija. P&c vektora atrasanas un
pievienoSanas kopai, vektors un ta apkartne tiek pielidzinata nullei, lai izvairitos no vairaku
blakus esoSu vektoru izdaliSanas. Vektora apkartne, kas tiek pielidzinata nullei var tikt izveleta
gan ka taisnstiiris, gan ovals. Attéla 4.1. redzami izdalitie aprakstoSie vektori. Isak sakot,
algoritms mekle pasu intensivako vektoru visa vektoru kopa, saglaba to un izdze$ segmentu ap to,
mekl& nakamo intensivako vektoru un atkal izdz&§ segmentu ap to. Sada veida algoritms turpina
mekl&t vektorus lidz tiek sasniegts ieprieks definéts vektoru skaits. Eksperimentgjot tika izvélets,
ka vektoru kopa ietilpst tikai 64 intensivakie vektori, kas aprakta asinsvadus. Tada veida nav
nepieciesams glabat visu att€lu, bet tikai 64 vektoru kopu.

AtpaziSanas posma ir nepiecieSams atkartoti salidzinat divas vektoru kopas: tikko iegiito

vektoru kopu B ar datubaze esoso vektoru kopu C. Katra $1 vektoru kopa sastav no segmentacijas
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procesa atrastajiem aprakstoSajiem vektoriem. Vektoru kopa B satur N vektorus, tacu vektoru
kopa C satur K vektorus:
B=[\7n;xn;yn: n=1,..., N},
C=(V, i3, vy k=1, K], “-1)
Japiemin, ka N un K vértibas var atskirties, jo datubaze esosa vektoru kopa var saturét vairak
vektoru neka iegiita kopa. Lai salidzinatu abas vektoru kopas, katras kopas vektors tiek

salidzinats ar otras kopas vektoru, lai apréekinatu sekojosu vertibu:

2
“Tak

(—5)
s =|V |7 -cos(B)e ¢, (4.2)

kur 72, =(x,—x,)+(y,—»,) ir vektoru sikumpunktu attalums kvadrata. Vektoru para
salidzinasana ir att€lota 4.2. att.
Izteiksme (4.2) sastav no trijiem salidzinasanas parametriem:
Garako vektoru paris vairak ietekmé [idzibu; par to atbild |\7,,| '|\7k|
1. Tuvak esoSiem vektoriem ir lielaka ietekme uz kop€jo rezultatu; par to atbild
savstarp&jais lenkis cos ()

2. Jo tuvak abi vektori atrodas, jo lielaka ir nozime to salidzinaSana; par to atbild

Fri

4.2. att. Vektoru salidzinaSanas procedura
Ka redzams, tad pirma un otra parametra reizinajums nav nekas cits ka vektoru V, un

V, skalarais reizinajums. Tacu tresais parametrs tiek ieviests lai ierobezotu regionu kada tiek

salidzinati vektori. Ja vektori atrodas talak par » > 30, tad tie netiek salidzinati. Vektoru lidziba,
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vai sakritiba tiek noteikta izmantojot lidzibas vertibu D(B,C), kas ir visu vektoru paru ietekmju

summa:

N K
D(B,C)=). s, (4.3)
n=1 k=l

Tacu vektoru sakritibas vertibu var ietekmét:

1. Nevienmerigs attéla kontrasts. Vektoru kopa, kas iegiita no attéla ar augstaku kontrastu
dod lielaku sakritibas vértibu, neka vektoru kopa kas iegiita no tada pasa attéla, bet ar
zemaku kontrastu.

2. Blakus efekts. Kad vairaki blakus esosi vektori no vienas kopas tiek salidzinati ar vienu
un to pasu vektoru no otras kopas ( 7 < 3o robezas).

Lai izvairitos no $adam ietekmém, vektoru sakritibas veértiba tiek norméta. Tiek ieviests

termins “izversta norma”, kas ir kvadratsakne no:

2
"k

N N N N L
D(B,B):ZZsnk=ZZ|\7n|-|17k|-cos(B)-e" 4.4)
n=1 k=1

n=1k=1

Normalizéta vektoru sakritibas vértiba D,(B,C), kas tiek izmantota plaukstas asinsvadu

struktiiras atpazisana, tiek defingta Iidzigi ka sakritibas vertiba (4.3):

2
Tk

N R R
D”(B’C)_,;,; VD(8.3) JD(cc) B’ =

D(B,C)
VD(B,B)-D(C,C)
(4.5)

Maksimala norméta vektoru sakritibas vertiba D,(B,C) = 1 tiek sasniegta kad vektoru kopa

tiek salidzinata pati ar sevi (B = C). Ja atSkirigas vektoru kopas tiek salidzinatas, tad norméta
vektoru sakritibas vertiba ir robezas [0;1).

Piedavatais pan€miens tika parbaudits izmantojot ieprieks izveidoto 50 personu plaukstas
asinsvadu attelu datubazi.

Kad notiek vektoru kopu salidzinasana, tiek izmantoti 40, 80 vai 100% (26, 51 vai 64

vektori) no ieglitajiem vektoriem un pilna kopa ar datubaze esosajiem vektoriem.

Zim&juma 4.3 ir attéloti salidzinaSanas eksperimentalie rezultati (norméta vektoru sakritibas
matrica péc slieks$na operacijas) izveidotajai datubazei. Katrs diagonali izvietotais kvadrats atbilst
katras personas plaukstas asinsvadu att€lu kopai, kas sastav no 8 attéliem. Tadg] katrs kvadrats ir
8 x 8 pikseli. Tas, ka kvadrats ir iekrasots, nozime, ka katrs grupas attels sakrit ar citu grupas
att€lu, tatad persona tiek atpazita. Melnie punkti arpus diagonalo kvadratu virknes attélo nepareizi

atpazitos attelus.
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attéla numurs

attéla numurs
4.3. zim. Lidzibas matrica p&c slieks$na operacijas

Svarigi ir izveéleties optimalu sliekSna vertibu, lai katra cilvéka att€lu kopa butu virs
sliekspa salidzinot ar visu par&jo datubazi. No zim&juma 4.3. var redz&t, ka precizu slieks$pa
vertibu $aja gadijuma nav iesp&jams izveleties, taCu var sasniegt pec iesp&jas mazako kladu.
Zimgjuma 4.4. ir paraditi divi gadijumi, a) kad visa personas datu kopa ir virs sliekSna vertibas,
(stabils gadijums) tacu kads no datubazes att€liem arT sasniedz slieksni, Iidz ar to tiek atpazits
nepareizi; b) viens att€ls no personas datu kopas ir zem sliekSna, tacu pargjie datubazes atteli ir
zem sliekSna. Japiemin, ka $ada sliekSpa vertibas izveéle konkrétai datubazei sniedz vislabakos
rezultatus un nodro$ina nosacfjumu kad FAR un FRR vértibas ir vienadas. Saja gadijuma EER

vertiba ir 0.17%.
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attéla numurs datubize

azi:

Individualas personas datu kopas salidzinajums ar visu datub
stabils gadijums (kreisais attéls) un nestabils gadijums (labais attls)

Zim.

44.

Vo=

Attela 4.5. ir redzamas FAR un FRR izmainas pie mainigas sliekSna vertibas un dazada

izveéléto vektoru skaita.
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4.5. zZim. FAR — FRR izmainas pie mainigas sliek$na vertibas
un dazada vektoru skaita
Veiktie eksperimenti ar 400 atteélu datubazi izmantojot 50 personu plaukstas asinsvadu
att€lus sniedz loti labus rezultatus, kur EER = 0.17 %. Salidzinot ar pirmaja nodala, 1. tabula
sniegto informaciju, pétnieki izmantojot 500 personu plaukstas asinsvadu att€lus ir sasniegusi
precizitati EER = 0.557 %. Lai ar1 petnieki izmanto desmit reizes lielaku datubazi un rezultati nav
tieSi salidzinami ar $aja darba iegutajiem, metodes ka tiek veikta salidzinasana butiski atSkiras.
Izveidota datubaze sastav no vektoru kopam, tad€] nav nepiecieSams glabat binaru att€lu, kas

samazina gan glabajamo datu apjomu, gan salidzinamo datu apjomu.
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Kompleksas salagotas filtreSanas pieejas pilnveidoSana

CMF pieeja tika pilnveidota sekojosi:

1. attistits esoSais kompleksais filtrs (izveidots NH-CMF, Non-Halo Complex
Matched Filter), un

2. raditi jaunie kompleksie filtri (GCMF, Generalized Complex Matched
Filters).

NH-CMF

Halo-efekts veidojas apgabalos, kur salagota filtra maska ir pret€ja att€la fragmentam,
kur ta tiek uzklata (4.6. zZim), un salagotas filtracijas rezultata tiek iegiitas negativas filtra

reakcijas.

«— Attels —

Maska — Maska —

a) “lidziga” b) “pretéja”
4.6. zim. Salagota filtra maskas lidziba ar izdalamo Iiniju, Skérsgriezums (1D)
Efektivs panémiens Halo efekta noveérSanai ir negativo salagota filtra reakciju
iznicinasana. ST operacija nav kaitiga filtracijas rezultatam, jo atmestas vértibas nepieder
pie interes€josas informacijas. Piem&ram, ja tieck mekletas Iinijas, kas ir gaiSakas par
fonu, tad salagota filtra reakcijas tumso Iiniju vietas nav svarigas. Reakciju iznicinasanu

var veikt ar sliekSn-operaciju, ko defing ka:

THR Qx x2 0 4.6

Modificéts, otras kartas bez-Halo korelacijas vektoru iegiiSanas algoritms ir sekojoss:

Lo legiist salagota filtra reakcijas 5, (%0, y030 ) = MF (xo0,y0; 9),
n(x05y0;¢ n) = THR[Sn(xO’yO;¢ n) ]a

!
[

* Atmet negativas reakcijas :
n(x05y0;¢n) :Cn(xO’y0;¢n)D2¢na :
[

[

[

[

|

|

[ C
| » Dubulto reakcijas lenki ¢
|

|

|

|



N-1
» Saskaita kompleksas reakcijas xo,yo Z xo,J’o’ n)s
n=0 Non-Halo CMF,

¢

e Samazina dubultotu lenki ﬁ(xo,yo) :c(xo,yO)D E

Bez-Halo CMF (NH-CMF) ne tikai izdala interes€josas linijas Iidzigi tradicionalai
salagotai filtracijai (pec kvalitates), bet ar to iegttie korelacijas vektori sniedz ar1 liniju
virziena informaciju, svarigu segmentacijas procediirai.

Sadu filtru ir iesp&jams efektivi pielietot ar objektu malu (kontiru) izdali$anai.
So paradibu ilustré 4.7. zZim. — strauju gradientu gadfjuma bez-Halo korelacijas vektori
bus noveroti taja gradienta puse, kas pec intensitates ir lidziga maskas izdalamo Imiju

intensitatei (4.7. zim.).

a) koreldcijas vektori b) segmentacijas procesa izdalitais kontiirs
4.7. Zim. NH-CMF, aproksimacijas darbibas rezultats (tika mekletas gaisas Iinijas)
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Maska —

— Attels —

a) “daleji lidziga”
4.8. zim. Salagota filtra maskas dalgja lidziba ar strauju gradientu, 1D

GCMF

CMF ir lenka invariants filtrs, kas ir paredzéts Iiniju detektéSanai att€la. Tacu linijas nav
vienigie att€lu objekti, kuriem piemit lenkiska orientacija, un kuru detekteSanai ar
salagotu filtru ir nepiecieSams rotét filtra masku. Jaunu kompleksu salagotu filtru

radiSanu stimul&ja nepiecieSamiba detektet Iiniju krustpunktus, kas pieder pie minéto

objektu klases.

Visparinot CMF, tika sastaditas salagota filtra maskas ar Iidzigu struktiiru: visas maskas
ir att€lotas regulari izvietotas Iinijas, kas saiet viena punkta (maskas centrs), bet ar dazadu

So Iiniju skaitu (4.9. zZim.). VienkarSibas péc maskas tika sanumurétas, atkariba no tajas

Maska —

b) “pretéja”

esosu liniju skaita; Sie numuri K apzim€ masku My vai GCMFy kartas.

— Centrs
M, M, M, M, M

4.9. zZim. Pirmo piecu kartu maskas kompleksai salagotai filtracijai

Lai neatkartotu filtraciju ar vienu un to pasu, katru masku rot€ ap centralo punktu

: __ 0,21 H L _
lenku intervala Ho;?[l un veic salagoto filtraciju.

kur  n=0...(N-1),

_ﬁg?‘_”
Prn= N K

N — kopégjais izmantotu maskas lenku skaits,
K — maskas My karta.
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Salagota filtra reakcijam pieskir lenki K-gk,, saskaita kopa, un pielieto konvoliicijas
linearitates 1paSibu. Rezultata tiek iegtta K-tas kartas kompleksa salagota filtra (CMFy)

maska.

-1

N .
M (%, 350, 90) = § Y €™ (x50, 030 00m) (4.8)

n=0

Lidzigi ka ieprieks, korelacijas vektorus VK(XO,)/O) (matching intensity vectors) katra

gadfjuma iegiist pec sekojosa, optimizeta algoritma:

* Kompleksa salagota filtracija, iegtist Ck (xo,yo) = CMFk(x0,)),
* Lenku samazinaSana ‘71<(xo>J’o) :CK(ono)D —

GCMF var pielietot Iiniju krustpunktu detektéSanai, pieméram, rezga meklésanai:

FEEEEEiEreeenstmn raty

ek

IERARRENEN

.....

-----

4.10. zim. CMF, pielictosana rezga meklésanai

Korelacijas vektoru \74()60,)/0) faze norada virzienu, kura meklét rezga
kaimin-krustpunktus:
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4.11. zim. Ceturtas kartas korelacijas vektoru fazes izmantosana

Aprakstito filtru darbiba tika izp@tita polarajas koordinates (p,d) ar centru punkta (xo,)o).
Analitiski tika iegiita K-tas kartas kompleksa salagota filtra maskas vispariga izteiksme,

kas sastav no diviem reizinatajiem:

M(p, 6) =r(p) - exp|jK ) (4.9)

1. Radiala komponente:
Hp) = [ exp(- jK )04 [p.1)0dr (4.10a)
Ta ir atkariga no rot&josas maskas My un no attaluma p, un ir komplekss lielums.
2. Lenkiska komponente:

expl jK 8 ) (4.10b)
Ta ir K-tas kartas kompleksa eksponente, kas nav atkariga no salagota filtra maskas

formas. Mainot §1s komponentes mainas ar1 filtra 1pasSibas. Izmantojot §is izteiksmes

izdevas iegiit nekroplotas normétas dazadu kartu kompleksa salagota filtra maskas:
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4.12. zim. Dazadu kartu kompleksa salagota filtra maskas

Ieprieks min€tu kompleksu salagotu filtraciju CMFk(xo,)0) apraksta sekojosi:

0
CMFx(xo, v0) = IR JDexp(- jK®)0d8  (4.11)

2n
kur

P max

R(©)= [ sp.6)0rlp)0p Cdp (4.12)

0

R(0) tiek saukta par punkta apkartnes funkciju (Neighborhood Function). Dazadi
regulari att€lu objekti paradas ka S§is funkcijas kompleksas rindas Furjé koeficienti,

piem&ram 3 liniju krustojuma vieta (4.13. zZim.).
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a) attela fragments
a

radius

angle
(xu,yn) neigborhood function R (E) for 9 BN fourier
0.6s 0.om
0.6
& nss 0.008
o
0.5 m

0.4s 0
0 1? 200 300 123456 67 8 810

2ffgle B [degrees]
b) attéla fragments polarajas koordinateés
4.13. zim. Tres$as kartas detalas apkartne Dekarta un polarajas koordinatés

Atrdarbigu apstrades algoritmu modelésana

Atrie aprékinu algoritmi balstas uz kompozicijas linearitates Tpasibu. Ja kompleksa filtra
masku aproksimé ar funkciju G(x,y) summu, tad CMF rezultatu ir iesp€ams iegiit

vienkarsak, saskaitot tikai atseviskus priekSapstradata att€la g(x,y) punktus:

f(x,y)D MK(x,y)zf(xsy)D Z k; DG()H' Ax;,y+ Ayi)zz k; Dg(X+ Ax;,y+ Ayi)

[ i

(4.13)
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kur
glx.y)= flx»)0 Glx,y) (4.14)

Par G(x,y) tiek izveleéta Gausa 2D funkcija, lai attela priekSapstrade (4.14) bitu viegli

izpildama ar rekursiviem filtriem.

Fast GCMF

GCMF filtra masku aproksimé sekojosi:

R ) km . km
M(x,y)=Z ZO( 1) DG@x d Dcos—K ,ytd Dsm—K @+
2K-1

T e oL T g, T
]DZDZO( 1 DG%x chos@K+2K@,y+ stm@K+2K@% (4.15)

kur  Z - izdalamas detalas intensitates zime: —1 tumsaka, +1 — gaiSaka (par apkartejo
fonu).

n

Youn
d é \\\2K

OG-,

v y
Reala dala Imaginara dala

4.14. zim. Kompleksas maskas aproksimacija, piemérs K=2

X

>

Fast NH-CMF
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0’ 45° 90° 135°
4.14. zim. Rot&jama M, maska pie Cetriem lenkiem
Rot&jamai salagota filtra maskas aproksimacijai (visiem cetriem lepkiem), ja
rotacijas lenku skaits ir 4 (att. 4.14), ir nepiecieSsami 16 punkti. Sos punktus (xo,v0)
apkartné izvieto vienmerigi uz regulara astonstiira malam, ta, ka ir paradits 4.15. zim., un

apzimé ar P1...P16I

’ “\P
//7’ PS ‘\\3
P8 ” | P2
P L (), d ! | P X
_ﬂ_lpl .H:‘—I—| -
|
01 ' /‘ 91
The e, e
i e ¢ @/ d
Al P
d Y d
y

4.15. Zim. Maskas M 3. rindas aproksimacijas punkti Cetriem lenkiem

Ievietojot Sajos punktos Gausa 2D funkcijas ar pareiziem svara koeficientiem (0, £1
un +2), ir iesp&jams iegiit maskas, kuras ir demonstrétas nakamaja attela:
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Approxirmated r'»IH-Gr'u'H:2 rmzsk, rminirmal variznt

4.16. zim. Rot&jamas maskas M, minimala aproksimacija ¢etriem lenkiem, d=16, 6=8

Rezultati

Izveidotie algoritmi ir viegli realiz€jami FPGA un var apstradat attelu realaja
laika (no att€lu sensora), radot aizturi, kas nav ilgaka par viena kadra laiku.

Nosacijumam, kad filtra maskas ir 32x32 pikseli, un att€la izmers — 640x480 tika
aprékinats nepiecieSamo operaciju skaits:
1. Tradicionalas salagotas filtracijas (TMF) gadijuma — 1 258 291 200 minimali

(izdalot Iinijas);
2. Kompleksas salagotas filtracijas gadijuma — 629 145 600;
3. Atra CMF gadijuma — mazaks par 6 144 000;
4. Atra CMF; Iiniju izdali$anai bez Halo efekta (ar TMF salidzinamas kvalitates,

bet ar papildus orientacijas informaciju) — 8 601 600.
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5. Uz rotacijas lenkiem balstitas visparinatas signalu
analizes metozu attistiba un algoritmu modeléSana.

5.1. Kompaktie atrie ortogonalie parveidojumi
2010. g. tika turpinati petijumi, kas ir saistiti ar tadu jaunu ortogonalu parveidojumu
sint€zi, kuru bazes funkcijam lidzigi ka veivletiem piemit kompaktums.

5.1.1. Realo parveidojumu sintézes algoritms
Algoritma pamata ir retinatu matricu reizinajums

H=P B, (4, )01.0P,0B@#,)IP, B ,). (5.1)

kur Px — permutaciju matrica, B(¢@;) — retinata kapnveida ortonorméta matrica, kura pie
N =8 un k =1 izskatas sekojosi:

s, ¢ O 0 0 0 0 0

0 0 s ¢ 0 0 0 0

0 0 0 0 s ¢ O 0L

0

o 0 0 0 0 0 s ¢ (5.2
B(y,)= !
@) e, -s, 0 0 0 0 0 0O )

o o 0 0 ¢ -5 0 0

0
i
0
n0 0 ¢ -5 O 0 0 0%
0
0 0
00 0 O 0 0 0 ¢ -5

kur s/=sin(@), ci=cos(¢@). Kapnveida ortonorm&tas matricas pamata ir elementara
rotacijas matrica:

s ¢l (5.3
R=p' 1. )
0 S

Ja katra no retinatajam kapnveida ortonortmé&tajam rotacijas matricam tiek izmantots tikai
viens lenkis (Iidzigi ka piemera (5.2)), tad Sie parveidojumi tiek dévéti par CRAIM
(Constant Rotation Angle in Matrix Orthogonal Transform) tipa parveidojumiem.
Savukart, parveidojumu, kuri atgadina Hara parveidojumus, nosaukumiem tiek pievienots
piedeklis HT (Constant Rotation Angle in Matrix Transform) — CRAIM-HT.

5.1.2. Komplekso parveidojumu sintézes algoritms

Sintez€jot kompleksos parveidojumus, elementaras rotacijas matricas (5.3) vieta tiek
izmantota elementara visparinata Jakobi (Jacobi) rotacijas matrica:
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_ Osing, De”*  cosp, De” '+ [ (5.4

fcosg, De”* - sing, De'““H )

Tllk ]712k

T((pkawk’yk): T T
21k 22k

un matricas (5.2) vieta tiek formé&ta unitara matrica

07y T 0 0 0 0 0 0 0

"0 0 T, T, 0 0 0 0-:

70 0 o0 0O T, T, 0 001
B s ):% 0 0 0 0 0 0 T, T,- (5.5
Pk ol Ty Toy 00 00 00 )

i 0 0 T21k T22k 0 0 d

H 0 0 0 0 T, T,,, 0 H

50 0 0 0 0 0 T, Tuf

5.1.3. Realo visparinato Harveidigo parveidojumu ipasibas
Bazes funkciju (parveidojumu matricas rindu) izskats (elementu veértibas) mainas,
atkariba no izveleto lepku veértibam. Funkciju Tpasibas:
4. BF funkcijas energija ir 1,
BF vidgja vertiba ir nulle (iznemot pirmo BF),
lokalitate — funkcijas nenulles vértibas (energija) ir lokaliz&tas noteikta intervala,
funkcijas tiek iegttas no t.s. primarajam bazes funkcijam, veicot to nobidi,
funkcijas ar para indeksu 2k lokalitates intervals ir tads pats ka funkcijai ar nepara
indeksu 2k-1,
. funkcijai ir ne vairak ka 4 atSkirigas nenulles vértibas,
10. funkciju ar para indeksiem vértibas tiek iegiitas, parkartojot nepara funkciju
vertibas reversa kartiba un atbilsto$i mainot vertibu zimes,
11. katra nakama funkcija ar nepara (para) indeksu > 3(4) tiek iegita, parbidot
funkciju ar nepara (para) indeksu pa labi par lokalitates intervalu,

12. katra nakama primaro bazes funkciju "para" lokalitates intervals pie indeksiem >
3 (4) samazinas divas reizes

PN
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Primary Basis Functions, N = 32
¢=[10 15 30 60], -[10 15 30 60]

+1

p=1 p=3 p=5 p=9 p=17
L I—I-i H
+1
p=2 p=4 p=6 p=10 p=18
— S 1"
I_| |_iJ
-1
10 20 30 10 20 30 10 20 30 10 20 30 10 20 30

Att. 5.1. Realas visparinatas Harveidigas primaras bazes funkcijas pie N=8 ar nulles

5.1.4.

vidgjo vertibu un atseviSku lidzkomponenti

Komplekso visparinatie Harveidigo parveidojumu ipasibas

Bazes funkciju forma mainas, atkariba no izvéleto lenku vertibam. Funkciju pasibam ir
zinama lidziba ar realo funkciju TpaSibam.
Funkciju 1pasibas:

13.
14.
15.
16.
17.
18.
19.

20.

21.

22.

kompleksas bazes funkcijas energija ir 1,

funkcijas realas un imaginaras dalas vidgja vertiba ir nulle (iznemot pirmo BF),
lokalitate — funkcijas nenulles vértibas (energija) ir lokaliz&tas noteikta intervala,
vienada indeksa funkcijas realas un imaginaras dalas lokalitates intervali sakrit,
funkcijas realas un imaginaras dalas vertibu moduli vispariga gadijuma atskiras,
funkcijas tiek iegttas no t.s. primarajam bazes funkcijam, veicot to nobidi,
funkcijas realajai/imaginarajai dalai ar para indeksu 2k lokalitates intervals ir tads
pats ka funkcijas realajai/imaginarajai dalai ar nepara indeksu 24-1,

Gan funkcijas realajai dalai, gan imaginarajai dalai ir ne vairak ka 4 atSkirigas
nenulles vertibas,

katra nakama funkcija ar nepara (para) indeksu > 3(4) tiek iegiita, parbidot
funkciju ar nepara (para) indeksu pa labi par lokalitates intervalu,

katra nakama primaro bazes funkciju "para" lokalitates intervals pie indeksiem >
3 (4) samazinas divas reizes
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Basis Functions,N =8

$=[30 -30 -30], y=[30 30 -30], y=[30 30 30]
o =1 Pl =1 Pre=5 Pim =2
o [ =
+4 pFle =2 plm =2 pFle =6 El_["n =6
— E— - (]
+1 pF{E!:3 plm:3 pF{e:? _____ plm:?
0 — R s s =
[ L]
+4 pFlE!:4 plm:4 pF{e:8 plm:8
o] ——r [ I [
_____ I I me— —— CEE : |_
-1

2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

Att. 5.2. Kompleksas visparinatas Harveidigas bazes funkcijas pie N=8 ar nulles vidgjo
vertibu un atsevisku Iidzkomponenti

5.1.5. Parveidojumu atrie aprékina algoritmi

Nemot vera izteiksmi (5.1), tieSais realais parveidojums ieejas signala vektoram X
izskatas sekojosi:

1
Y@, )= HE o DOX = [] PLOBL(H )X, (5.6)
k=n
kur Y ir signala spektrs izvéletas transformacijas bazeé. Savukart iversais parveidojums
lauj atjaunot originalo signalu no spektra:

n

Xz H (@ VG d )= | PEOBLG IV ,f ). (5.7)
k=1

kur ()" — transponéta matrica (vai kompleksajiem parveidojumiem Ermita matrica).
Kompleksajiem parveidojumiem katra lenka ¢, vieta tiek izmantoti atbilstosi tris lenki -
@, wka 72
Ta ka parveidojumu (5.6) un (5.7) faktoriz€tajas formas tiek izmantotas retinatas
matricas, tad parveidojumiem ir nepiecieSams mazaks operaciju skaits neka tad, ja
parveidojuma aprékinam tiek pielietota pilna parveidojuma matrica H.
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5.1.5.1. Operaciju skaits realajam Harveidigajam parveidojumam
Harveidigos parveidojumus realiz§jot pa "tieSo", ir jaatceras, ka pilnaja parveidojumu
matrica H ir daudz nullu, kas atro algoritmu nepadara tik efektivu (attieciba pret pilno
parveidojumu), ka tas ir, pieméram, klasiska Furjé parveidojuma gadijuma. Ta,
pieméram, pie N = 1024, summesanu skaits atra algoritma gadijuma ir tikai 1.8 reizes
mazaks neka pilna parveidojuma gadijuma. Tacu jebkura gadijuma, no rotaciju viedokla
atrais algoritms ir dabiskaks, kadel ar1 pie relativi nelieliem N, atrais algoritms ir ertaks.
Izteiksmes, kas nosaka summesanu skaitu pilnajam (indekss D7) un atrajam algoritmam
(FT) ir sadas:

nsumDT = 2D(N Dlogz (N)_ 210g2(N))+ 27 nsumFT = N[ﬂogz (N) . (58)

4
2

log,(N)
Att. 5.3. Summesanas operaciju skaits pilnajam un atrajam reala Harveidiga
parveidojuma (ar bazes funkciju vid€jo vertibu nulli) algoritmam

Reizinasanu gadijuma efektivitdte ir mazadka neka summeSanu gadijuma, jo
Harveidigajiem parveidojumiem ar atsevisku lidzkomponenti un bazes funkciju vid€jo

vertibu vienadu ar nulli tiek izmantoti lenki kartni 45°, kas atbilstoSaja rotacija
reizinasanu skaitu samazina lidz vienai.

n,upr = 2UN log, (N), Nrr = NO2og,(N)- 3)+ 3, (5.9
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x10° The Number of Multiplications
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log,(N)
Att. 5.4. ReizinaSanas operaciju skaits pilnajam un atrajam reala Harveidiga
parveidojuma (ar bazes funkciju vid€jo vertibu nulli) algoritmam

Ja nodefiné operaciju izpildes skaita efektivitati ka pilna algoritma operaciju skaita
attiecibu pret atra algoritma operaciju skaitu:

_ nmulDT _ nsumDT 7 nmulDT ¥ nsumDT (5]0

v e - -
mul b mul H op N
mul FT nsumFT nmulFT ¥ nsumFT )

tad redzam, ka summéSanas efektivitate, augot N, pieaug par aptuveni 30%, bet
reizinaSanas efektivitate samazinas aptuveni divas reizes.

Eficiency Rate

2 3 4 5 E‘i ‘7 é E-Ii 10
log,(N)
Att. 5.5. Operaciju skaita efektivitate pilnajam un atrajam reala Harveidiga

parveidojuma (ar bazes funkciju vid€jo vertibu nulli) algoritmam
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5.1.5.2. Operaciju skaits Jakobi rotacijas realizacijai

Pilnajam kompleksajam parveidojumam (5.6) un (5.7) operaciju kop&jo operaciju skaitu
nosaka lidzigi ka realajam parveidojumam. Seit apliikosim operaciju skaitu tikai
elementaras Jakobl matricas realizacijai, bet pilnu operaciju skaita uzskaitijumu atstasim
citiem pétijumiem, jo tas ir Joti apjomigs uzdevums. Nakamaja tabula ir redzami dazi no
63 iesp&jamajiem Jakobi matricas realizacijas algoritmu piemériem, atkariba no daziem
ierobezojumiem uz rotacijas lenku lielumiem. P&tijuma apliikotie ierobeZojumi lepkiem ir
konstantas veértibas +kX772 un +(2k+1)x104 pie k=0, 1, 2. Vislielakais operaciju skaits ir
nepiecieSams tad, ja visi lenki mainigi, bet vismazakais, ja visi lepki ir konstanti (tikai 2
saskaitiSanas un divas reizinasanas ar iebiivétam konstantém). Pats elementarais unitarais
parveidojums (rotacija) tiek realizets ka:

yRe = TRe((/JO’w ano)DXRe Im((OO’w O’VO)DXIm’ (5]]

YIm = T[m(¢0’w O’VO)DXRe * Re(¢0’ O’VO)DXIm’ )
kur x, g, — ieejas signala p-tas nolases reala dala, x, ,, — ieejas signala p-tas nolases
imaginara dala, y, z., v, m — 1z€jas signala p-tas nolases reala un imaginara dala.

TABLE I RotaTion ArLgoritams WitH SOME RESTRICTIONS ON ANGLES VALUES

Angles Rotation matrix Algorithm
DX e ee, + X, 1 Ues, + X, g Use, = xpy, Oss, O
o=@, T- 0 sing, De/to cosg, e Ho ] Yre © Xk re DCCy = X Hes, = X, 5 Usey =, Ussy D’
¢;,= l;l,;o’ HCOS(OO e - sing,0e o _ B Oee, = x,, 5 Ues, + x,p,, Osc, + x5, Oss, O
Yim ka m Hee, + xg g les, = x, 1 Use, + x5, Uss,
0v2 0
DiD(meeD(' + xm lm[s xklm)[
ad
0 JE 2,0 5
o= 14, 0 i Soleg g 5 05 T = e 05 X
Y= 2 =0 27 2 0
ycy D‘/E /Vo \/E H D DI
0 @_ _] @ D7 [me Im - m Re DS * xk Re)[
2 2 ylm - D\/E O
ETEKXk Im Dcy * xk Re DSV * xm Re)E
0l 0
iy 0 X t X e * \/Eﬂxm Im)D
D D yRc = D D
Q= 174, DHTJ - \/2§]D D*D(' Xmim ™ Xmre ~ \/EDX/( Im)H
2 . -1+ 0l 0
y=12 Df] /1 05 M i * X ge ™ fDmec)D
D 2 2 D ylm = Dz
HE D(xm Re - m Im \/7ka Re)D
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042 0

D 2 ( xk Im xm Im)D

2 2 N :

¢): ]74! D_] _]D D ( xk Im * xm Im)@
=2, T=02 2 g

ye 2 02 ;4250 22 o xn) D

E 2 2 E y]m D\/27 k Re m Re 0

(Frre* Yord) 7

Dz k Re m Re D

cs, = cos(9,)Isin(y ),  sc, = sin(gy)Leos(y,), cc, = cos(@,)leos(y ),
cs, = cos(9,)sin@ ), sc, = sin(p,)DcosW ), cc, = cos(g,)DcosW o), , (5'13
sin(g,) sin@ ), ¢ = cos(y ), Sy = sin(y )

SS(IJ

Nakamaja tabula ir uzdots reizinataju un summatoru skaits daziem lenku komplektiem,
izmantojot paral€lo (iekavas - virknes) arhitekturu.

TABLE II Tue NuMBER OF OPERATIONS (ARITHMETIC UNITS)

Kind of rotation Multipliers Ad;z’er Total
@20, 20, W20 20 (12) 12(6) 32(18)
@#0, =0, Y#0
(e.2. Jacobi) 14 (8) 8(4) 22(12)
@Z0, yi=0, =102 8(4) 4(2) 12 (6)
¢b¢05 y():O') ‘/’020
(e.g. Given's) 84 4@ 12.6)
@=114, Y=174, Yi=172 6(4) 8(4) 14 (8)

Ir japiebilst, ka reizinot ar konstanti, reiz€m var ietaupit reizinatajus un Iidz ar to,
pieméram, FPGA realizacija var biit ekonomiskaka neka to uzrada tabula. Daudz
pamatigaka resursu analize tiek veikta iesniedzamaja publikacija.
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Att. 5.6. Vienkarsota rotatora realizacijas blokshéma (virknes arhitektiira) y=0, =172

5.2. Uz rotacijas lenkiem balstitu signalu ciparapstrades iericu
modulu izstrade un mikrominiaturizacija (ASIC/FPGA)

Modulu izstrade un mikrominiaturizacija 2010.g. ir noritgjusi vairakos virzienos. Seit
aplukosim tikai galveno pienesumu VPP.

5.2.1. Komplekso parveidojumu FPGA realizacijas automatizacija

Ka redzams no tabulas TABLE II, elementara rotatora realizacija pasa visparigakaja
gadijuma (kad visi trTs lepki ir mainigi) ir resursédeliga. Lidz ar to parveidojumos (5.6)
un (5.7) ir loti svariga resursu adaptacija katram konkrétajam parveidojumam, nevis
vienas programmeéjamas unificétas Jakobi struktiiras izmantoSana katra no vajadzigajam
rotacijam. Ta ir iespgjama, jo, piemeéram, Harveidigajos parveidojumos vajag izmantot
lenkus, kas kartni +45°. Citiem parveidojumiem var biit citas konstantu lenku vértibas,
komplekta ar mainig(u)iem lenk(i)iem. Ka jau iepriekS mingéts, ir iesp&jamas 63 dazadas
kombinacijas vienai pasSai Jakobi rotacijai (ar min€tajiem lepku ierobezojumiem). Ja
paplasinam konstanto lepku skaitu, iesp&jamo kombinaciju skaits aug loti dramatiski, kas
praktiski padara neiesp&jamu manudlu realo resursu noveérté$anu. Sai sakariba, lai
noveértétu  Jakobi rotatora realo FPGA  resursu pat€ripu, ir izveidota
MATLAB+SIMULINK+Alteras Quartus Il baz€ta sist€éma, kas lauj no simboliski
aprakstitas Jakobi matricas ar izvéléto lenku (mainigu un konstantu) komplektu
automatiski iegiit VHDL kodu, to nokompilét Quartus-a un sanemt atpakal MATLAB-a
resursu patérinu (Logisko elementu un reizinataju skaitu). Sis ir biitisks solis, lai tuvakaja
laika var€tu atri un korekti novertét resursu patérinu pilnajiem parveidojumiem (5.6) un
(5.7) un automatizgt ari So parveidojumu resursu planosanu.
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Att. 5.7. Vienkarsota automatizéta VHDL koda sintézes, kompilacijas un resursu
novertesanas sistemas blokshéma no MATLAB Symbolic Toolbox vides.

Attelotaja blokshéma nav paradita sistema ieklauta rotacijas algoritma test€Sanas
apakssisttma SIMULINK-a vid€. Ta lauj testét rotacijas algoritmus ar fikséta punkta
aritmétiku. PaSreiz sisttma ir buveéta uz SIMULINK-a bloka Embeded MATLAB
Function bazes. Detalizétaka informacija par izveidoto sist€ému ir atrodama iesniedzamaja
publikacija.

5.3. Uz Visparinatas Ortogonalas Nesinusoidalas Frekvencdales

balstitas datu parraides sistéemas FPGA prototipa-simulatora

pilnveidosSana

2010.g turpinajas 2009.g. aizsakta (iepriekséja VPP) GONDM (Generalized Orthogonal

Nonsinusoidal Division Multiplexing) datu parraides sistémas (DPS) uz FPGA balstita

prototipa-simulatora izstrade. Atskaites gada ir:

— izveidots pilns klasiskas OFDM sinhronizacijas stradajoss SIMULINK-a modelis, kas
orient€ts galvenokart uz platjoslas datu parraidi (pieméram, IEEE 802.11 standarts),

— noformul@tas prasibas attieciba uz GONDM balstitu sistemu DPS sinhronizaciju,

— pilnveidots PN generators FPGA prototipam-simulatoram, lai korekti varétu noteikt
BER mazakiem par 10 (modificétais zigurata tipa algoritms),

— pilnveidots sakaru kanala imitators FPGA prototipam-simulatoram, papildinot kanalu
ar flat fedinga iespgjam,

— uzsakta uz visparinatajam parametriskajam kompleksajam Hara funkcijam balstita
DPS modulatora/demodulatora izveide,
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Att. 5.8. Vienkarsota GONDM DPS bez sinhronizacijas kédem blokshéma

5.4. Izstradatie funkciju/programmmu moduli MATLAB/Simulink
bibliotekam "Phi-FunctionsToolbox/Blockset"
2010.g. saistiba ar '"izgudrotajiem" parveidojumiem tika/tiek izstradati vairakas
interaktivas MATLAB programmas, kas lauj darboties ar iepriekS aprakstitajiem
Harveidigajiem parveidojumiem. Seit apliikosim paris no tiem.

5.4.1. Virtualie Harveidigo bazes funkciju generatori

5.4.1.1. Realo bazes funkciju generators

Generators ir izstradats vid€ MATLAB un ir paredzéts:
e parveidojumu parametru (rotacijas lenku) ievadam,
* bazes funkciju izskata vizualizacijai,
* bazes funkciju formu iesaldésanai,
* izveleto (ar peles klikski) bazes funkciju kolekciju veidoSanai un eksportam,
* pievienoSanai ieprieks izstradatajam analizatoram/sintezatoram
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Att. 5.9. Virtuala realo bazes funkciju generatora dialoga ekrans

) Collection of PEFs Q@J@I

Primary Basis Funclions, N=32
¢,=[10 15 15 0]

+1

p=5 p=9

10

). BF Collection - Nonzero values g@g|

bf5=[ 0.3415 -0.3415 -0.0915 0.0915]; A
bf6=[ 0.0915 -0.0915 0.3415 -0.3415];
bf9=[ 0.4330 -0.4330 -0.2500 0.2500]; v

20 30 10 20 30 10 20 30

Att. 5.10.Virtuala bazes funkciju generatora kolekcijas paliglogi

5.4.1.2. Komplekso bazes funkciju generators
Generators tapat ka realo bazes funkciju generators ir izstradats vide MATLAB un ir
paredzets:

* parveidojumu parametru (rotacijas lenku) ievadam,

* bazes funkciju izskata vizualizacijai,

* bazes funkciju formu iesaldésanai,
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1zveleto (ar peles klikski) bazes funkciju kolekciju veidosanai un eksportam.
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Att. 5.11. Virtuala realo bazes funkciju generatora dialoga ekrans
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1. pielikums

1.1. Transporta plismu un DSRC tiklu analize .

Transporta pliismas pétiSanas galvenais uzdevums ir analize€t automobilu kustibas, automobilu
vaditaju un cela infrastruktiiras mijiedarbibas. Analiz&jot automobilu bezvadu sakaru tiklus ka C2C un
C2I uz DSRC bazes, vispirms ir nepiecieSams novértét transporta plismas modelus. Sadus modelu
atbilstibu realai automobilu kustibas uzvedibai ir svariga, lai p&tiSanas rezultata ieglitu uzticamus datus
par bezvadu tiklu veiktspgju.

Si darba pirma sadala ir veltita transporta plismas mode]u piemérotibas analizei, lai turpmak
to izmantotu 1s3s distances automobilu bezvadu tiklu pétiSana. Otra sadala ar tuvinaSanas metodi un
rindoSanas teorijas palidzibu ir izanalizét DCSR tikla veiktsp&u atkariba no automobilu kustibas
parametriem.

Saja darba tiek analizéti tie transporta plismas moduli, kuri tiek izmantoti bezvadu tiklu
piem@ram, feidings. Tikla caurlaides dati tiek nemti no publikacijam, kuras tiek atspoguloti bezvadu
tikla praktiskie mérfjumi ar vienu vai diviem mobiliem lietotajiem. Saja pétfjuma tiek analizéta Tsas
distances bezvadu tikls veiktsp&ja, izmantojot Markova rindoSanas sistému ar ierobezotu lietotaju .
Darba iegiitie analizes rezultati dod iesp&ju novertét, ka izmainisies tikla caurlaidsp&ja atkariba no
vairaku bezvadu tikla aktivu lietotdaju (automobilu) parvietosanas atruma, ka arT dos iesp&ju turpinat
iesakto analizi.

1.1.1. Automobilu kustibas modeli bezvadu tiklu pétiSana (transportu plismu analize).

Saja sadala tiks apskatiti visparigi kustibas modeli, kuri tiek izmantoti automobilu bezvadu
tiklu pétisana.

Transporta plismas parametri liela méra bus atkarigi no automobilu parvieto$anas atruma, ka
arT no automobilu blivuma un plismas. Lai pétitu Tsas distances bezvadu tiklus, tiek izmantoti
automobilu kustibas modelus un tos var iedalit sekojosas lielas kategorijas, ka makroskopiskie,
mikroskopiskie un zem-mikroskopiskie (sk. att. 1.1).




Attels 1.1 Makroskopisks, mikroskopisks un zem-mikroskopisks att€lojums.

Ar zem-mikroskopisks modela palidzibu tiek novertéta automobilu dinamika atkariba no transporta
Iidzekl1 izmantotam elektroniskam vadibas atbalsta sistema, ka ABS, ESP u.c., kuras uzdevums ir ar
elektroniskam vadibas elementiem uzlabot automobilu vadamibu. Sadu modelu izmanto$ana bezvadu
tiklu pétisana praktiski netiek izmantoti. Biezak tiek izmantoti makroskopiskie un mikroskopiskie
modeli. Ar Makroskopiskie modeliem tiek analiz&ts bezvadu tikls kopuma, bet mikroskopiskie modeli
ir vairak, lai novertetu atseviskas bezvadu tikla mezglu, ka, pieméra, piekluves punkta veiktspgju.

Ti(t) xj-1(t) zi(t) Tiplt) Tip(t)

Az (1) ' Axi(t)

Attels 1.2. Vienvirzienu divjoslu automobilu kustibas scenarijs

Vienkarsu automobilu kustibas situaciju var att€lot sekojosi (sk. att. 1.2). Ar i tiek apzZiméts
atskaites automobilis, kuru uzvediba uz cela tiek analiz&ta. Noteikta laika t automobilis atradisies x;(t)
pozicija uz automagistrales un parvietosies ar momentano atrumu v;(t). Momentano paatrindjumu var
iegiit ar sekojosi dv;(t)/dt. Ari+1 tiek identificets automobilis, kur$ atrodas atskaites automobila prieksa
distancé Ax;(t) un i-1 atbilstosi aizmuguré distancé Ax;.(t). Blakus joslas taja pasa kustibas virziena
tieck automobili tiek apziméti j+1 prieksa atskaites automobilim un j-1 atbilstosi aizmuguré. Bez
augstak min€tiem parametriem, lai aprakstitu automobilu kustibu, tiks izmantoti sekojosi apzimgjumi:

Noverotais cela posms (km, m) —I;

Automobilu skaits novérota cela posma — n;
Minimalais/Maksimalais atrums (km/h, m/s) — Viin / Vinax 5
Paatrinajums/paléninajums (m/s?) — a/b;

Automobilu skaits/cela segmenta garums (auto/km) — n/l;
Automobilu stréguma blivuma koeficents (auto/km) — Kg,;
Minimala distance starp automobiliem - AXpiy;

P&tamais laika solis —At.

Transporta kustibas modelésana tiklosana visbiezak tie izmantoti stohastiski modeli ka
konstanta atruma modelis (CSM), nejausa cela punkta modelis (RWM) Manhetenas un Freeway
kustibas modelis. Stohastiskie modeli tiek balstita uz nejausu individualu vai grupu automobilu kustibu
ar atrumu reguléSanas noteikumiem:

Vi(t + At = vi(t) +n a At,



ja Vi(t) < Vinin tad vi(t) = Vinin;

Javi(t) > Vinax tad Vi(t) = Vinax;

ja Ax(t) < AxXpi, tad vi(t) = vi(t)+b At/2, kur 1 - nejausa
vertiba ar vienmeérigu sadalijumu intervala [-1;1].

Ar $adu regulgjumu tiek panakts, ka automobili kustiba viens ar otru neparklajas. Lai modul&tu
automobilu dinamiku cela krustojumos, papildus konstantu atruma modulos automobilu kustiba tiek
ierobezota ar pauzi. Nejausa cela punkta modelis tiek izmantos NCTUns automobilu bezvadu tiklu
simulacijas projekta.

Trafika plismas moduli automobilu kustibu veido no makroskopiska skata punkta, kur tiek nemts véra
tris pamat hidrodinamikas rakstura lielumi, ka atrums (km/st), blivums (auto/km) un plisma(auto/st).
Sadi modeli tiek reti izmantoti tiklu simulacijas, bet vairak tie tiek izmatoti hibrida variantos. Viens no
hibrida variantiem, kuru biezak izmanto tiklu simulacija, ir hidrodinamisks trafika modelis (FTM). Sis
modelis attieciba pret stohastiskiem modeliem ierobezo maksimalo pielaujamo atrumu atkariba no
automobila blivuma uz noteiktu cela posmu un tiek aprakstits ar sekojosu izteiksmi:

9
T;Et + At) = max [vm#n’r"’mﬁ' - :ffﬁ:rr ];

Palielinoties automobilu blivumam n/l cela posma, kas tuvojas automobilu sastréguma koeficentam kg,
samazinas maksimalais atrums lidz pielaujamam minimalajam atrumam.

Ar automobilu sekoSanas modeliem tiek aprakstita, katra automobila vaditaja uzvediba saistiba ar
priek§a brauco$a automobila kustibas izmainam. Sadi modeli tiek kategorizéti ka mikroskopiskie.
Stefana Krausa bez sadursmes automobilu sekoSanas modeli tiek izmantots pils€tas kustibas
simulacijas projekta (SUMO). Saja modeli tiek izmantoti sesi mainigie (Viax, a,b, 1 — nejauss mainigais
ar vienmeérigu sadalijumu intervala [0,1],T — automobilu vaditaju reakcijas laiks, € — mainigais intervala
[0,1], kas nosaka automobilu vaditaju sp&ja noturét izvéléto braukSanas atrumu). Krausa modeli var
aprakstit ar sekojo$am matematiska izteiksmém:
Sagled—wp, o (Ehry . o
Vilsafe) (t+ 4t) = 1'1._,..1_{_!} . — , KUr Vi) ir 1 — automobilu atrums drosa
A ]

distances uzturéSana ar prieksa braucoSu (i+1) automobili. Tisf) — laiks, kas ir nepiecieSams, lai bez
automobilu sadursmes varétu turpinat vai partraukt kustibu. So laiku var iegiit no sekojosas izteiksmes:

B ""‘":'_""li' L
Titoared = o s

Vi(des) It 1-automobila jauns izveletais atrums, kas veidojas no esosa atruma un vienmeriga paatrinajuma
lidz maksimali pielaujamam atrumam vai prieksa braucosa automobila atruma.

Vildes) = MIN [Fmas v (£) + ads, vr{mfﬁ'(r + at]];
Maksimali pielaujamo atrumu $aja modeli tiek aprakstits sekojosi:
vyt + At) = max [0.(vyg (2 + S8} — sast)y).

Daudzas publikacija, kuras tiek analiz€ta automobilu kustibas modeli, uzskata, ka piemérotakais
automobilu kustibas modelis bezvadu tiklu p&tisana ir automobilu seko$anas modelis ka Treiber,



Hennecke and Helbing intelektuala autovaditaja modelis (IDM) ar vairakiem paplasinajumiem
krustojuma vadibu (IM), joslas mainu kontroli (LC). Sada veida modelis raksturo autovaditaju
uzvedibu, kas izpauzas ar peksnu automobilu paatrinaSanu un to var izteikt ar sekojosSu diferenciala
vienadojumu:

diwy (£ TOAM § y® - . .
Sl o [1 - (ﬁ} - [ } ], 6 - dinamiska distance automobila
de B _"..t'(_':..":"

drosai paatrinasanai:

S T )
g = Ax,,, + [‘F; (eIT + e "H:f';=:! il ':[], kur T — droSas parvietoSanas

laiks Iidz prieksa braucoSai masinai vai arT laiks, ko var izmantot maksimala vélama atruma braukSanai.

Augstak aprakstito automobilu kustibas dinamiku var noveértét automasinas kustibas atrumu attieciba
pret laiku(sk. att. 1.3) modelétam scenarijam, kad vienlaikus uz lielcela parvietojas 20 automobili
viens aiz otra lidz bridim sasniedzot automobili ar ievérojami zemaku atrumu un tad p&c noteikta laika
prieksa braucosa automobilis uzsak paatrinasanu [idz maksimalam pielaujamam atruma v,,,,=25m/s.

FTM modelis

Krauss modelis

Attels 1.3. Automobilu kustibas modelu novertgjums

Freeway un FTM kustibas modelis neatspogulo reala automobilu kustibas dinamiku. Freeway modelis
Skerslim paziidot automobilu kolona netiek palielinats atrums. FTM modela gadijuma autokolonna
prieksa Iénak brauco$u automobilu ietekmé krasi samazina atrumu Iidz nulle, kas parsvara neatbilst
automasinas dinamikai. Saja gadfjumu Kausa un IDM modelis vairak atbilst realitatei. Turpmak
salidzinot kustibas modelus situacijas, kad automobilis §kérsosanas krustojuma vai maina joslas, tuvu
realaki automobilu dinamikai ir IDM paplaSinatie modeli.

Automobilu bezvadu tikla pétiSanai, lai iegitu ticamus datus, vispiemérotakie automobilu kustibas
modeli biitu Krausa un Treiber&co modeli.



1.1.2. DSRC tiklu analize

WLAN(IEEE802.11a/b/g standartu) izmantoSanas iesp€jas intelektualas transportu sakaru
sisttma (C2I - car to infrastructure) matematiska analize, balstoties uz praktisko caurlaidspgju
mérfjumu aproksimaciju un tuvu reala laika transporta kustibas matematiskiem modeliem.

No rakstiem un misu eksperimentiem varam secinat, ka neliels atrums dod iesp&ju sasniegt lielaku datu
parraides atrumu;

Izejot no autotransporta trafika teorijas varam secinat, ka samazinoties atrumam (v) palielinas
automobilu blivums, t.i. auto skaits (N) uz 1 km cela atkariba no automobilu parvietoSanas atruma(v)
jeb auto_skaits(v)=N(v) un atbilstosi auto skaits WLAN piekluves punkta zona (AP - Access point),
kuras uztverSanas zona tiek pienemta 300 m radiusa.

Number of car depend on car speed

3

24

Attels 2.1

Aproksimacija auto skaits atkariba no parvietoSanas atruma ar vienu joslas kustibu:
auto _skaits(v) = N(v) =103.05 - exp(-0.0349v)

Richard Gass (fig.3 un fig. 6a TCP, 1500bit, 302.11b)
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Aproksimgjot R. Gass ,,Measurements of In-Motion 802.11 Networking” iegtitos praktisko mérjjuma
rezultatus:

goodput(v) =—-0.19768 - In(v) +1.1886



, kur goodput(v) ir viena WLAN fikla klienta caurlaidspgja atkariba no ta kustibas atruma (v).

Marcelo (table2, 1460 bit pak., UDP, 802.11g)
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Taja pasa veida aproksimgjot Marcelo darbs ,,Measuring the capacity of in-car to in-car vehicular
network” iegiitos praktisko mérfjjuma rezultatus iegiist sekojosu caurlaidspgjas (goodput(v)) izteiksmi
atkariba no auto kustibas atruma (v):

goodput(v) =—0.02-v+3.5333
Turpmak nepiecieSams novertet ar rindosanas teoriju caurlaidsp&ju atkariba no automobila kustibas
parametriem, izmantojot matematisko modeli M/M/1//N, kur N ir automobilu skaits jeb aktivo lietotaju
skaits. Tiek piepemts, ka pienakoSie procesiem ir Puasona raksturs (M) un $o procesu apstrade ir

eksponencials raksturs (M), ka ar1 bufera atminas apjoms ir bezgaligs. Nemot vera to, ka
eksperimentali tika noverteta caurlaidsp&ja ar vienu serveri, tad So procesu var ilustrét sekojosi:

%

N

, kur 4 - pieprasijuma pienaksanas intensitates (Puasona likuma);

[ - pieprasTjuma apstrades intensitate ( Eksponenciala likuma), kur$ atbilst eksperimentalo m&rijumu
goodput(v) vertibam.

Ja tiek pienemt augstak minétais matematiskais modelis péc rindosanas teorija, tad m, - varbiitiba, ka
sistéma nav neviens pieprasijums un kuras iestaSanos var aprékinat p&c sekojosas izteiksmes:

~ {N(V’ N)!

-1
Ty = SINM = p’} ,J71,2,3...N(v)



Jkur p ir sist€émas utilizacijas jeb noslodzes koeficents.

Talak, lai novertetu caurlaidsp&ju n(v), kura biis atkariga no goodput(v)=u(v) un varbiitibas m,, var
izmantot sekojosas izteiksmes:

n() = p(v)-(1-1)

Papildus ir iesp&jams novértét pieteikuma vidgjais pavaditais laiks rinda T (response time) un N -
vidgjais pieteikuma skaits rinda:
N() 1 N() 1

T(v)= ——= -
o)A -my) A pWA-7m) p-p®)

N* — N(V)— Iu(l;”()) — N(V) _ (1 _pﬂ-())

Izmantojot augstak minétas izteiksmes, var iegiit caurlaidspgjas rezultatus, nemot véra rindoSanas
teorijas modeli M/M/1//N, no Gass praktiskajiem iegiitiem rezultatiem (goodput) pie dazadiem
noslodzes koeficentiem:

Canrladspeja pie noslodzes 0.1-0.975 (Gass)
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Tada pasa veida var iegiit caurlaidspgjas rezultatus, nemot véra rindosanas teorijas modeli M/M/1//N,
no Marcelo praktiskajiem ieglitiem rezultatiem (goodput) pie dazadiem noslodzes koeficentiem:

Caulaidspija pie noslodzes 0.1:0.975 (Martelo)

Response Tue (Th depend om o qpeed (Mariclo) Average musber of yob i quene (N°) depend o con speed (v} (Maréelo)

Lai varétu pietuvinaties realai situacijai, nepiecieSams matematiski izanalizet sist€mas caurlaidspgju pie
ierobeZotas bufera atmina apjoma, izmantojot rindoSanas teorijas matematisko modeli M/M/m/K/N,
kur m- serveru skaits sistéma un K- bufera apjoms, jeb pielaujamais N skaits rinda. Saja gadijuma
izskatiSu caurlaidspgjas tendenci pie m=1 ar sekojoSu matematisku izteiksmi:

) -1
oo Ny NO)! o e[ (N0 —m
o= 1+(;ﬂ(1v(v)—j)! P )+(m—1)!(N(v)—(m—1))! p (;{m} (N)=D)! :

Saja darba tika izskatits, ka mainisies caurlaidspgja atkariba no klienta skaita AP uztver$anas zona jeb
no automasinu kustibas atruma, izmantojot rindoanas teorijas matematisko modeli M/M/1//N. Saja
darba ka izejosie dati tick izmantoti Gass un Marcelo darba aprakstitie eksperimentalie rezultati, kur
apraksta caurlaidsp&ju jeb goodput pie dazadiem automobila kustibas atrumiem, izmantojot WLAN
standartus (IEEE802.11a/b/g). Izmantojot augstak min&o matematisko modeli, caurlaidspgja pie
dazadiem noslodzes koeficentiem ir mainiga ar tendenci, jo zemaka noslodze, jo mazaka caurlaidspgja.
Sada tendence abos gadijumos ir vérojama pie automobila atruma virs 50 km/h un Tpasi izteikta visiem
izskatitiem noslodzes koeficentiem sakot no 100 km/h. Gaidamais parejas process nav sasniegt, bet
neskatoties uz to tika papildus izvertéts no rindoSanas teorijas puses vidgjais pavaditais laiks rinda un
rindas garums. Kopuma abos gadijumos rindas garumam un pavaditais laiks rinda, palielinoties
automasinas atrumam, ir ar tendenci eksponenciali samazinaties. Vislielakas izmainas neskatoties uz
noslodzes koeficentu ir vérojamas lidz 75 km/h. Marcelo gadijuma noslodzes koeficenta zem 0.1 tiek



vérota pat negativa skaits rinda, kuru, protams, no logikas butu jaizslédz. Gass gadijuma ap 8 km/h
automasinas atruma pieprasijuma pavaditais laiks rinda pie visiem izskatitajiem noslodzes
koeficentiem ir v€rojams parejas process.



2. pielikums
1.2. Mobilo objektu pozicionésanas un tiklu veiktspéjas analize.

Tiklu veiktsp€ja atkariga no dazadiem parametriem mobilajos bezvadu tiklos. Galvenie
parametriem ir mobila objekta pozicionéSana attieciba pret piekluves punkta, ka ari mobila
objekta kusteéSanas atrums. Bezvadu tikli izmanto OFDM iedarbiba pret daudzstaru
izkroplojumiem. Ta ir vairaknesoSo sakaru shéma, kurd kanala josla platums ir sadalits
apaksneso$as un datu simboli ir moduléti un izvietoti uz katras apakSnesosas vienlaicigi.
Papildinot ar aizsarintervalu, kur$ ir lielaks par kanala izplatijuma aizturi, OFDM sistéma spgj
mikstinat starpsimbola interferenci (ISI).

Cita kopgja problema OFDM sistemam ir loti augsta jutiba pret frekvencu nobidi,
izraisTta no regul€jama oscilatora nestabilitates un kanala induc&tas Doplera nobides. Kanala
laika nobide jeb neatbilstiba laika viena OFDM simbola intervala laikd sagrauj dazadu
apaksnesoso ortogonalitati un izveido jaudas noplidi starp apaksnesosam, zinamu ka starpneso$o
interferenci (ICT). ST ICI OFDM sistémas samazina abas veiktspgjas simbolu detektéSana un
kanala noteiks$ana. Tradicionalam ciparu modulacijas metodém ka fazes manipulacijas (PSK) un
kvadrattiras amplitidas modulacija (QAM), kuras ietilpst OFDM, ICI ietekmé kltidas vektora
lielumu(EVM).

S1 pétijuma galvena uzmaniba ir teorétiski un praktiski novértgjot bezvada lokala tiklu ar
Elektrotehnikas un Elektroniskas inZenieru institits (IEEE) 802.11g standartu noturibu mobila
vide ka transporta Iidzeklis infrastruktiira (V2I) pret Doplera efektu.

1.2.1. OFDM pamatprincipi.

Ortogonala frekvencdales blivésana (OFDM) ir loti lidziga labi pazistamai un biezi
pielietojamai frekvencdales blivésans tehnikai (FDM). OFDM izmanto tos pasus principus ka
FDM, kura nodroSina daudzveidigu zigojumu nositiSanu pa vienu radio kanalu. OFDM
gadijuma tas ir nedaudz kontrol&ta veida, kas uzlabo izmantoSanas efektivitati, ka ilustréts 1.1
attela.

(a) Tradicionalaiz FDML (b)) OFDM

Teguvuins

(-3 8
Frekvence (1/T) Frelkkvence (1/T)

1.1. att. Spektralais salidzinajums starp (a) FDM un (b) OFDM

Ka pa piemeru, tradicionalo FDM tiek lietots ta, ka atseviSska frekvence tiek iedalita
katrai FM (frekvencu modulacijas) modul@tai radiostacijai. Visas stacijas tiek parraiditas viena
laika, bet, lai tas viens otru netrauc€tu, tam tiek pieSkirtas atSkirigas nesosas frekvences.
Uztverosa pusé katras radiostacijas signals tiek uztverts, bet, izmantojot frekvencu joslas filtru,



tiek atfiltréta interes€josa radiostacija. P&c ta signals tiek demoduléts un atjaunots originali
nosutita veida.

OFDM nedaudz atSkiras no FDM. Tradicionala apraidé katra radiostacija tiek siitita pa
atseviskam frekvenceém, FDM efektivi lietojot, izveido atstarpes starp radiostacijam. Saja
gadijuma starp katram radio stacijam sadalijums pa frekvencu joslu netiek koordinéts vai
sinhronizéts. OFDM gadijuma ar DAB informacijas signali no daudzam stacijam tiek kombinéti
viena blivéta datu straumé. Sie dati tiek parraiditi izmantojot OFDM ansambli, kurs ir izveidots
ka sablivéta pakete no vairakam apakSnes€jam. Tas nozimé, ka datu plisma netiek sitita pa
vienu kanalu, bet kanals tiek sadalits N skaita apaksSkanalos, pa kuriem tiek parsutiti dati un katrs
kanals tiek moduléts ar zemas intensitates datu plismu. Vairaku nes€ju shéma darbibas laiku
apzimé ar burtu T. Ta ka visi apakskanali ir Saurjoslas, tadel kopgjais kanals izskatas gandriz ka
plats rimstoss signals

OFDM signala visas apakSnes€jas ir laika un frekvenc€ sinhronizétas viens ar otru, lai
kontrolétu pielaujamo interferenci starp apaks$nes€jam. Vairak nes€ji dal€ji nosedz viens otru
frekvences josla, bet neveido starp apakSnesgju interferenci (ICI), jo tas ir izvietotas viena pret
otru ortogonali. FDM signalu parraidiSana ir nepiecieSama liela frekvencu aizsargjosla starp
kanaliem. Tas mazina frekvencu joslas izmantoSanas efektivitati. Salidzinajuma FDM ar OFDM
ne tikai uzlabo apaksnes€ju ortogonali blivéjumu d&] samazina aizsargjoslas apjoma daudzumu,
bet ar uzlabo spektralo efektivitati.

Visas bezvadu komunikacijas sist€mas lieto modulacijas shémas, izveidojot informacijas
signalu ta, lai to vargtu efektivi parraidit pa sakaru kanalu. Loti liela daudzuma modulacijas
shémas ir attistitas gan analoga , gan ciparu signalu vilpa formas parveidoSanai.

Katra no neso$am FDM parraidé var tik izmantota gan analoga, gan ciparu modulacijas shéma.
Seit nav sinhronizacijas starp parraidém un ta viena stacija var tikt parraidita izmantojot analogo
frekvences moduléto (FM) signalu, bet cita ciparu fazes manipuléts signals (FSK). OFDM
parraide visas apaksSnesg€jas ir sinhroniz€tas viens otrai ar noteiktu ciparu manipulacijas shemu.
OFDM ir simbola bazéta, kas nozimé, ka visas nesosas tiek parraiditas saskanoti, sinhronizgjot
laika un frekvenc@ un veidojot viena spektra bloku ar ortogonala signalu struktiiru.

OFDM signals sastav no N nesoSo summas, kuras sastav modulétiem simbolos un katra
simbola darbibas ilgums ir T bez aizsarg intervala, bet ar aizsargintervalu Tigg, visi simboli tiek
sadaliti un novietoti uz savas nes€jas ar seriala uz paral€lo konvertetaja palidzibu (Series to
Parallel (S/P) converter). Katram nes€jam ir atSkirigas pulsacijas @y(t-mTs). Vairaku nes€ju
signals var tikt iegtits ar modul&tu nes€ju palidzibu un vispariga veida to var pierakstit Sadi:

NOEDY fixm,kwk(r—mz)] (L.1)

m=—o0 \_ k=0

kur Xk ir moduléti dati k- tajam apakS$nes€jam m-taja signala
intervala;

Ts — simbola impulsa garums bez aizsargintervala;

ok(t-mT;) — apaksnesosa pulsacija;



OFDM simbols tiek veidots no vairakiem nes€jiem, mana magistra darba Sos nes€jus sauksu
par apaksSnes€jiem, bet signala nes€ja terminu rezervésu, lai aprakstitu radio frekvencu nesgju,
kura uzdevums ir miksét signalu pamatjoslai. Pavisam ir vairakas metodes, lai parbauditu OFDM
signala ortogonalitati. Lai nodroSinatu So ortogonalitati nepiecieSams pieverst uzmanibu
sinhronizacijai, lai starp apakSnesg€jam samazinatu interferenci, kuru var radit, pieméram,
Doplera efekts.

1.2.2. Ortogonalitate

OFDM galvena ideja ir apak$nes€ju ortogonalitate. Signali ir ortogonali, ja tie ir savstarp&ji
atkarigi viens no otra. Ortogonalitate ir rakstura 1paSiba, kura pielauj vairaku informacijas
signalu parraidiSanu pa kop&jo kanalu un pec tam detektet bez interferences. Ortogonalitates
zudumi izraisa informacijas signalu izplidumus un degradé komunikacijas iesp&jas OFDM
tehnologijas sistémas. Gandriz visam blivésanas shémam ir raksturiga ortogonalitate. Laikdales
blivésana (TDM) pielauj vairaku informacijas signalu parraidi pa vienu signala kanalu, pieskirot
vienreiz€ju laika slotu katram atdalitam informacijas signalam. Katra laika slota tikai signals no
viena avota tiek parraidits, noveérsSot jebkadu interferenci starp daudziem informacijas avotiem.
No ta var secinat, ka TDM piemit ortogonalitate. Frekvencu josla parsvara FDM sistémas ir
ortogonalas, kad tiek sadalits katrs parraidamais signals ta, lai tas ir pietickami izkartots ar
atstarpém. ST atstarpes ir nepiecieSamas, lai nodroinatos pret frekvenéu interferenci.
ApaksSnesejas OFDM signala tiek izkartotas tik tuvu, cik teor€tiski ir iespgjams, lai uzturétu
ortogonalitati starp tam. OFDM ortogonalitati frekvencu josla nodroSina ar izvietoSanu ta, lai
sadalitu katru informacijas signalu dazadas apaksnesg€jas. OFDM signals tiek izveidots no
vairaku sinusoidu vai kosinusoidu summas, kur katrai atbilstosi ir apakSnes€ja. Pamatjoslas
katras apaksnes€jas frekvence ir izvel€ta ta, lai ta butu simbola laika inversais veselais skaitlis.
Ta rezultata visas apkasnes€jas satur ciklus no veseliem skaitliem uz simbolu un iegiist
ortogonalas apakSnes€jas. OFDM signala konstrukcija ar ¢etram apaksSnes€jam ir ilustréta 1.2
attela.
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1.2. att. OFDM cetru apak$nesoso signala

konstrukcija (a)laika un (b)frekvencu josla

1.2. att€lojuma no 1a lidz 4a tiek paraditas Cetras individualas apaksnes€jas ar 1,2,3, un 4 cikliem
uz simbola atbilstosi izkartojumam. Visam apaksnes€jam faze ir nulle. No 1b lidz 4b tiek
paradits FFT no la lidz 4a signalu laika josla atbilstosi. Bet attelojuma 1.3. tiek atspogulota visu
cetru apaksnes€ju summa laika un frekvencu josla.
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1.3.att. OFDM cetru apaksnesoSo signala

summa (4a) laika un (4b) frekvencu josla

Funkciju kopa ir ortogonala viens otrai , ja tam izpildas (1.5.) att€lotais matematiskais
vienadojums. Visi apaksnes€ji OFDM sistéma ir sinusoidas vai kosinusoidas formas. Apgabals,
perioda [0;2m], kur ir sinusoidas vai kosinusoidas vilna forma, ir vienads ar nulli.

Lai pieraditu ortogonalitati, tad pienemam, ka sinusoidas frekvence f, un sareizinam to ar
citu sinusoidas frekvenci f;,, kur abas gan n, gan m ir veseli skaitli. Pieméram, ja abas ir
sinusoidas:

£ () =sin(27f, 1) -sin(27f,1), (1.2.)

kur f, un f,, — dazadas frekvences;

n un m veseli skaitli.

S1 vienadojuma apgabala viens periods ir:

F(t) = Tsin(27y’mt) sin(27f,)dt (1.3.)

0
Tas ir loti svarigi, lai frekvencu josla butu:

Y BT k € {~(N -1),...~3,~1,1,3,...(N =)}, (1.4)

f"zzN’

kur N ir apaksnesgju skaits un BW ir apaksnes&ju josla platums.

Lietojot vienkarSas trigonometriskas sakaribas ieglistot rezultatu, kur§ ir vienads ar divu
sinusoidu frekvencu fi,- f, un f;;, + f, summu, ka rezultata integralis viena perioda kliist par nulli.



F(t)= J.{%cos((fm —fn)27zt)—%cos((fm +fn)27zz‘)}a’ =0 (1.5))

Visparigi visiem veseliem skaitliem m un n , funkcijas sin(2nfi,t), sin(2nfyt), cos(2nfit),
cos(2nfyt) ir ortogonalas cita citai. Ortogonalitate ir pamat prasiba OFDM sistémas un ta lauj
parsiitit vienlaicigi vairakus apaksSnes€jus Saura frekvencu josla bez ICI, ka ar1 lauj atdalit
dazadas datu plismas uztvérgjam. OFDM sistemas laika vilna modulacija visam k-tajam datu
plismam tiek definéta:

o M=T N : (1.6

kur T ir simbolu ilgums apak$nes€ju pliisma un

Lﬁ:ﬁ+§, ke[0,1,2,...N 1] (1.7.)

Ja jebkuras divas dazadas funkcijas no kopas tiek reizinatas, integrétas simbola perioda garuma
ir vienads ar nulli, tad funkcijas ir ortogonalas.

fco T (18.)
) e 0 k=l o

Kur ¢, apzimé ka komplekso pari ¢(t) intervala [0,T].

OFDM apaksnesosas ir ortogonalas viens otrai, ja reizinot divas apak$nes€ju vilpa formas un
integrétas pa simbola laika periodu ieglistam nulli. Reizinot divas vilpus kopa ir tas pats, ka
samiksét divas apaksnesgjas, iegiistot summu un dazadas frekvencu komponentes, kuras vienmer
biis vesela skaitla apaksSnes€ju frekvences. Kops sistéma ir lineara, var integrét rezultatu, nemot
integrali no katras frekvences komponenta atseviski, tad kombingjot rezultatu, pievienojot divus
apaksintegralus. Divas frekven¢u komponentes péc miks€Sanas ir cikls no vesela skaitla perioda
un ta apakSintegralis no katras komponentes biis vienads ar nulli, ta pat ka integralim no
sinusoidas pa visu periodu ir nulle. Abi apaksintegrali ir nulle un rezultats summa ar1 biis nulle,
lidz ar to var secinat, ka frekvencu komponentes ar1 bis ortogonalas viens otrai.

Cits cels, ka novertet OFDM signala ortogonalitati, ir apskatit ta spektru. Frekvencu josla
katrai OFDM apaks$nesosai ir sinc (sin(x)/x) frekvencu reakcija, ka paradits 1.4. atte€la frekvencu
reakcija etram dazadam frekvencem.
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1.4. att. OFDM apaksnesosa frekvencu josla

Ka redzams attelojuma 1.5 att€lojuma ieprieks izskatita OFDM cetru apakSnesiju summa laika
josla (doména) rezultats atbilstosi nesosas savstarpgja izvietoSana frekvencu josla.

Laika domeéna Frelkvenéu domena

1.5. att. Cetras ortogonalas apaksneso3as viena OFDM simbola

Kamer raiduztvergjs ir iejaukts katra OFDM signala parsiitiSanai ar noteiktu laiku (Ts) bez
koniskas nogazes simbola beigas. Sis simbols laiks atbilst apak$neso$as savstarpgjai
izvietojumam, ko aprékina 1/T Hz, ja nepem véra aizsargintervalu (GI). Sis taisnstira vilna
forma laika josla rezultata sinc frekvenc€ izsauc frekvencu josla. Sinc formai ir Saurs galvenais
izcilnis ar daudziem sanu izcilpiem, kuri samazinas 1€énam amplitida no centralas centralas
frekvences. Katrai apasknesoSai ir pikis centralaja frekvenc€ un nulles Iidzigi dalitas frekvencu
intervala, kas atbilst apaksSnesosas dalijuma.

Parraides ortogonalitate ir katras neso$as smailes rezultats, kurs atbilst citu nesoso nullém. Kad
Sis signals tiek detekt€s, izmantojot diskréto Furj€ transformacija (DFT), spektrs nav vienlaidus,
ka paradits 1.6. att€lojuma, bet sastav no diskrétiem paraugiem. Grafika ar biezu melnu liniju
tiek ievilta piecas apakSnesosas visparigu kombinéto reakciju frekvencu josla. Ja DFT ir laika
sinhronizets, DTF frekvencu nolases atbilst apakSnesoso smailém, tada veida frekvencu
parklaSanas regiona starp neso$am neietekmé raiduztvéréju. Meritas virsotnes atbilst nullem
visam citam apak$nesoSam, rezultata iegiist ortogonalitati starp apakSnesosam.
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1.6. att. ApaksSnesoSo summejosais spektrs

1.2.3. OFDM signala generéSana un uztverSana

OFDM signals parsvara tie generéts diskréti, jo problematiski ir izveidot fazes stabiliz&joso
generatoru  no lielu aizsprostu un uztvéréjus analoga josla. Fazes trokSni tiek parstaveti
frekvencu josla no atri, 1sa laika, nejausa fluktuacija vilna faze, kas ietekmé laika josla stabilitati,
sauc ari par tricéSanu. Kopuma runajot radio frekvencu inZenieri cinas ar generatora fazes
trokSniem, bet ciparu sist€émas inZenieri ¢inas ar taktimpulsa generatora tricéSanu. Attéla 1.7. tiek
paradita tipiska OFDM raiduztvérgja blokshéma.

Raidosais sektors

Uztverodaig sektors

1.7. att. OFDM raiduztvéréja blokshéma

Raidosais OFDM sektors sagatavo ciparu datus radiSanai, iegiistot manipul&tu signalu
apaksnesoSo kartéSana amplitiida un fazg€, tad to datu spektralas komponentes tiek parveidotas
laika josla, izmantojot inverso diskréto Furjé transformaciju (IDFT). Inversa atra Furjé
transformacija (IFFT) veic tadas pasas darbibas, ka IDFT, vieniga atSkiriba ta ir daudz vairak



aprékinasanai pielagotaka, un tapec ta tiek lietota visas praktiskas shémas. Lai parraiditu OFDM
signalu, laika josla aprékinatu signalu lidz nepiecieSamai frekvencei.

OFDM uztverosais sektors visas darbibas veic pretgji, mikséto RF signalu parveido uz
pamatjoslu, tad tiek izmantots FFT, lai analiz€tu signalu frekvencu josla. ApakSnesoSo
amplitiidas un fazes tiek izlasitas un konvert&tas atpakal ciparu datos.

1.2.4. Datu kodéSana un skrembleris

Balstoties uz standartu, datiem jabut kod&tiem ar konvolicijas kodu, kura atrums ir R= 15,
’/3 vai %, balsoties uz vélamo datu parraides atrumu. Ka rada 1.1. tabuld, kur ir apkopota
kod&Sanas virsteérini atbilstosi modulacijas veidam un datu parraides atrumam.

1.1. tabula
Kodgsanas virsteérinu tabula
Datu Modulacyja | Kodésanas | Kodeti bitu | Kodeti biti | Datu  bitu
parraides atrums uz  vienu | uz  vienu | skaits = uz
atrums (R) apakinesogo | OFDM vienu
Mbps (Nepsc) simbolu OFDM
(Nceps) simbolu
(Npeps)
6 BPSK 172 1 48 24
9 BPSK 3/4 1 48 36
12 QPSK 1/2 2 96 48
18 QPSK 3/4 2 96 72
24 16QAM 12 4 192 96
36 16QAM 3/4 4 192 144
48 64QAM 2/3 6 288 192
54 64QAM 3/4 6 288 216

Konvoliicijas koderis izmanto standarta polinomu generatoru, g0 = 133g un gl = 171gno R =%
atruma. Un vizuali tiek ilustréta 1.8. att€la blokshéma ar septiniem trigeriem Tp.

> Izejas dati A

.
»

Nekodatiedati —p ™ [ T | T | T | T [ T | T

———————p Izejas dati B

1.8. att. OFDM konvoliicijas kodera sheéma (k=7)



Lielaku parraides atrumu varam iegiit, izmantojot ,,bitu iznemsanu” (ang/u valoda —
puncturing). Ta ir metode, kura tiek palaisti garam dazi kod@tie biti raiditaja, ta samazinot
parraidito bitu skaitu un palielinot kodéSanas atrumu. DekodéSanas iekarta garam palaisto bitu
vieta tiek ievietotas neeksistgjosie biti ar vértibu nulle, kuriem nekada saistiba nav ar izpemtiem
bitiem. Pateicoties Viterbi algoritma unikalitatei So neisto bitu izvietoSanas datu virkné
neietekmé v€lamo rezultatu. Attelos 1.9. un 1.10. tiek ilustréta OFDM datu parraides atruma
regulacijas izpildijums.
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1.9. att. OFDM R=2/3 kod&Sanas atruma izpildijums
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1.10. att. OFDM R=3/4 kodéSanas atruma izpildijums

Dekodésanai tiek ieteikts Viterbi algoritms. Ka rezultata, izmantojot Viterbi kodesanas algoritmu
var palielinat OFDM signala SNR efektivitati [16]. Ilustracija 1.11. (a) var novértét Viterbi
algoritma veiktsp&ju signalam ar BPSK manipulaciju AWGN ietekmé. Ka rezultata tiek simuléta
signala troksSna attiecibas SNR un novertéts bitu klidu skaits BER, iegiistot tris Iiknes. Viena
gadijuma bez Viterbi algoritmu un divos citos ar mikstos un cieto Viterbi dekodé&sanas
algoritmiem. Bet ilustracija 1.11. (b) var novértét BER pret E, signala Ny trokSpa attiecibam,
izmantojot dazadu konvoliicijas kod&Sanas atrumus, ka ar1 salidzinajuma ar mazak veiktsp&jas
zina kanala kodésanas koderis, ka Hemminga.
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1.11. att. (a)Viterbi dekodera veiktsp&jas novertejums BPSK signalam AWGN ietekmé

(b) BER pret SNR ar dazadiem konvoliicijas kodéSanas atrumiem.

Kad OFDM parraide notikas daudzstaru radio vide, frekvencu selektivie feidingi vai pamirumu
rezultata apakSnesoSo grupas var tik smagi vajinatas, ka rezultata palielinas kliidaino bitu skaits.
Pat mazsvarigas frekvencu kanala impulsa reakcija var radit informacijas siitiSanu blakus
apaksnesosa, ka rezultata informacijas daudzums var tik zaud@ts un palielinatos zaudeto bitu
skaits uz katra simbola. Parsvara turpveérsta klidu laboSanas (FEC) shémas strada labak, ja
kladas ir vienmérigi sadalitas, bet ne ar lielam grupam. Saja sakara, lai uzlabotu veiktsp&ju,
daudzas sistemas tiek izmantots skrembleris, ka ilustréts 1.12. att€lojuma skrembleris ar
polinomu S(x)=x"+x"+1.

Ieejas dati
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1.12. att. Skrembleris ar 127 bitu atkartojumu

Tas tiek ieviests nejauSu apakSnesoSo piesaistiSanai katram secibas datu bitam. Uztveros$a pusé
pretéji skremblerim tiek lietots, lai dekod&tu signalu. Ta rezultata tiek atjaunota originala datu
bitu seciba, bet grupa no bitu kliidam izplatiba tiek sadalita vienmérigi laika. Nejausa kludaino
bitu izvietoSana uzlabo FEC veiktsp&ju un sistemu kopuma.

1.2.5. Seriala uz paralélo parveidosana

Tipiski dati, kas tiek parsutiti, ir serialu datu plisma. OFDM, kur katrs simbols satur 40-
4000 bitus, ir nepiecieSams ienakoSo serialo datu plismu konvertét uz paralelo OFDM simbola



plusmu. Serialie dati, kuri ir piestiprinati katram simbolam, ir atkarigi no ciparu manipulacijas
shémas un apak$neso$as numura. Ka, pieméram, apakSnesoSais 64-QAM ciparu manipulacija
katra apaksnesosa satur 6 datu bitus un ta, izmantojot 48 apakSneso$as parsutisanai, viena OFDM
simbola bitu apjoms biis 288.

Adaptivas modulacijas vai manipulacijas shémas tiks apskatitas vélak, manipulacijas shémas,
kas tiek izmantotas katrai apaksnesoSai var mainities un ta ari bitus skaits uz vienu apaksnesoso
var mainities. Ka rezultats serialai uz paralélo konvertéSanas uzdevums ir katru apasnes€ju
aizpildiSana ar datiem, ka ilustréts 1.12. att€lojuma. Uztvergja notiek pret€jais process, kad dati
tiek konvertéti atpakal originala seriala datu plisma.

a)
——{}—
v - 0
ol . Paralelie dati
‘=1 . 2ridinis [
Serialie dati .
paralglais W/
komvertors .
]
0 T2, t 0 n-nT, !

1.12. att. Serialais paral€lais konvertors

1.2.6. Apak$nesoso modulacija un signala kroplojuma raditas kludas

Kad katrai apakSnesoSai tiek pieSkirti biti parraidei, tas tiek kart€tas, izmantojot
manipulacijas vai modulacijas shémas, apaksSnesg€jas amplitiidas un fazes, kuras ir kompleksie
vektori faze (I) un kvadratiras (Q) atbilstosi. Reali tas ir divas sinusoidas ar vienadu frekvenci,
kur viena ir fazg, bet otra 90° nobidita. Tap&c ari runa par sinusoida un cosinusoida svarstibam,
kuras ir viens otrai ortogonalas. Att€lojuma 1.13. tiek paradita ka piemérs apaksnesoso 16-QAM
manipulacijas kart€Sana ir 4 biti katram simbolam. Katra ¢etru bitu kombinacija atbilsts
unikalam 1Q vektoram, kas tiek atveidots ar punktu uz konstelacijas. Lielako dalu modulacijas
shéma bitu skaits, kas tiek parraidits, var biit mainigs. Vektsp&jas analizes no biezak lietojamam
manipulacijas shemam tiek ilustréta 1.13. attela.
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1.13. att. OFDM konstelacijas[23].

1.13. att€lojuma var redzét BPSK, QPSK, 16-QAMun 64-QAM manipulacijas konstelaciju
diagrammas ar binaram veértibam. Modulatoros tiek pielietota Greja kartosana, kas nozimé,

ka blakus simboli atskiras tikai par vienu bitu.

PSK modulatora informacija tiek parnesta signala nes€ja faz€ un visparinati M-
sakartojuma PSK tiek att€lots ka:

s, (t)=AcosQnf t+m2x /M) 0<t<T (1.9)

kur A ir fiks€ta amplitida(V) un f; ir nesgja frekvence (Hz).
Seit tiek uzraditi divi PSK veidi:

e BPSK modulatora ieejas datu plisma (0 un 1) tiks moduléti ar 0° un 180° fazes parbidi
(citiem vardiem , 0° = 0 un 180° = 1). Ka mes varam redz&t BPSK parnes vienu bitu ar
viena simbola palidzibu.

e (OPSK modulatora, kuram ir par divam fazém vairak salidzinot ar BPSK, tiek modulétas
datu plasmas ar 0°, 90°, 180° un 270° fazes parbidi. QPSK modulacija var parnest 2 bitus
ar viena simbola palidzibu
QAM modulatora, informacija tiek parnesta ar abiem gan amplitidu, gan nes€ja fazi un

tiek pielietoti divi sinusoidali nesgji, kuriem sava starpa faze ir 90 gradi. Pateicoties tam, ka
nesgji ir ortogonali, nes€jus var modulét neatkarigi vienam no otra. Vienu sauc par fazes



komponenti (I), bet otru (ar 90° fazes parbidi) sauc par kvadratiiras komponenti (Q). Vispariga
gadijuma parraiditais QAM signals var tikt izteikts Sadi:

s,,(£) = A(t) cos(27f .1 + (1)) (1.10)
= A(t)cos(p(t)cos(27f.t) — A(t)sin(p(¢))sin(27f.t)

kur A(t) norada amplitiidas lIimeni.

Fazes komponenti att€lo si(t) un kvadratiira komponenti attélo so(t), kuras var izteikt $adi:

5,(8) = A(t) cos(@(?)) (111
5o(6) = A(D)sin(g(t)) (1.12.)
Savukart s,(t)bils:
50 (£) =5, (1) cOS(2f.1) — 5, (1) sin(27f 1) (1.13)

sm(t) kompleksaja forma var uzrakstit §adi:

5, (1) = R{(s,, ()e*™)} (1.14))

kur R{} apzime realo dalu un
Sy () =5, ()+ js, (¢) (1.15.)
sauc par signala pamatjoslas ekvivalenti.

Konstelacijas punktu aprékina péc vienkarsas Pitogora teorémas: iegiistot divu signalu vektora
garumu A un lenki 6 A vektoram pret I komponenti.

(A —garums) = S,2+Sq2 (1.16.)
(0-2)=tan"'(s,/s,) (1.17)

Uz attéla 1.14. vérojama iegtta vektora izmérs un virziens, kur vektora gala punkts ir punkta
izvietojums uz konstelacijas.



1.14. att. Modulacijas signala I un Q komponentu vektora summa

WLAN standartos tiek izmantotas manipulacijas shémas ar dazadiem datu parraides atrumiem,

ka redzams tabula 1.2.

Manipulacijas shemas WLAN ar IEEE802.11g standartu

Datu parraides atrums (Mbps) Manipulacijas shéma
6,9 BPSK

12,18 QPSK

24,36 16QAM

48, 54 64QAM

1.2. tabula

Parraides laika signalam piesummeéjas trokS$ni un izkroplojumi, kas veidojas no termiskiem
trokSpiem, signala jaudas samazinajuma un kanala nelinearitates. Manipulacijas shému
konstelacijas tiek izmantotas, lai vizualiz€tu ciparu signala kvalitati un kroplojumus. Prakse
vienmér ir vairaku manipulacijas kombinacijas kludas, kuras ir diezgan griiti atdalit un
identificet, lai noveértét konstelacijas diagrammas merjjumus tiek izmantotas matematiska un
statiskas metodes. 64-QAM konstelacija 1.15.att. var novertét idealu gadijumu, kad SNR ir

pietiekosi liela un kroplojumi nav vérojami.



Constellationd iagram
64-0AM, Cos &!:.15, 41.7MB/s

Quadraturphase

2.15.att. Ideala 64QAM konstelacijas diagramma

Attelojuma tiek parradita 64QAM manipulacija ar sekojoSiem parametriem: maksimalais
parraides atrums 41.73 Mbps, kosinuss roll-off filtrs ar roff-off faktoru r=0.15 un pseido nejausu
binaru secibu datu parraidi, bez kodesanas.

Signala I un Q komponentes dazas pastiprinajums var izsaukt amplitidas nelidzsvarotiba.
Konstelacijas diagramma amplitiidas nelidzsvarotiba tiek att€lota, kur viena signala komponente
tiek paplaSinata, bet cita saspiesta. Tas saistits ar to, ka uztveérgju automatiskais pastiprinajuma
kontrolieris uztur pastavigu vid&jo signala [imeni.

Fazes kliida jeb kvadratiira klida (Quadrature Error) ir starpiba starp I un Q komponentes lenka,
kam batu jabat 90°. Fazes kluda izsauc 1/Q manipulatora fazes nobides klidu, ka rezultata
komponentes vairs nav ortogonalas viens otrai, jeb lenkis starp I un Q vektoriem nobidas no
idealiem 90° un tas veic nobidi pozitivd un negativa virziena. Konstelacijas diagramma klida
tieck atspogulota, ka rotgjoSs raditdjs, kas rinko apkarts idealam signala stavoklim un péc
roteSanas virziena var noteikt nobides virzienu no idedla <90°<. 1.16. attéla tika ilustréta
diagramma uz tiem pasiem nosacijumiem, ka pirma, bet ar faze kliidu un bez citam kladam.
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1.16. att. Attela tiek att€lota 16-QAM manipulacija

ar I/Q komponentes fazes kludu.



1.17. att€la var noverot fazes klida radito nobidi, pie kuras I/Q komponenteém ir kvadratiiras
kluda, kad lenkis ir lielaks par 90°.
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1.17. att. Ar pozitiva kvadraturas kluda.

1.18. attela var noverot fazes trokSna radito nobidi, pie kuras I/Q komponentém ir kvadratiiras
klada, kad lenkis ir mazaks par 90°.
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1.18.att. Ar negativo kvadratiiras kluda.

AWGN var izjaukt ciparu manipulétu signalu analoga signala parraidiSanas laika. Aditivi
uzliektais troksnis parasti ir konstanta jaudas blivums un Gausa amplitiidas sadales funkcija visa
kanala frekvencCu joslas platuma. Ja nav nekadas citas trauc€taji viena laika, tad punkts, kas
atbilst idealam signala, tagad ir izpleties makonu veida.
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1.19. att. 16-QAM manipulacija ar AWGN ietekmi.

Fazes troksnis jeb fazes raustiSanas QAM signalam var radities parraides laika vai 1/Q
modulatora, to var konstatét ar merinstrumentu, kad kvadratiiras kliida 1sa laika spridi maina
polarizaciju no pozitiva uz negativo un pretgji. Fazes troksnis ir statisks liclums, kur§ ietekme I
un Q komponentes trajektorija vienadi. Konstelacijas diagramma fazes troksnis, signala idealo
punkts tiek nobidits, ka redzams 1.20. att€la un veido visas konstelacijas kustigu formu no vienas
puses uz otru.
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1.20. att. 16-QAM manipulacija ar fazes trokSna ietekmé

Papildus, lai novértétu sakaru kanala raksturu, ir vérojami vél divi I/Q vajinajuma ka 1/Q
komponentu pastiprinajuma nelidzsvarotiba un I/Q frekvencu nobide ar fiks€tu amplitiidu.

I/Q frekvencu nobide norada uz OFDM apaks$nesoSo nobidi ar noteiktu amplitidu. Rezultata
tiek iegiita I/Q asis konstanta nobide. Nobide ir normaliz€ta ar vid€jo simbola jaudu un
atspogulota dB.

Pastiprinajuma nelidzsvarotiba (Pinb) atspogulo dazadu I un Q kanala pastiprindjumu un tapéc
veidojas starpiba starp signala komponenSu amplitiida. Nelidzsvarotiba tiek att€lota gan
procentuali, gan dB, kur 1dB nobide atbilsts 12% pé&c sekojosas formulas:
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kur Gaing vai1 ir atbilstosa vektora pastiprinajuma.

Ja rezultats ir pozitivs, tas nozimé, ka Q vektors ir pastiprinats vairak neka I vektors ar noteiktu
procentu daudzumu, bet negativa vertiba nozime pret€ju, ka I vektors ir pastiprinats vairak par Q
vektoru.

ApaksSneséju modulacijas kludu analize

Viena no ciparu signala modulacijas mérijjumiem ir klidas vektora lielums vai EVM jeb dazreiz
tas tiek saukts ar1 par uztverosas konstelacijas kltida (RCE).

EVM ir kopgjas veiktsp&jas raditajs, lai novertétu ciparu modulacijas kvalitati telekomunikacijas
signaliem. Signals nosiitot ar idealu raiditaju, pa idealu kanalu un uztverts ar idealu uztvergju
visiem konstelacijas punktiem butu jaizvietojas konstelacija precizas ideals vietas, bet zinot
vairakus trikumus izpildijuma, ka nesosas izkliede, fazes troksni utt, faktiskais punkts tiek
novirzits no ideala izvietojuma. Kamér cita kopg&jas veiktsp&jas raditaji, ka BER atspogulo
»1zdoSanos” vai ,,neizdoSanos” sisteémas raksturojosa limena , tikmé&r EVM ir vairak lietojams
mikrovilnu inZenierija, jo tas satur informaciju par amplitidas un fazes kladam signala. ST
papildus informacija dod lielaku priekSstatu par kanalu izkroplojumiem un ir tuvak saistita ar
sisteémas fiziku.

Konstelacija diagramma palidz vizualiz€t demoduléto signalu, lai paraditu diskrétos bitus
simbola veidola. Konstelacija diagramma  ir ka tilts starp ciparu un analogo datu straum&juma
attelojumam. Zemak att€lotas trisl6QAM kostelacijas diagrammas, kura satur 16 simbolus.
Attelojuma 1.21. (a) tiek att€lots merita simbolu komplekts. Vi un Vg asis dot atbilstosi
nomeritas fazes un kvadrattiras sprieguma Itmenus kompleksa sprieguma att€lojumam. Izkaisitie
punkti uz diagrammas veidojas no mazak novirzém jeb kluidam noméritos simbolos. Ideala
konstelacija diagramma tiek att€lota (b) figtra. Fazes un kvadratiiras asis vienibas ir
bezdimensijas vesels skaitlis un tiek att€loti ar C; un Cq atbilstoSi. EVM aprékinot, no (a) un (b)
figtiras tiek meérogotas normalizacijas veida iegiistot diagrammu (c). Iegiistot Sy un Sq asis, kuras
atbilsts fazes un kvadratiras asim, lai att€lotu komplekso spriegumu.
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1.21.att. (a) merito simbolu grafiks, (b) idealas konstelacijas diagramma

un (c) normalizetas diagramma

Idealas konstelacijas diagramma parada idealo simbolu izvietojumu noteiktai modulacijas
tipam, ar kuru tiek paradita simboliem ar veselo skaitla [imeniem. Sis izkartojumu tiek paradits
(b) 1.21.attela, kur konstelacijas diagramma ir no 16QAM modulacijas.

Turklat Iimenu skaitli kopa abas fazes vai kvadratiiras asis prieks idealas konstelacijas ir

n=+N (1.19.)

Saja gadijuma, kad ir 16QAM modulacijas, tad ir N=16, iegiistot &etrus simbola limenus vai n=4
gan fazes, gan kvadratiiras astm. Idealas konstelacijas vesela skaitla koordinates punkts katram
simbolam tiek aprékinats péc:

Cideal,pq = Cl,ideal,pq +jCQ,ideal,pq = (Zp _l_n)+](2q _l_n) (120)

Kur p un q ir veselie skaitli diapazona 1< p <n, 1< q <n, un n veselais skaitlis ir noteiks augstak.
Ta iegustot idealu konstelacijas diagrammu, kur ir kopiga gandriz visam ciparu modulacijas
tipiem.

1.21.attela (c) grafika tiek ilustréta normalizéta konstelacija ir atvasinajums, ka no
konstelacijas visu iesp&amo simbolu vid€jas kvadratiskas amplitiidas ir viena, ka paradita
attelojuma 1.22.attéla kliidas vektors vienam noméritam simbolam. Saja gadfjuma tikai ar vienu
nomérito simbolu klidas vektora lielums ir ekvivalents EVM. Ja $aja gadijuma biitu vairaki
simboli, tad EVM biitu summa no kliidu vektoru lielumiem dalita ar nom&rito simbolu skaita.

Tada veida, kad simboli ir normalizéti, EVM tiek noteiks ka vid€ja kvadratiska vertiba jeb
efektiva vertiba (RMS) starpiba starp nomerito simbolu daudzuma un idealo simbolu. Starpiba
tiek izvilta vidéja vertiba virs dota simbola skaita un biezi tiek izdots ka konstelacijas videja
jauda uz simbolu procentos. EVM matematiski var izteikt sekojosi:
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Kur Speans ir normaliz€ta r-ta simbola nomérito simbolu straume, Sigea, it ideali normalizetas
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1.22. att. Normaliz€ta konstelacijas diagramma 16QAM modulacijai

Praktiska testéSana

Testesanas vide sastavéja no divam galvenajiem komponentém signala generators R&S
SMBVI100A un signala/spektra analizators R&S FSV-K91n, ko laipni nodroSinaja R&S

parstavnieciba Latvija. Neskatoties uz dargo un loti kvalitativo m@raparatiiru un signalu
generatoru bija nepiecieSami ari ne mazsvarigi paliglidzekli, kas ilustréti 5.1. att¢la ka:

dosana;

1) Radiostacijas Motorola XTN446, lai nodroSinatu balss sakaru starp Soferi transporta
lidzeklt un signala uzméritaju, mérjjuma atskaiSu punktu koordinéSana un papildus instrukciju

2) Visu virzienu antenas UWA2610-ID, lai nodrosinatu signalu uzveérSanu horizontala plakné
360° un vertikala plakné 30°, ir paredzéta 2400 ~ 2500 MHz diapazonam, pastiprindjums 10dBi,
darba temperatiira -20 1idz +70 °C un paredzéts lietoSana IEEE802.11b un g standartiem[21];

3) R&S koaksialie kabeli, lai nodro§inatu antenas izvietojuma elastigumu un savienojumu
starp antenu signala analizatoru vai signala generatoru;

4) N tipa RP-SMA parejas, lai nodroSinatu pareju starp koaksialo kabeli N-tipa un antenu
RP-SMA;

5) Stativs Manfrotto, lai nodroSinatu uztverosas antenas nostiprinasanu;

6) Back-UPS APC RS 500VA un 1000 VA, lai nodroSinatu nepartrauktu baroSanu un
sprieguma l€cienus, ko vargja radit 220V sprieguma generators signala analizatoram;



7) Generators HONDA EU INVERTER 20i, lai nodrosinatu signala analizatora darbibu ar
atbilstoSu jaudu;

4.1. att. Praktiska merijjuma iekartas un to izvietojums mérjjuma laika

8) Datora pele un tastatiira, lai atvieglotu visa veida manipulacijas ar signala analizatoru;

9) Automobilis Mersedes Benz ar atruma ierobeZotaju tika izmantots signala generatora
transportéSanai un Doplera nobides radiSanai atrumos no 0 Iidz 120 km/h;

10) Automobilis HONDA bagaznieks tika izmantots, ka stativs signala analizatora
izvieto$ana un aizsargasana no nevélamajiem klimatiskiem apstakliem.

Galvenie komponenti un to konfiguracija un test€Sanas izvietojums isuma tiks aprakstita Saja
sadala talak un meriSanas metodika tika veikta péc visparigi pienemtiem test€Sanas
standartiem[20].

Papildus jamin arf tas, ka Sie praktiskie me&rjjumi nebija iesp&jami bez personu lidzdaliba,
kuru neskatoties uz savam probléma atrada laiku un resursus palidzeét organiz€t un ari ar lielako
interesi piedalijas reala laika rakstiskajos mérijumos.

Signala generators R&S SMBV100A

Vektora signala generators R&S SMBV100A, kas ilustréts 4.2. attéla, ir pazistamas vacu
firmas Rohde&Schwarz izstradajums, kuram ir loti augsti raditaji radio signala radiSana lidz pat
6 GHz ar izejas jaudu +24 dBm un maksimalo radio frekvences joslas platumu lidz pat 528MHz.
Bezvada ciparu standartiem, ka WLAN, WiMAX, HSPA+, 2G/3G/LTE ir iesp&jams vienkarsi
nokonfigurét, izmantojot lietotaju draudzigu interfeisu. Integréts modulacijas generators spgj
generét pamatjoslas signalu ieks¢ji bez papildus aprikojuma.
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4.2. att. Signala generators R&S SMBV100A

Kopuma signala generators ir vienkarSs lietoSana un dod liela apjoma iesp&jas manipulét ar
signalu pirms signalu izstarot, ka paradita blokshéma 4.3. attéla. Sastav no pieciem galvenajiem
manipulacijas:

1)
2)
3)

4)

5)

Pamatjoslas iestadijuma bloks jeb Baseband block, ar kur palidzibu var iestadit un
nokonfigurét pamatjoslu datu parraides avotam;

var mainit dazadas 1/Q signala izejas;

Grafiskais bloks jeb Graphics ar So bloku var atspogulot pamatjoslas signalu reala
laika;

Radiosignala bloks I/Q modulatora mods jeb I/Q Mod block, ir paredzets, lai 1/Q
modulators tiktu konfiguréts Saja bloka, ka ar1 analoga platjoslas I/Q mods, kurs§
nodroSina argjo 1/Q signalu pa taisno pieslégsanu I/Q modulatoram bez pamatjoslas
atseviski katru I un Q komponentu izmainas faz€ un amplitiida;

Radiosignala bloks analogda modulacija mods jeb A Mod block var iestadit
radiosignalu parametrus un analogo modulacijas modu[18].
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4.3. att. Signala generatora funkciju bloki bloku diagramma

Signala analizators R&S FSV-K91n

Signala un spektra analizators R&S FSV ar WLAN paplasinajumu K-91, kas ilustréts 4.4.
attela, ir tas pasSas vacu kompanijas R&S loti augstas klases merinstruments, ar kuru palidzibu
tika nome@rits un izanaliz€ts izstarotais signalus. Merinstrumenta frekvencu apgabals ir Iidz



7GHz, kur spgj analiz&t signalu ar lidz 40MHz joslas platumu. Ar programmas palidzibu ir
iesp&jams izanalizét konkrétus signalus, ka GSM/EDGE, WCDMA/HSPA, LTE, WiMAX,
WLAN un analogas modulaciju metodes. Mgerinstruments ir vienkarSs lietoSana, pareizi
izveletam vadibas pogam un skariena jiitigu ekranu.
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4.4.att. Spektra un signala analizators FSV-K91

Lai noveértetu Doplera efekta ietekmi uz signalu, ar So m&rinstrumentu ne tikai vargja noverot
signala reala laika attelojumu, bet tas sniedz signala analizi un noveért€§jumu salidzinajuma ar
802.11g standarta noteiktam prasibam, kur vargja sekot 11dzi sekojoSiem mérjjumiem:

1) Konstelacijas diagramma;

2) Konstelacijas diagramma katrai OFDM apaksnesosai;

3) I/Q nobide un I/Q nelidzsvarotiba;

4) Nesgjas un simbola frekvences;

5) Modulacijas klida (EVM) uz OFDM apaks$neso$o vai simbolu;
6) Amplitudas reakcija un grupveidigi aizture utt[19].

Papildus var iegtit summgéjoSo rezultatu listi, kura tiek atspogulota kopiga merijuma rezultati
un salidzinajums ar iestadito standartu. Ja rezultats ir arpus standarta ierobezojuma, tad tas tiek
atspogulots sarkana krasa, bet ja standarta robezas, tad ar zalu. Rezultatiem, kuriem nav noteikti
ierobezojumi, tiek atspoguloti ar baltu, ka paradits tabula 4.1. ST un cita informacija par iegitiem
praktiskiem rezultatiem ir iesp&jams apskatities magistra darba pielikuma. Tur tiek vizualizéta
visas ieglta informacija un augstak min€ta mérinstrumenta pie dazadiem parvietoSanas
atrumiem. ST informacija kalpo, ka papildus pieradijums vai informacija, kas turpmakos izpétes
darbos varbiit, ka atskaites punkts.

4.1. tabula

Rezultatu summéjosa tabulas piemérs
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Pavisam ir vairaki grafiskie att€lojumi, ar kuru palidzibu var iegiit pilnu priekSstatu par uztverto
signalu. Viena no tam ir konstelacijas diagramma, ar kuras palidzibu var vizuali novertet 1/Q
komponentu izpildijuma nomeritas vertibas ar idealiz&to, kas ilustréta 4.5. attela.
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4.5. att. Nomerito signala apjoms bufera atmina un konstelacija

Papildus labaja sana 4.5. att€la ir izv€lnes bloks, ar kuru palidzibu var parslégsies uz jau ieprieks
minétiem grafikiem, kas atspogulo signalu no vairakiem rakursiem.

Testésanas vide

Lai péc iespgjams samazinatu citu signala ietekm&joso faktoru, ka daudzstaru izplatiba vai
citu bezvadu sakaru iekartu darbiba, tika izvéleta vieta — Riga, Rumbulas lidlauks, ka ilustréts
4.5. attela.



4.5. att. TesteSanas poligons

Papildus vieta tika izvéleta, jo dod iesp€ju drosak parvietoties ar atrumiem pielaujama (90km/h)
un virs pielauta(120km/h). lesp&jamie signala atstarotdji, iznemot dazus atseviskus atstarotajus,
ir 300 — 400 m radiusa, ka rezultata atstarojumi nav véra nemami. Meteo apstakli ir tuvu idealam
saulains, 16 Gradi, ZA vgj$. Pirms veikt mérjjumus atzim&jam mérjjuma atskaites vieta — 200
metri, ko atzim€jam ar riepam. Lenkis starp uztveér&ju un raiditaju uzturéjam >0 Gradi, lai
panaktu max Af — Doplera maksimalo nobidi. Pamatojoties uz signala generatora un
mérinstrumenta augstas klases, tika iestadits WLAN ar Standarts — IEEE802.11g ar 64 QAM un
16 QAM modulacijas pie 54 Mbps un 24 Mbps datu parraides atrumiem atbilstosi, lai
nodrosinatu divu dazadu konstelaciju izpildjjumu un mérjjumus veiktu pie So konstelaciju
maksimaliem un nemainigiem datu parraides atrumiem. Tika izvéléts pirmais kanals ar vidgjo
nesos$o 2.412 GHz un signala uztvertais signala [imenis ir -47,9 dBm, kas ir vairak 20 dBm neka
vidgji uztvertas signals tiek gaidits, bet ir pielaujamas IEEE 802.11g robeZas. Papildus vidgja
frekvences kliida bez Doplera nobides tika konstatéta 84.08 Hz, kura ir maksligi izveidota
signala generatora péc noklusgjuma. ST frekvences nobidi ir raksturiga varbit lielaka vai mazaka
meéra starp uztvéréju un raditaju icks$€jo generatoru sinhronizacijas dél.

Praktiska eksperimenta signala generators kustas attieciba pret signala analizatora, kur
parvietoSanas atrumi ir robezas no Okm/h lidz 120km/h ar intervalu 10 km/h un lielaku.

4.6. att. Uztverosa un raidosa antenas izvietojums



Kopuma tika veikti 20 nobraucieni ar automasinu, kas ir vérojama 4.6. att€la ar raidoSo antenu,
kurai ir iesp€ams iestadit parvietoSanas atruma ierobezojumu lidz ar to panakot precizaku
parvieto$anos atrumu. Soferim nav nepiecie$amiba sekot lidzi atrumam un vins ir koncentréts uz
atskaites punktu un komandas doSanu.

Meérijumi

Lai novertétu Doplera efekta ietekmi uz WLAN ar IEEE802.11g standartu, mérijjumi tika
veikti ar noteiktiem datu parraides atrumiem ka 24 Mbps un 54 Mbps. Sie atrumu tika izveleti,
lai novértetu divu veida konstelaciju modulacijas ka 16-QAM un 64-QAM ar standarta
maksimaliem pielautiem datu parraides atrumiem.

Pirms tika uzsakti m&rfjumi novert&ju situaciju 2 metru attaluma pie kustibas atruma vienadu 0
km/h. Sie mérijumi bija nepiecieSami, lai parliecinatos par iekartu pareizu darbibu.

Lai p€c iesp&jams panaktu maxfgjeb Doplera maksimalo nobidi, mérfjuma atskaites punktu
1zvel€jos pec iespejams talak, samazinot lenki a starp uztvéréju un raiditaju lidz nullei. Ta
parvietojot ieslégtu signala generatoru un vienlaicigi mérot signala uzvedibu, nonacam pie ta, ka
ar izveleéto signala izejas Itmeni +15 dBm, kas neparsniedz vai netuvojas pastiprindjuma
izkroplojuma linijai, kura ir ilustréta 4.7. attela, ir iesp&jams veikt meérijjumus ne talak par 200 m.
Talak péc atskaites punkta parvietojot signala generatoru SNR attiecibas samazinas un
ievérojami palielinas EVM, kur§ ir lielaks par pielaujamo 5.6 % (54Mbps datu parraides
atrumam). Tapéc tika pienemts Iémums izvietot ~200m no signala analizatora meérijuma
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4.7. att. Mérijjuma maksimala izejas jauda atkariba no frekvences

atskaites punktu, kur tika markéts ar uz lidlauka eso$am gumijas riepam. Sis markieris bija
nepieciesams, lai Soferis jeb persona (A), kas vada automasSinu, uz kuras ir izvietots signala
generators, izmantojot rokas mobilas radio stacijas, kur strada VHF diapazona, varétu dot
komandu uzmeritajam jeb persona (B), kad veikt mérijumu. Ka jau ieprieks tika minéts merjjumi
tika veikti divu veidu parraides atrumiem un pie dazadiem parvietoSanas atrumiem.
Parvietosanas atrumi tika izveleti diapazona no 10 km/h Iidz 120 km/h ar 10km/h intervalu.
Persona (B) mérijjuma laika nove@roja rezultatu summeéjoso 4.1. tabulu un péc komandas veica
uzmerijumu un $o m&rjjumu noglabaja. Kad persona (B) bija veikusi uzm&rjjumu un noglabajusi,
tad signala analizatora tika iestadits pastavigs mériSanas rezims, lai sekotu signala uzvedibu un
p&c arT deva personai (A) informaciju par to, ka uzmé&rjjumam persona (B) ir gatava. Tad atkal



persona (A) izmainfja atrumu uz atruma ierobezotdaju un atbilstosi veica ieskrgjienu lidz
uzmérijjuma punktam vienlaicigi dodot komandu uzmeérijuma veikSanai. Procediira notika
vairakas reizes veicot merjjumus pie attiecigiem datu parraides atrumiem un parvietosanas
atrumiem. Papildus, lai m&rijjumus varét ar1 atsekot reala laika, tad uz signala analizatora tika
uzinstaléta WebEx recorder brivas versijas programma, kura uzn@ma visas darbibas ar signala
analizatoru. Visa informacija tika saglabata uz signala analizatora un péc tam laboratorija,
izmantojot signala analizatora programmas nodrosSinajuma, tika atsaukta un ar print screen
komandu dati tika noglabati .doc formata, lai talak var€tu novertét un izanaliz€t bez signala
analizatora palidzibas. ST un cita informacija no signala analizatora ir iesp&jams apskatit tuvak
pielikuma esoSaja CD-ROM, talakai papildus rezultatu izvertéSanai. Jo daZas interesantas lietas
ir vérojamas tikai reala laika, ka fazes troksnis, pie kura visa konstelacija veic kustibas no labas
uz kreiso pusi

Rezultati

Saja sadala aprakstisu iegiitos rezultatus, kuru tika iegiiti no iepriekséja sadala veiktiem
testiem. Ka jau ieprieks tika aprakstits, ka viena no labakam metodeém fiziskaja Itmeni novertet
OFDM modulaciju ir izverteét apaks$neso$as modulacijas shémas kltidas vektoru lielumu jeb
EVM. Bet pirms tam ar diagrammu, kura ir ilustréta 4.8. attela, var secinat to, ka sist€ma
konstate frekvencu nobidi un Doplera efekta ir vérojams, salidzinot teorétisko un praktisko datus
péc 3. pielikuma tabula apkopotiem datiem.
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4.8. att. Frekvencu nobide attieciba pret parvietoSanas atrumu

Ka jau iepriek$ tika minét papildus Doplera efekta raditai frekvencu nobidei vél sisteéma
konstatgja signala uztvereja un raiditaja frekvencu nobide (86.76 un 84.08 Hz pie 64QAM un
16QAM atbilstosi), kura augstak att€lota grafika ir atpemta, ka ne Doplera efekta radita
frekvencu nobide. Novirze no teorétiskiem un praktiskiem ir pamanama viens iemesls var



bit, ka lenkis starp raditaju un uztvergju tomer eksiste, otrs iemesls varbiit automasina, kura
tika vest raiditajs, atruma ierobeZotajam ir novirze no patiesas vértibas vai riepas nodilums
vai izmers ir lielaks par pielaujamo. Papildus teor&tiskais aprékins tika veikts, kad gaisa
atrums ir aptuvena vertiba. Tapeéc uzskatu, ka novirze nav liela un ir pielaujamas robezas, jo
l&cienveidigas izmainas nav un rezultata iznakumu talaka tendence ir paredzama atbilstosi
teorétiskam.

Parvietojoties ar atrumu lidz 120 km/h kopgja frekvencu nobide neparsniedz 340 Hz
robezu, kas ir 0.6 % no IEEE802.11g standarta pielaujama.

Talak nemot véra iepriek$€jo, novert€ju visu apaksSnesoSo modulacijas kliidas vektora
lielumu jeb EVM, kuri ir att€loti 1. un 2. pielikuma, gan 16QAM un 64QAM modulacijam,
kuras ir ilustrétas 4.9. un 4.10. attelos atbilstosi.
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4.9. att. M@rijuma rezultati ar 54 Mbps datu parraides atrumu

16QAM EVM visam OFDM apakSnesos$am
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4.10. att. M&rfjjumu ar 24 Mbps datu parraides atrumu



Pamatojoties uz augstak att€lotam diagramma var veérot, ka vid€ji abas modulacijas
64QAM un 16QAM EVM ir 4 % robezas un abos gadijumos neparsniedz IEEE802.11g
standarta noteiktas robezas. 64 QAM modulacijas gadijuma uznemtie mérijjumi preteji
gaiditajam palielinoties atrumam EVM rezultati uzlabojas, ko var€tu izskaidrot ar personas
(A) un (B) (skaidrojums 4.3. sadala) dodot komandu un izpildot komandas atrums attieciba
signala raiditaja parvietoSanas atrumu. Parvietojoties atrak ir mazliet komandu jadod atrak un
§1 komanda ar7 ir jaizpilda atrak, ka tas ir vérojams otraja mérijjuma etapa pie 16-QAM
modulacijas. Jaapzinas tas, ka tuvojoties uztvérgjam SNR uzlabojas un lidz ar to EVM.
Attieciba pret parvietoSanos atrumu péc teorijas Doplera efekta ietekme situacijai ir
japasliktinas un lidz ar to EVM vértibai biitu japieaug.

Zinot to, ka frekvencu nobide var izsaukt I/Q komponentu nobidi, tad talak papildus EVM,
kas tomeér raksturo pilniba OFDM signala noturibu pret trokSniem, izveértéSu 1.pielikuma
pievienotiem datiem.

QAM modulaciju I/Q komponentu nobide
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4.11. att. QAM modulacijas I/Q komponentu nobide

Ka var redzet diagramma 4.11. att€la , tad vid&ji pie jebkuriem atrumiem Iidz 120 km/h 1/Q
komponentu nobide ir bez ieveérojamam izmainam vidgji -60 dB, kas ir normas robezas. Doplera
nobide $aja gadijuma veéra nemamu ietekme uz OFDM modulaciju nav radita.



Parametru skaitloSana apsléptajiem Markova modeliem, kas tiek pielietota

sauszemes transporta navigacijas sistémas piesaistei pie kartes: Apskats
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Anotacija

Tiek apskatitas matematiskas parametru aprékina metodes apsléptajiem Markova
modeliem (AMM), kas var tikt izmantoti lai piesaistitu pie kartes koordinates no GPS (Global
Positioning System) uztvéréja mobilajas navigacijas sistémas. Sis metodes tiek salidzinatas un
analizeétas. Tiek apskatits novérojumu emisijas varbiitibu aprékina piemérs, ka ar1 cela tikla
parejas varbiitibu piemérs apsléptajam Markova modelim. Pieméra tiek izveidota AMM stavoklu
diagramma un Viterbi algoritma rezga diagramma. Izmantojot So pieméru, tick novértéta
varbitibu blivuma sadalijumu standartnovirzes parametra minimalajiem attalumiem un lepku
starpibai (starp transportlidzekla atruma vektoru un cela elementa virzienu) ietekme uz cela
varbiitibu Viterbi rezgi. Tika piedavats izmantot optimala cela funkcionalo atkaribu no
standartnovirzes un no ortogonalajiem attalumiem korekcijai kartes piesaistes AMM algoritma

test€Sanas un praktiskas pielietoSanas procesa.

Atslegvardi: piesaiste pie kartes, apsléptais Markova modelis, GPS novérojumi, stavoklu
diagramma, rezga diagramma, novérojumu emisijas varbutiba, parejas varbiitiba, celu tikls, cela

segments, cela elements, ortogonalais attalums, Viterbi algoritms.

1. Ievads

GPS uztvergja koordinatu piesaiste pie kartes (saskanoSana ar karti, jeb map-matching) — tas
ir tads sauszemes transportlidzekla navigacijas rezims, pie kura ar skaitloSanas programmas
palidzibu tiek noskaidrots, kura no elektroniskas kartes cela elementiem atrodas
transportlidzeklis dotaja bridi, pienemot ka atrasanas vieta tiek mérita ar klidam. Parastie
algoritmi biezi dod rupjas klidas, jo to pamata ir GPS nomérito koordinatu (novérojumu)
savietoSana ar vistuvako cela elementu péc visisaka attaluma un kustibai saskanota virziena, vai
ar1 ticamibas apkartnes izdaliSanas princips transportlidzekla atrasanas vietas apkartne [1].

Lai var€tu ieverot visus iepriekS noméritus datus par transportlidzekla atraSanas vietu un
orientaciju, cela tiklu topologiju un celu ierobezojumus, musdienas tiek pielictotas kartes
piesaistes metodes, kuru pamata ir apslépta Markova modela koncepcija — AMM (Hidden

Markov Model — HMM). Spriezot péc publikacijam [2,3,4,5], uz doto bridi §1 metode ir



visprecizaka un visnoturigaka pret portativo GPS uztvérgju poziciongsanas klidam un atraSanas
vietas noteikSanas kliidam, kas rodas kartes rupjas diskretizacijas d€|l (novirze var sasniegt metru
desmitus no patiesam koordinatém). Pie tam, piesaisti pie kartes formul€ ka visticamakas AMM
stavoklu secibas aposteriora mekléSana, ka saistito cela elementu secibas mekléSana, kas veido
visticamako celu uzdotajai novérojumu datu secibai — kustibas koordinatém un virzienam, ko
sanem no GPS uztvereja. Vismazakais operaciju skaita patérins tada cela aprekinam ar AMM ir
Viterbi algoritmam.

Galvenie matematiskie AMM jédzieni, IpaSibas, problémas un to risinaSanas metodes
apsleptajiem Markova modeliem ir izklastiti vesela gramatu un rakstu saimé, pieméram [6,7,8,9],
kur par vissvarigako var atzit L. Rabinera apskata rakstu [6]. Viterbi algoritma apraksts attieciba
uz AMM ir pieejams [10,11,12,13] ar skaitliskiem piemériem, bet td programmas realizacija un
AMM problému skaitloSanas programmas — [14,15,16].

AMM ir statistiskais modelis. Tapéc AMM izmantoSanas pamata ir AMM varbitibas
parametru noteikSana, kas ir adekvati novérojamajiem gadijuma rakstura procesiem. legiitais
optimala cela novertejums Viterbi algoritma rezgi tiek veidots ar saistito stavoklu secibu. Pie tam
jauno un iepriek§ sapemto noverojumu apsléptas saiknes dzilums ir atkarigs no AMM
parametriem. Jo precizak modela statistiskie parametri apraksta apslépto novérojumu statistiku,
jo mazaks ir nenoteiktibas dzilums tadai saiknei un jo atrak stabiliz€jas visticamakas cela
elementu secibas (t.i. AMM stavoklu) novért€Sanas process, kas reali atbilst transportlidzekla
marsrutam uz kartes. No trijiem statistiskajiem AMM parametriem — sakumstavoklu varbiitibu
sadalfjuma, parejas varbiitibu sadalijuma un nov@rojumu emisijas varbitibu sadalijuma, pie
uzdotas stavoklu skaita N un cela elementu alfabgéta, vissvarigakie ir divi pedgjie sadalfjumi.

Kartes piesaisté sakuma varbiitibu sadalijums parasti tiek uzdots apriori, visbiezak to

uzskata par vienmerigu [2,4,5] un vienadu ar 7, =1/N, i=1,2,...,N. Ja kustibas sakumpunkta

koordinates ir precizi zinamas, tad zinama AMM stavokla varbitiba ir vienada ar 1, bet par&jiem,
nezinamajiem, vienada ar nulli.

[2,3,4,5] piedava noverojumu emisijas un AMM parejas varbiitibu sadalijumu novertsas
metozu aprakstus. Bet jaatzim€ ka $ajos un citos public€tajos darbos galvena uzmaniba tiek
veltita pasam sadalijumu noveértéSanas metodém, neaprakstot visu piesaistes algoritmu kopuma.
Nav piedavati tadas funkcion€Sanas skaitliskie piemeri. Sanak ta, ka AMM parametru
skaitloSanas metodes kartes piesaistes algoritmam ir aprakstiti vienos darbos, bet Viterbi
algoritma darbiba AMM visparigajai pielietosanai — citos darbos. Pie tam, to kop&ja pielietosana
tieSi kartes piesaistes procedira, bez paSas noradiSanas uz tadu, misuprat, nav pietiekosi

aprakstita.



St raksta mérki ir sekojosi: apskatit principus, kuri ir noradito divu sadalijumu, ka AMM
parametru, novertéSanas pamata kartes piesaistes procesa, So sadalijumu parametru izvéle, ka ar1

kartes piesaistes algoritma apraksts visos ta etapos ar 1pasibu analizi uz skaitliska pieméra.

2. Baiesa klasifikacija un varbiitibu matricas B={b (k)} elementu aprékins GPS

noveérojumu emisijai AMM Kkartes piesaistes algoritma

Eksisté dazadas noverojumu emisijas varbiitibu sadalijuma noveértéSanas metodes, kuras
izmanto saskanoSana ar karti. Ka visvairak cit€jamos darbus $aja joma, var nosaukt [2], [4] un
[5]. Pie tam, ka pamatu noverojumu emisijas varbiitibu sadalijuma aprakstei izmanto normalos
sadalfjuma likumus attalumam no meéramas pozicijas (nov€rojuma) Iidz cela elementa un
lenkiska stavokla starpibas varbiitibas blivuma sadalijumiem, parrékinot tos novérojumu emisijas
varbiitibas sadalijuma péc Baiesa formulas.

Piesaisti pie cela kartes var formulét ka cela elementu stohastiskas klasifikacijas uzdevumu

méramas pozicijas apkartné€. Uzdevuma bitibu ilustré 1.att., un tas ir sekojosais.

l.att. Klasifikacijas uzdevums: uzdoti GPS merijumi
x=(X,Y,¢)" (pelekais punkts attela), brivi izvéléts cela
elements s, (linijas nogrieznis melnaja krasa) un atruma vektors
9 (kustibas virziens ar kursa lepki ¢). Janoverté x
noveérojumam atbilsto§a punkta izvietoSanas varbiitibu cela
elementa s,. Ka mnovértéSanas kriterijus, Saja gadijuma

izmantojam ortogonalo attalumu d, un virzienu starpibu

0.p=¢ —¢,kur ¢ — cela elementa virziens.

Novérojums no GPS uztvérgja var tikt pierakstits vektora forma x=(X,Y,4)" gaidama
atraSanas vietas punkta ar koordinatéem X un Yy (GPS pozicija), orientaciju ¢, kas atbilst atruma
vektora 9 virzienam (kursa lenkim, jeb azimutam). Piesaistot pie kartes visus iesp&jamus N

izveles variantus, novérojumam ir jabut saistitam ar tadu cela elementu s (apzimésim ta indeksu

ar 1), kuram aposteriora varbitiba ir visaugstaka (aposterioras varbiitibas maksimuma princips)
[2]:
iA:argmaxi P(s; |x), (1)

kur i=1,2,...,N, N — cela elementu skaits,



bet P(s,|x) — aposteriora varbitiba tam, ka s, ir pareizais cela elements uzdotajam

novérojumam X.

Karté cela elements s, tick padots ka linijas nogrieznis, ko nosaka sakuma un beigu

punkti, ka arT atlautais kustibas virziens. Standarto kartes piesaistes procediiru pamata ir tikai

divdimensiju pozicijas novert§juma (X,Yy) izmantoSana. Pie tam, cela elements no N
iesp&jamajiem kandidatiem tiek pieskirts uzdotajai pozicijai (X,Y) pec ortogonala attaluma d.
minimuma, uzskatot, ka jo tuvak pie cela elementa atrodas nomérita pozicija, jo augstaka

varbiitiba, ka tieSi §is cela elements ir patiess. Ja bez atraSanas vietas izmantot orientacijas

novertgjumu ¢, tad no blakusesoSo x cela elementu kandidatu kopas var pieskirt vispareizako
elementu s, . Saja gadijuma tiek minimizéta lenku starpiba 5.¢ .

Atbilstosi Baiesa teorémai, var pierakstit:

P(%,si) _ P(x|si)-P(s)
P(s. — i/ _ i i , 2
(s; [ %) o(x) o(x) 2)

kur p(x,s,) — notikuma (novérojuma) x un hipotézes (cela elementa) s, kop€jais varbiitibu

blivums, P(s,) - apriora cela elementa (hipotézes) s, izvéles varbiitiba. Izteiksmeé (2) ar p(x) ir
apziméta pilnais varbitibu blivums gadijuma rakstura mainigajam x, kas veidojas ka summa no

visiem iesp&jamajiem notikuma x un hipotézes s, kop€jiem varbiitibu blivumiem:

PO =3 P(s) = Px[s,)-PGs,) G)

kur p(x|s,) ir gadijuma rakstura mainiga x varbiitibu blivums pie patiesas hipotezes s, , t.1i.
novérojuma X varbiitibu blivums pie uzdota cela elementa s,, N — cela elementu skaits
(hipotezu skaits).

Pienemot, ka varbiitibas P(s;) ir vienmerigi sadalitas un vienadas ar P(s;)=1/N, jo

p(x) nav atkarigs no i, no izteiksmes (1) péc (2) un (3), analogiski [2], iegiistam:

Bayes Theorem . .
argmax; P(s; [x) = arg max;, w
p(x
p(x)=const
= arg max; p(x|s;)-P(s;) (4)

P(s;)=I/N
= argmax; p(x|s;).

Pedgja (4) izteiksme apraksta Baiesa klasifikatoru cela elementiem p&c aposterioras
varbitibas maksimuma. Parveidosim $o izteiksmi forma, kas ir &rta aprékinos, apskatot ka var

novertét varbitibu blivumu p(x|s,) uzdotajam s; péc kartgjas x vertibas sanemsanas. Lielakaja



GPS nomerTtu poziciju dalai, jo tuvaka ir nomeérita vertiba x pie cela elementa s, , jo augstaka

varbiitiba ka tieSi Saja elementd paSlaik atrodas transportlidzeklis (t.i., tika pareizi izvéléts
kandidats). To apstiprina arT miisu intuitiva izpratne attieciba uz vistuvaka cela posma atbilstibu.

Eiklida attalums starp transportlidzekla GPS poziciju x un cela elementu s, tiek noteikts ar
ortogonalo attalumu d; p&c perpendikula, kas novests no punkta (X, y) pie cela elementa s, ka
tas ir paradits l.att. Pie tam, d, ir vismazakais attalums starp celu lidz nomeritajai pozicijai
(X,y).

No (4) izriet, ka starp kop€jo varbiittbu blivumu p(x|s;), ka argumentu x un s,
funkciju, un ortogonalo attalumu |d, |, ir japastav apgriezti proporcionalajai atkaribai: jo lielaka
|d. | vertiba, jo mazaka biis p(x|s,) vertiba. Tadu tendenci apmierina normala sadalfjuma
likuma viendimensiju Gausa funkcija (one-dimensional Gaussian), piepemot ka d, — gadijuma
rakstura mainigais ar normalo sadalfjuma likumu, nulles vid€jo un standartnovirzi o, . Normala
sadalfjuma likuma izmantoSana ir saistita ar to, ka divdimensiju GPS klida péc platuma un
garuma tiek modeléta ka rinka Gausa funkcija (the circular Gaussian function) jeb
2D -normalais sadaltjums ar nulles vid€jo [5,17], kad nekoreléto merjjumu kludu gadijuma
platumam un garumam ir vienadi viendimensiju normalie sadalfjumi. Tas, ka So sadalijjumu
veids ir tuvs Gausa sadalfjumam tiek apstiprinats ar eksperimentalajiem mérjjumiem [18]. Kartes
piesaistes cela elementu Baiesa klasifikacijas algoritmos d, sadalfjuma blivuma normalais
likums tiek izvéléts ka varbiitibu blivuma funkcija I = arg max; p(x|s;) novért€§juma iegiiSanai.
To ievada ar p(x|s;) tieSaja veida, vai arT ka reizinataju p(x|s;) sastava, nodroSinot apgriezti
proporcionalo atkaribu no d, [2,5].

Standartnovirzes noveért§jumu o, var aprékinat no GPS datiem un celu Kkartes,
izmantojot robasto skalaro novértétaju, ta saucamo medianas absoluito novirzi, jeb MAD (median
absolute deviation) [19]. MAD dod iesp&ju iegiit standartnovirzes novert§jumu isajam datu
secibam, kas ir izturigs pret izmetumiem un iesp&jamo datu atmeSanu vai pievienoSanu. Tads
novertgjums var dot pareizo rezultatu pat tad, kad izvilkuma ir Iidz 25...50% rupjas kludas
[5,19]. Formula o, aprékinam ar MAD ir sekojosa [5]:

Op wap =1.4826-MAD =1.4826 - median (| d, — median(d;)|), (5)

kur koeficients 1.4826 atbilst d, normalajam sadalfjuma likumam.

Jaatzimé, ka apskatita | =arg max; p(x|s;) novertéSanas metode ar Gausa funkcijas

pielietosanu d; noved pie rupjam kladam, kad ir divi (vai vairak) cela elementi, piemé&ra, i un



J, kuriem |d;[=[d;|, i# ], un argmax; p(x|s;) =argmax; p(x|s;). Saja gadijuma, ir
iesp&jams pienemt nepareizo l&émumu par to, kads no cela elementiem ir patiesa transportlidzekla
atra§anas vieta teko$aja momentd. Tapéc, novértgjot I, papildus japievieno dati par
transportlidzekla kustibas virzienu ¢ un cela elementu ¢ (ievérojot kustibas virzienu), kas
veicinas pareizo punkta (X,Y) pieskirSanu cela elementam. Orientacijas starpiba i-jam cela
elementam un vektoram x tiek ieviesta ar lepku starpibu ¢ un ¢, ka S¢=6¢ —¢. ST lenku
starpiba 0,4 tiek model€ta ar normali sadalito gadijuma rakstura mainigo ar nulles vidgjo vertibu
un standartnovirzi o, [2]. Standartnovirzi o, var aprékinat ar kartes palidzibu, ka ar1

pamatojoties uz GPS uztvérgja datiem. Informacijai par kustibas virzienu, kas sanemta ar
standarta GPS uztvergju, ir zems droSums, ja transportlidzekla atrums | 8| nav liels. Tapec [2]
rekomendé novertét o, vertibu ta, lai ta biitu apgriezti proporcionala GPS meéramajam atrumam
|8|. Gan o,, gan o, var novértet ar MAD péc (5) analogiskas formulas.

Baiesa klasifikatora vienadojumu (1), izmantojot (3), d, un J,¢ Gausa varbitibu
sadalfjuma blivumus, ka arT mainigo d, un J¢ neatkaribas nosacijumu, péc kura
p(d,,0,0) = pp(d,)- Py (0,¢) , var pierakstit visparinataja veida analogiski [2] sekojosi:

I =arg max; p(x|s;)

=argmax; Py (d,): Py (59)

= arg max ;.exp — diz . 1 -exp _5i¢2 6)
'"\27oy, 20, ) 270, 20,
- ( d; owj
=argmin;| —-+—"- |.

Op Oy

Klasifikatoru (6) var neatkarigi izmantot katra laika momenta t=1,2,...,T . P&c kartgja

transportlidzekla stavokla piesaistes pie cela elementa laika momenta t tekoSajos pozicijas un
virziena novertgjumos tiek ieviesti atbilstoSie labojumi. Pie tam, jauna atrasanas vieta tiek
noteikta ar GPS pozicijas (X, Yy) perpendikularo projekciju uz nakoso cela elementu, bet jaunais
kustibas virziens tiek pielidzinats $T pasa cela segmenta orientacijai.

Apskatitaja klasifikatora algoritma netika ieveroti agrak noméritie dati (ieprieks¢ja
vesture) un celu tikla topologija. Var ievérojami palielinat klasifikacijas dro$umu, ja
klasifikacijas algoritma ieviest noraditos parametrus. PatieSam, izmantojot iepriek§ nomeritus
datus par atraSanas vietu un orientaciju, var ievérojami samazinat GPS rupjo kludu ietekmi
kartes piesaistes procesa. Celu tikla topologijas un ieprieksgjas veéstures kop€ja ieverosana kartes

piesaistes procesa lauj izslegt gadijumu, kad notiek pareja no viena cela elementa s; laika



momentd t pie cita cela elementa s; laika momenta t+1, ja Siem cela elementiem nav tiesas

saiknes sava starpa.
Var ieklaut papildus raksturojumus kartes piesaistes procesa, izmantojot apslépto

Markova modeli un ta realizaciju péc Viterbi algoritma.
Pamatojoties uz Baiesa klasifikatoru, noteiksim varbiitibu P(x|s;), kas, faktiski, ir GPS

merjuma X emisijas varbitiba, ko izsauc apslépta Markova modela stavoklis s, . Iziesim no ta,

ka P(x) ir apriorais nov€rojumu varbitibu sadalijums, un izmantosim Baiesa formulu
nosacitajai varbitibai sekojosa veida:

P(s;,x P(s; | x)-P(x LY
SP0N) PP b jwLjo Y P 0=l (7)

PE) Y pes, 10-P)

P(x|s;)

No (7) izriet, ka novérojuma x varbiitiba pie uzdota AMM stavokla s, ir vienada ar
AMM stavokla s; varbitibu pie uzdota novérojuma x. No otras puses, atbilstoSi (2) un (3), ja

sadaltfjums P(s;)=1/N ir vienmerigs, tad varbiitiba P(s, | x) ir vienada ar:

(8)

P(s, | x) = P(X,s;) _ Np(xlsi) '
PO Y pasy)

Ievérojot piep€mumu par gadijuma rakstura mainigollpuarMas BO BHUMAaHHE

IPEIIOJIOKEHHE O HOPMAJbHOM 3aKOHE paclpefeNeHMsl CIydailHbIX MmepeMeHHbIX O, un o,¢
normalo sadalfjuma likumu, un ievérojot p(x|s;) sakaribu ar So mainigo sadalfjuma blivumiem,

kas analogiska (6), ieglisim, ka novérojumu emisijas varbitiba var biit aprékinata sekojosa veida:

)

b (x)=P(x|s;)=P(s; |x) = NDD(di)~ Po (519) ’
z pD(dk)' p®(5k¢)
k=1

kur

2 5k¢2) (10)

1 d 1
pp(d) = \/gO' 'CXP(—ﬁJ v Py, (0,9) :m'exp(_ 202
D D [} [}

Viterbi algoritma gadijuma, principa, nav nepiecieSams aprékinat noveérojumu emisijas
varbiitibas b (x) stingri pec formulas (9), jo b (x) izmanto ka parvades koeficientus starp
Viterbi algoritma rezga diagrammas mezgliem. Visiem tiem, formula (9) ir saucgjs, kas vienads

N
ar Jpg = Z Po(dy) - Py (6,#) , kurS var mainities no vienas Viterbi algoritma iteracijas pie otras,

k=1



tacu paliek konstants tekosas iteracijas robezas, jo nav atkarigs no stavokla indeksa i. Attiecigi,
var atstat tikai skaititaju:
b’ (x) =0, (X)- Gpe = Pp(di) - Py, (54 - (11)
Atzim&sim, ka (11) ir vienkar$aks par (9), jo taja nav daliSanas operacijas. DaliSanas
iztrikumu var attiecinat pie iteraciju méroga mainiSanas operacijas Viterbi algoritma.
Vel viens varbitibu sadalfjuma P(x|s;) aprékina panémiens ir piedavats [4]. Ta pamata
ir varbutibas apgriezti proporcionalas atkaribas no |d,| izmantoSana atbilstosi principam: jo

blivak GPS punkts pieder pie cela elementa, jo augstaka varbiitiba tam, ka §1s cela elements arT ir

patiesais. Pie tam, uzdota cela elementa s, varbiitibas aprékinu veic péc formulas [4]:

1/(Distance from x to s;)  1/|d;]|
> " 1/(Distance from x to s,) > 1/]d,|

b (x)=P(x|s) = (12)

kur i=12,..,N, N - pareizo cela elementu kandidatu skaits GPS pozicijas apkartné ar
koordinatam (x,y). Seit, tapat ka (9), Viterbi algoritma dalidana ar Z:Lll/ |d, | nav obligata,
tomer ir jaseko, lai izpilditos nosactjums |d, |#O0Vi. Lai izvairitos no daliSanas ar nulli, var
pieskaitit pie visam | d, | vértibam Joti mazu konstanti Ad = const . Saja gadijuma, bez dalisanas
operacijas ar z:j:l 1/(d, |+Ad), ieglisim pavisam vienkar3o izteiksmi aprekiniem:
bi*(x)=1/(|di |+Ad). (13)

Bez tam, (12) un (13) sastava ka reizinataju, analogiski (9), var ieviest funkciju, kas
ievéro kustibas virzienu. Formula (12) netieck ievérots d, varbiitibu sadalfjums un
standartnovirze o, ka tas bija (9). Saja gadijuma var prognozét lielaku GPS mérijumu ietekmi.
Ad vertibai izteiksmé (13) nav statistisko novertéSanas papémienu, kas lidzigi o, izvéles
novertésanai vai noveért§jumam ar MAD. Ir iesp&jams novértét Ad AMM apmacibas procesa,
pieméram izmantojot Viterbi-treningu (skat. Viterbi training B [8, 9]).

[3] apraksta novérojumu emisijas varbutibas b, (x)=P(x|s;) aprékina metodi ar
Mabhalanobisa attaluma DM, izmantoSanu (attaluma meérs starp gadijjuma rakstura vertibu
vektoriem, visparinatais Eiklida attaluma gadijums) [20] starp mérfjumiem X un s, , interpol&jot
celu tikla elementus ar kubiskajiem splainiem un izlidzinot GPS mérjjumus x ar paplaSinato

Kalmana filtraciju [21]. Mahalanobisa attalums lidz visam cela elementam (ka punktam) tiek

novertéts ar vismazako attalumu D.

i,min

11dz jebkuram no punktiem $aja konkrétaja cela elementa.

Nove@rojumu emisijas varbutibu var aprekinat ar (9), (10) vai (12), kur d, vieta izmanto DM

i,min *



Atzim&sim, ka literatiira nav salidzinaSanas datu kartes piesaistes algoritmu precizitatei ja
izmanto (9), (10) vai (12), ka ar1 [3] piedavato metodi. Ir tikai eksperimentalas parbaudes
rezultatu izklasts pilnigi dazados apstaklos pie dazadas konkrétas algoritma realizacijas
nesalidzinamaja veida [2], [3], [5], [4] un citos. Biitu v€lama testé€Sana vienados apstaklos (ar
vieniem un tiem paSiem datiem {x,}, t=12,..,T,), pieméram, iegiistot novérojumu secibu ar
statistisko modeléSanu un kartes imitaciju [22] ar AMM parametru un piesaistes kliidu statistikas

aprékinu.
3. AMM parejas varbatibu matricas A={a;} aprekins kartes piesaistes algoritma

Jebkur§ cela elements uz kartes transportlidzekla kustibas marSruta ir viens no
iesp&jamajiem elementiem AMM stavoklu telpa, bet celu tiklu var uzskatit par automatu ar

galigo stavok]u skaitu, kas izriet no ciparu kartes. Stavoklu parejas varbutibas P(s; [s;) = a; , kur

1) 2

s;, s; — cela alfab&ta elementi (stavoklu kopums), i, j €[1, N], atspogulo celu tikla topologiju.

Pie tam, divu cela elementu parejas varbiitiba nav nulle tikai tad, kad tiem ir kaut viens kopgjais

punkts (connected segments).

Pareju varbutibas a; var aprekinat, izmantojot sekojoSus iespgjamo pareju likumus

jebkuram uzdotajam cela elementam, kas tika piedavati [2],[3]:

e transportlidzeklis pariet uz blakus cela elementu;

e transportlidzeklis paliek tekoSaja cela elementa un saglaba kustibas virzienu, kas sakrit ar §1
cela elementa virzienu. Modelg cilpa stavoklu diagramma;

e transporta lidzeklis paliek tekoSaja cela elementa bet izmaina kustibas virzienu, veicot
apgriezienu pretgja pusé (U -apgrieziens). Atbilst pargjai stavokli, kas apzimé pretgjo
kustibas virzienu;

e uzskatot transportlidzekla kustibas virzienu par zinamu, stavoklu telpas elementi tiek

paplaSinati ar karodzinu, kas apzimé kustibas virzienu. Rezultata viens cela segments var

veidot vienu (vienvirziena kustiba) vai divus elementus (divvirzienu kustiba) stavoklu telpa;

e pretjiem virzieniem divu elementu parejas varbitiba stavoklu telpa (U -apgrieziens) tiek

nosacita ar loti mazu vertibu, kas atbilst apgrieziena varbiitibai pretgja kustiba.

U -apgrieziens tipa kustibas varbiitibu apzimésim ar P

wn - Talak stavokla parejas

varbutibai stavoklt &; izmantosim likumu: nevienai parejai, iznemot U -apgriezienu, nav

lielakas priekSrokas, neka pargjam. T.i. palikusa varbitiba P, =1-P,, tiek vienmeérigi sadalita



starp visam izejas parejam, ieskaitot ,,cilpu” stavoklu diagramma. Tada gadijuma, stavoklim s,
ar n parejam blakus stavoklos s; un vienu ,.cilpa” veida pareju, iznemot U -apgriezienu, katru

1zejas pareju nosaka varbiitiba [3]

=)
q; =g =ﬁ’ kur qQ; = P(sj |s;) un a; =P(s; [s;) (14)

[5] piedava savadaku, salidzinajuma ar (14), parejas varbiitibu aprékina pane€mienu, kura
pamata ir reala un aprékinatd cela elementu izejas laika salidzinajums. Realais laiks, kas
nepiecieSams lai parietu no viena cela punkta otraja tick noteikts p&c GPS uztvergja preciza laika
nolasém, bet prognoz€jamo cela noieSanas laika intervalu starp Siem pasiem punktiem tiek
aprékinats marSruta planotaja. Aprékina celi ir loti 1sie, jo tiek apskatiti cela segmenti, kas ir

saskanoti ar blakus poziciju mérjjumiem ar intervalu 1...2 sec. Tada veida, [5] vidgjais cela

garums ir 64.4 m. [5] tiek piedavats novertét varbitibas a., izmantojot planotaja aprékinato

ij °
izejas laika un reala laika (GPS uztvérgjs) starpibu. Tiek paredz€ts, ka laika novirzém ir Gausa
sadalfjums un izmanto So novirzu medianas vértibas ka robasto vidgjas vertibas novert§jumu un
MAD ka standartnovirzes novértéjumu. Parejas varbiitibu aprékina péc Baiesa formulas, kas

analogiska (8), ar Gausa pienémuma izmanto$anu péc sekojosas formulas:

(t-1) 2
exp —0.5-(Atij _ﬂA’IJ
_ P(S; ¢ I8i) Oat
a‘i(it W= P(qt =S | Q- :siH) N s - N (t-1t) 2 (15)
z p(sj,t |Sk,t—l) Zexp _0.5. M
k=1 = N
t=2,3,...,T,
kur At{™ — aprekina un redla laika starpiba, g, — A" vidgjas vertibas novertgjums,

Opy — Ati(jt"l’” standartnovirzes novertgjums, N, — AMM stavok]u skaits laika momenta t. No

(15) redzams, ka pieaugot novirzei no reala un aprékina laika starpibas vidgjas vertibas, parejas
varbiitiba attiecigajam celam samazinasies.

Tada novertesanas panemiena truikums — nepiecieSamiba izmantot marSruta planotaju ar
visam tam raksturigajam kladam. Seit netick ievérots, ka transportlidzeklis var parvietoties ar
zemako atrumu, neka noradits uz kartes (vai ari tika ieplanots), ka ari apstaties uz laiku vai
iebraukt stavvieta.

Augstak noraditas parejas varbitibu novértéSanas divas metodes tiek pielietotas
automobilu transporta navigacijai. Invalidkrésla navigacijas sist€émas atrada pielietojumu cita
parejas varbiitibu novértésanas metode [4]. Saja metodé parejas varbiitibas tiek uzdotas ar

eksponencialajiem koeficientiem:

10



-
a;=e",

kur r; — atbilst tipologiskajam saikném starp diviem cela elementiem (AMM stavokliem). Péc
normalizacijas @; piegem 0 un 1 vertibas. Pie tam, pirms veidot matricu A= {g;} no stavoklu

diagrammas sakuma veido pareju matricu R = {I; }, ievérojot sekojosus likumus:

1) ja divi cela elementi ir savienoti, tad r; =1 un a; = 1/e1 0.368;

2) ja tie nav savienoti, tad r; =co un a; =0;
3) ja cela elementa garums ir tads, ka diviem blakus pozicijas m&rfjumiem tas ir viens un
tas pats elements, t.i. i = j (atbilst cilpai stavoklu diagramma), tad r; =0 un a; =1.

4. AMM aprekina piemérs celu tiklam

Celu tiklu ciparu kart€ celus sadala segmentos ar gala punktiem, kur sastopami celu
krustojumi, atzarojumi, orientacijas izmaina (apgrieziens) jeb posmi ar ieeju vai izeju. Cela
ierobezojumi, tadi ka kustibas virziens, sadala cela segmentu uz diviem cela elementiem. Katrs
no tiem — viens apslépta Markova modela stavoklis. Cela elementam ir savi izme&ri un virziens
(savs kursa lenkis). Katram GPS pozicijas merijumam tiek izv€léti N vistuvakie cela elementa
kandidati (piem@ram, [5] piedavaja izmantot N <10 un izvéleties attdluma no meramas
pozicijas, kas neparsniedz 200 m). Katra ta robezas tiek noteikts punkts, kas atrodas minimalaja
attaluma no GPS pozicijas mérijuma, bet péc tam aprékina attalumu no $1 punkta 1idz mérjjuma
pozicijai. Attalumu nosaka ar haversinusa formulu (haversine formula — half the versed sine)
[5,23,24] — Zemes virsmas divu punktu visisakas distances sfeériskais tuvinajums. Pilnais cela
elementu kopums veido AMM stavoklu alfabétu. Alfabéts var biit defin€ts visam rajonam, kura
robezas atrodas mus interes€josais celu tikls, vai arT atseviski §1 rajona blakus dalam. Pie tam,
alfab@ta apjoms un ta elementi var mainities (pat parejot no viena noveérojuma pie cita [5]). Talak
katram stavok]u alfab&tam tiek veidota Viterbi algoritma rezga diagramma.

Ja AMM apréekina ieklaut transportlidzekla orientacijas parametru attieciba uz citiem cela
elementiem un ievérojot kustibas virziena ierobezojumus, tad var precizet patiesa cela elementa

izveli.

4.1. AMM stavoklu diagramma celu tikla pieméram

Apskatisim celu tikla piem€ru vienam rajonam, pielietojot vienadu AMM visiem

novérojumiem laika momentos t=1,2,3,4 (T =4) marSruta kustibas sakuma un beigas.

11



Novérojumu emisijas varbiittbu aprékinam izmantosim (9), (10), bet parejas varbutibu
aprékinam izmantosim (14). 2.att. ir paradita viena cela segmenta stavokla diagramma ar diviem
atlautiem kustibas virzieniem [4], kas ir divi AMM stavokli — pa vienam stavoklim (cela
elementam) uz katru kustibas virzienu, kuru parejas varbiitibas ir aprékinatas péc formulas (14).
3.a.att. ir paradits celu tikla modelis, bet 3.b.att. — ST pieméra stavoklu diagramma ar 2.att.
segmenta stavoklu diagrammas izmantoSanu.

Prars 2.att. AMM stavok]u diagramma diviem cela elementiem s, un s,, kas
4

0

trans

4 veido cela segmentu ar divvirzienu kustibu.

trans

0

Pans
/ \ _trans
Rurn\ l Ptum P[

S

trans

Ptrans /3

%)

-0

trans

trans

3.att. a. Celu tikla piemérs ar 5 cela segmentiem e, e,,e,,e,,e, un b. atbilstosa tam diagramma
no 9 stavokliem s,,s,,...,8, (N =9) un to parejam.

Cela tikls 3.a.att. sastav no 4 segmentiem e,,e,,e,,e, ar divvirzienu kustibu un viena
segmenta e, ar vienvirziena kustibu (apziméts ar bultu). Ortogonalie attalumi noraditi visiem
punktiem. Punktam x, ir paraditas arT minimalo attalumu Iinijas..

GPS noverojumu emisijas varbiitibas novert§jumam b (x,)=P(x,|s;) izmanto
transportlidzekla un cela elementa savstarpjo orientaciju un ortogonalos attalumus no GPS
novérojuma punkta Iidz atbilstoSajam cela elementam, kuram nepiecieSams ieglt varbiitibas
nozvetgjumu, ja ortogonala projekcija neiziet arpus dota cela elementa robezam. Kad projekcija

neieklaujas cela elementa robezas, nov@rojumu emisijas varbiitibas noverté€Sanai izmanto

minimalo attalumu Iidz GPS novérojumam tuvakajam cela elementa galam.
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4.2.  Viterbi algoritma reZga diagramma celu tikla pieméram

) a, nxy  4.att. Viterbi algoritma rezga struktiira

stavoklu diagrammai 3.b.att. un 4 laika

o % momentiem.
i=3 % Ieveérojot pieméru [10] un 3.b.att.
b stavoklu diagrammu, izveidosim Viterbi
=45 algoritma rezga diagrammu cela tiklam
o1 2 3.a.att latka momentos t=12,3,4, kas
paradita 4.att. Saja gadijuma, stavoklu
i=6 v/ alfabéts satur N =9 cela elementus.
o<\ A W\ Noveérojumu emisijas varbiitibas
75 ‘E ‘W' bi(x¢), i=1,2,..,9, nosaka péc izteiksmém
|=8$ %\“ ' A\' (9), (10). Parejas starp stavokliem atbilst
ﬁ\ ﬂ\ a 3.b.att. diagrammai. Sakumstavoklu
i=9 é S )9 @ 5 varbiitibu sadaltjums pienemts par

vienmerigu un vienads ar z; = ﬁ = é .

Formali, 4.att. pie t=1 ieeja noradits reizinajums ar 7,. Toméer, par cik =; vértibas ir
vienadas pie visiem i, tad $adu reizinasanas operaciju var izlaist, jo optimala cela izvéli, bez
koeficientu méroga izmainam, ta neietekme.

Tada veida, ka sakumdatiem, no kuriem faktiski sak pildities Viterbi algoritms, var

izmantot pirma novérojuma varbiitibas {b.(x,)}. Celu tikla piemera, 3.a.att., paraditi pavisam 4
GPS novérojumi Xx,,X,,X;,X,, kuriem atbilst laika momenti t,,t,,t,,t, un tris Viterbi algoritma
iteracijas. Noveérojumi X, un X, ar augstu varbiitibu attiecas pie viena un ta pasa cela elementa
S5, kas pieder cela segmentam e,, kas stavok]u diagramma atbilst ,,cilpa” veida parejai (no s uz
s;). Parjie noveérojumi, visdrizak, attiecas pie dazadiem vistuvakajiem cela elementiem.
Visticamakais atbilstoSais cela elements var tikt viegli noteikts p&c ortogonala attaluma 3.a.att.

AMM parejas varbutibu matrica A={a;} celu tiklam 3.a.att., atbilstoSi 3.b.att. stavokla

diagrammai, izskatisies sekojosi:
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(a, a, 0 0o 0o 0 o0 0 0 |
& @, @, 0 @ 0 0 0 0
0 0 a, 0 0 0 0 0 0
a, 0 a,a,a; 0 0 0 0
A:{aij}z 0 0 0 a, a, 0 a; 0 a
0 0 0 a, 0 a, &, 0 a
0 0 0 0 0 a, a, 0
0 0 0 & 0 0 & a
0 0 0 0 0 0 0 ay a,

kura sekojosie elementi nav nulles:
| =8y =8y, =8y = R,

0 =8y =5 =85, =85 =y =g = Ay = Pturn’
=A==, =3, =3, =8 =85, =859 = Ptrans/3’

o o
o

QD
¥

2

64 = Ao = Qg9 =85y =8y =g = Ptrans/3'

QD

4.3.  Cela varbiitibas analize celu tikla Viterbi rezga diagramma

Visticamakais cel§ 4.att. Viterbi algoritma rezgi ir izdalits ar trekno Iiniju. So celu veido

stavok]u seciba Q =2557, kur q, =s,,0, =s,,0, =Ss,,0, =s, — tekoSie stavokli laika momentos
t=1,2,3,4.

Visparigaja gadijuma, novertéjumus optimalas AMM stavoklu secibai Q =q,q,...q;...0; ,
q =s,, i=L2,.,N, t=1,2,.,T pie atbilstosas GPS novérojumu secibas O =xX,...X,..X;,
kura nolasita no Viterbi rezga apgrieztaja seciba ka stavoklu indeksu indeksi i= (ko) s

var iegiit no sekojosa maksimalas ticamibas novertejuma:

N PPN a T
i=(,k ;... 1)) = argmax; |:P(X1 g, = S; )H P(q, = S, | Oy = siH)' P(x,[q, = S;, )} >

t=2

kur i=(,li,,...,i,...l;) — indeksu vektora mainigais, ko izmanto ka maksimizacijas argumentu,

1<i, <N, t=1,2,..T . Ja i, =1,i, =1,,..,i, =1, tad:

T
P’ :gllgf\f[é](-r)]:”, ’ P(Xl |q1 =s,‘])'HP(qt =Sft |qt—1 =S.’H)' P(Xt | O =S.’t)- (16)
- t=2

Izmantosim (9), (10) pie N =9, T =4. Apzim¢jot ortogonalus attalumus no punkta x,

Iidz cela elementam ar di,t’ kur | — stavokla indekss laika momenta t, bet minimalos attalumus,

ja tie nav ortogonali, ar dmin’u . Celu tiklam 3.a.att. pec (16) iegiisim:
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P = T, 'bz(xl)'azs 'bs(xz)'ass 'bs(x3)'a57 'b7(X4)

. exp| — d22,1 + d52,2 +2dsz,3 + d72,4 -eXp| — 52,1¢2 + 55,2¢2 +f5,3¢2 + 57,4¢2
~ l'( Ptrans j ' ZO-D 20-(13 (17)
9

3 4 dy, 5.8’ ’
exp| ——5 |-exp| ——5
t=1 k=1 20, 20y,

kur, d,, ir ortogonals attalums, ja t=1,2,3,4 un attiecigi k=2,5,5,7, pretéja gadijuma

dk,t :dmink,t :

Atzimgsim, ka ortogonalie attalumi d,,,d,,d;;,d,, un lepku starpibas
0,,0, 05,9, 05 30,0, ,¢ simetriski ieklautas izteiksme (17), bet mainigie d;, un & ¢ ir neatkarigi.
Tomér, minimalie attalumi dmin,i,t ir atkarigi no dLt tapat, ka atbilstosas tiem lenku starpibas ir
atkarigas no ortogonalo cela elementu lenku starpibam. Tacu, ja |dmmi,t [>>] di,t |, kas lielakaja
gadijumu skaita izpildas, So atkaribu var neievérot. Més izmantosim to turpmakaja d;, ietekmes

analiz€ uz optimala cela izvéles varbiitibu pie uzdotam vértibam o, un o, .

Izpétisim visparigo varbiitibas P" atkaribas veidu no izvélétam standartnovirzes vértibam
op un o, celu tiklam 3.a.att., uzskatot ka ir zinami sekojosi tikla parametri, kas ierakstiti divos

divdimensiju masivos:

- viens masivs d[T][N] ar attalumiem (metros):

d[T][N]={{-9.5,9.5,14.3,-23.1,23.1,-106.3,106.3,106.3,-106.3}, ~t=1
(-27.2,27.2,-25.4,-12.5,12.5,-65.9,65.9,65.9,-65.9}, —t=2
{-69.1,69.1,-69.1,9.7,-9.7,21.2,-21.2,22.4,-22 4}, —t=3
{-112.2,112.2,-112.2,27.0,-27.0,9.2,-9.2,-22.2.22.2} }; —t=4 (18)

- otrais masivs dF[T][N] — lenku starpibam (radianos):

dF[T][N]={{2.79,-0.2618,-2.3562,2.3562,-0.7854,2.618,-0.5236,1.0472,-2.0944}, — t=1
{-2.3562,0.7854,-1.309,-2.618,0.5236,-2.4958,0.6458,-1.2217,1.92}, — t=2
{-2.967,0.1745,-2.007,2.7925,-0.349,3.0543,-0.0873,-2.7053,0.4363}, — t=3
{-2.967,0.1745,-1.6755,3.0543,-0.0873,-3.0892,0.0524,-1.7453,1.396} } ; -t =4, (19)

kur attalumus d;; méra metros, bet lenku starpibas &, ¢ — radianos. (18) un (19) ir izdalitas
ortogonalo attdlumu vertibas un tam atbilstosas lenku starpibas. Skaitliskas vertibas d;, ‘+’ vai

‘-> zimi nosaka GPS punkta pozicija attieciba uz tekosSa cela elementa virzienu (‘“+° — pa labi, bet

‘-> — pakreisi).
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5.a.att. ir paradits P*(op) |y, constgrafiks, mainot o, no 0.2 m (atbilst 0) lidz 50.2 m

(atbilst 1000) un dazadam o, veértibam, kas vienadas ar 3°, 5°,10° un 20°. Seit un turpmak

I:)turn - 01’ Ptrans =09.
0.003 T T T - — 0.003 ; : ! -
T\ | | | sigma_F=0.05236( 3 deg) —— | | | sigma_F=0.3491( 20 deg) ——
N | | sigma_F=0.0873(5deg) —— | | | sigma_F=0.7854( 45 deg) ——
| | | | s@gma_F:O.1745(lO deg) -~ — - [T . | | | sigma_F=1.0472( 60 deg) - -
00025 |- —|-|7 3y - - - - - - - sigma_F=0.3491(20 deg) — | 00025 -~ = TN\~~~ —~ -~ -  sigma_F=2.0944(120 deg) *
| | | | o | |
Pt \\ | | | | |
0.002 - — f : ‘L 0.002 ! ! !
a | | | a
z | | 2
B 00015 - - = E 00015
© [
o | | Qo
[} | o
Q Q
0.001 |- — 0.001
0.0005 - — - ‘ | ‘ 0.0005
| | | | |
{ | | | | | | T T
0 | | | | | | | | 0
0 100 200 300 400 500 600 700 800 900 1000 800 900 1000

sigma_D: 0.2...50.2 m sigma_D: 0.2..50.2 m

b)

5.att. Optimala cela varbitiba P* (o) |,,

p =const

ka funkcijano o pie

a) o, =0.05236 rad (3°), 0.087266 rad (5°), 0.17453 rad (10°), 0.349066 rad (20°);

b) &, =0.349066 rad (20°), 0.7854 rad (45°), 1.0472 rad (60°), 2.0944 rad (120°).

No 5.a.att. ir redzams, ka sakot ar noteikto o, vertibu, P* varbutiba strauji samazinas ,
pie tam krituma straujums ir jo lielaks, jo mazaka ir o, vertiba. Palielinoties o, Iikne
P*(op) |, —const 1ODIAAS pa labi un, sasniedzot noteiktu robezas vertibu, sak bidities uz pret&ju

pusi ar konstanta ITmena samazinasanu, ka arf ta platuma un straujuma samazinasanu. To var

redzet no S.b.att., kad o, pienem vértibas 20°, 45", 60° un 90°. Plakanas dalas robezas pie

uzdotam o, vertibam, pie kuram Iiknes sapliist, o, ir tada, ka (17) izteiksmes dalas

exp(D)~exp(D)/ H;Zi:l exp()-exp(l) skaititajam un sauc€jam ir pietieckami mazas (jo
mazakas, jo mazakas ir o, un o, vertibas) un praktiski vienadas vertibas. Pie tam, pati dala ir
tuva 1. Palielinoties o, gan skaititajs, gan sauc€js monotoni pieaug, tacu saucgjs pieaug
straujak un dalas vertiba monotoni krit, paliekot mazakai par 1.

Ar meérki parbaudit varbutibu funkcijas C uenpio mpoBepUTh BapHaTHUBHOCTH (OPMBI

KpuBOM (yHKIHMU BepositHocTH P (op) | formas variacijas plasaja ortogonalo attalumu

o =Const

diapazona uz celu tikla pieméra 3.a.att., tika izanaliz€ts gadijums, kad visi koordinatu punkti,
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kas atbilst GPS noveérojumiem, atrodas tieSi cela elementos, nevis to tuvuma, t.i.
d,, =d;, =d;, =d,, =0. Pie tam, visi citi attalumi paliek bez izmainam. Aprékinu rezultati ir

paraditi 6.a.att. un 6.b.att.

0.003 0,003 ——= ‘ ; ; : :
\‘F\ ! ! ! sigma_F=0.05236( 3 deg) —— NN ! ! sigma_F=0.3491( 20 deg) ——
) sigma_F=0.0873(5 deg) —— \ sigma_F=0.7854( 45 deg) ——
: ‘L\ : | | sigma_F=0.1745(10 deg) — - - Y | ! sigma_F=1.0472( 60 deg) — — —
e el o o Ve R . sigma_F=0.3491(20deg) — | 00025 |- = — - ¥ ———-—— - | sigma_F=2.0944(120 deg) — |

U I .

0002 - - | ,,\J‘3‘77\777L77L774777\777L77L777 0.002 - — —
!

0.0015 - — 0.0015

probability P*
probability P*

0.001 - - 000l -F——7—-——-=—-3%N-N-F--T7—-——-———-———\———0-—— = — — -

0.0005 - - 00005 F — — — — — ¢ —— DN o - T

|
|
| | T
| | |
300 400 500 600 700 800 900 1000 900 1000
sigma_D: 0.2...50.2 m sigma_D: 0.2...50.2 m

a) b)
6.att. Optimala cela varbiitiba P™ (o) |,
d,, =d;,=d;;=d,, =0 un
a) o, =0.05236 rad (3°), 0.087266 rad (5°), 0.17453 rad (10°), 0.349066 rad (20°);
b) o, =0.349066 rad (20°), 0.7854 rad (45°), 1.0472 rad (60°), 2.0944 rad (120°).

ka funkcijano o pie

=const

Attiecigi salidzinot 6.a-b.att. ar 5.a-b.att. (5.a.att. un 6.a.att. liknes ir loti tuvas) un

aprékinot pie citam veértibam d,,,d;,,d,,d,,, var konstatét, ka moka3bIBalOT, 4TO XapakTep

3aBucumoctu P’ (o)

o, —const atkaribas raksturs stabili saglabajas plasaja argumentu o, un o,
izmainu diapazona.

Tika iegtti arT o, un o, novert§jumi sakumdatiem (18) un (19), kuriem tika veikts
salidzindjums ar gadijumu d,, =d,, =d;;=d,, =0 un grafikiem 5.att. un 6.att. Pie tam, tika
aprekinati divi klidu pari — izvilkuma novert€jumi (sample estimates) o _..» O¢ om UN MAD
Novertejumi O, yaps> o map:  Ob sam = 28-268 m un o, yap =46.924 m, o, =1.896 rad
(108.65") un oy yap =2.3286 rad (132.42°), bet gadijuma ar d, =d,,=d;;=d,,=0:
Op wm =J8.1586 m un o o =38.844 m, novertejumu vertibas o, ., un o, Ir tadas
paSas. Gan izvilkuma novertejumi, gan MAD novertgjumi o, ., Un oy yap PI€ Visam oy .

vai o, yap Vertibam, abos ortogonalo attalumu kopu gadijumos nonak Joti mazo varbatibu P”

apgabala (skat. 5.b.att., 6.b.att.), kas var bit iemesls klidam patiesa cela noveértésana Viterbi
rezgl. Tap&c, musuprat, nepiecieSams izmantot mazakas attaluma standartnovirzes noveértgjuma

vertibas, neka izriet no MAD vai no pasa izvilkuma. No otras puses, nevajadzetu izveleties oy,
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un o, vertibas ta, lai P* atrastos P*(o,)] liknu plakanas dala vai tas apkartng. Si

G =const
rekomendacija izriet no ta, ka plakanaja liknes dala un tas apkartné (17) dalas skaititajam un
sauc€jam ir loti zemas kartas (-50...-250 un mazak), un, rezultata, P* aprékins var vispar but
neiesp&jams precizitates zudumu d€] exp(-) apr€kina etapa. Programmas aprékina péc (17)
izteiksmes, jo mazaka ir |d;, | vertiba, jo mazakai o[, vertibai ir iesp&ams iegiit precizu
rezultatu P”. 5.att. un 6.att. aprékinos tika izmantotas C/C++ valoda rakstitas programmas ar

divkarsas precizitates datu tipu (double tips) un vértibas o, .. =02 m, o, ... =502 m.
Ja izpétit varbutibas atkaribu (17) no viena no attalumiem, pieméram, no d,, pie
nemainigam par¢jo attalumu verttbam un uzdotam o, un o, vértibam, var veikt secinajumu: ja

Op <Op map UN Oy < Oy wan» JO Mazakas o, un o, Vvertibas, jo P'(d,,)| liknu forma

Op,0¢ =const

ir tuvaka taisnsturim. Palielinoties o,, o, un tuvojoties, attiecigi, pie Oy yap U O map >
P*(d,) |5, 5y -conss [TkU forma tuvojas Gausa liknes formai. To var redz&t no 7.a.att. un 7.b.att.,
kur paradita atkartba P7(d,)|, ,. _cone Pi€ 0<[d, <100 m, o, =20",45",60",120" un
Op =5.2m 7.a.att., o, =20.2 m 7.b.att. Varbitibas Iiknes 7.b.att. ir normetas pie 1. No 7.b.att.

ir redzams, ka normétas varbitibas grafiks pie o, =2.0944 rad (120°) ir ]Joti tuvs Gausa liknei.

To wvar apstiprinat ar sekojoSiem aprékiniem. Punktd ar vismazako straujumu, vertiba

d,, =26.6 m, kas tuvs vertibai o, =20.2 m, kadai vajadzetu but Gausa liknei (jabut vienadai
ar op). Laukums zem liknes, kas aprékinats péc 3 sigmu likuma, intervala no 0 lidz 3-o,
sastada 99.613%, taja pasa laika Gausa liknei S$ai vertibai ir jabut vienadai ar 99.7%. Pie

zemakam o, vértibam, Iiknes paliek arvien izliektakas. Atzimésim arT to, ka pirms normésanas

P*(d, =0)] .= 0.000701, P*(d, =0)] s =0.000381,

0p=20.2,04= 0p=20.2,04

P*(d,, =0)] o —0.000246 un P*(d, =0)| o= 4.79503e-05, ti. palielinoties

0p=20.2,04= 0p=20.2,04=12
0, N0 20° lidz 120°, varbutibas P* maksimums, kas novérojams pie d,, =0, samazinas vairak

neka par kartu, bet pie d,, # 0 - vel vairak, t.i. runa iet par loti mazu lielumu.
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0.003

sigma_F=0.3491(20 deg) ——
sigma_F=0.7854( 45 deg) —— 0.9
sigma_F=1.0472(60deg) — — -

00025 - — = A~ ATy~ T~~~ ) sigma_F=2.0944(120 ‘dEQ) -

sigma_F=0.3491( 20 deg) ——

sigma_F=1.
_ _ _sigma_F=2.0944(120 deg) —

0.002

000156 F————r+t—F - —————— — —

probability P*
probability P*

0.001

00005 F— -+ ——Tf—-A T ——F7——9——————

900 1000

d21:0.0...100 m d21: 0.0...100 m
a) b)
7.att.  a. P*(d,)) |y o —cons varbiittba ~un b.  normeétas  varbutibu  Iiknes

P*(d,)) |y o —cons / P*(d,, =0)ka funkcijas no ortogonala attaluma d,, starp punktu x, un cela

elementu s, piea. o, =5.2 m,b. o, =20.2 m un o, =20°,45°,60°,120°.

P™(d,)) |, 0, —const 1TkDU formas tuvums taisnstiira formai norada uz to, ka cela varbitibai
ka funkcija no ortogonala attaluma d,, plakanas dalas robezas ir konstants raksturs, nevis
apgrieztais, ka tam vajadzetu but, lai efektivi atskirt tuvus cela elementus viens no otra un veikt
pareizo cela izvéli ar Viterbi algoritmu. Acimredzams, ka jaizvélas o, un o, ta, lai liknu
P™(d;i ) s, g —cons / P*(di; =0) 1, . -cns Plakana dala biitu p&c iesp&jas Sauraka.

Noraditais 3.att. celu tikla modela-pieméra parametru aprékins, veicot kartes piesaistes
algoritma testéSanu ar AMM (pieméram, Viterbi-treninga procesa [8, 9]) parametru o, un o,
izvelei, layj rekomendét sada algoritma sastava P*(op) |y —const un
P™(di ) s, g —cons / P'(di; =0)|, o -cna ©Optimala cela aprékina procediru. Tas dos iesp&ju
kontrolét, kada varbitibas liknu apkartné nonak izvélétas o, un o, vertibas un kada forma ir

pasam litkném. Tadas procediras ieklausana kartes piesaistes algoritma lauj arT optimizét AMM

parametrus tada algoritma praktiskas pielietoSanas procesa.
5. Secinajumi

Transportlidzekla GPS uztveréja koordinatu piesaistes pie ciparu kartes AMM algoritmi ir
statistiski optimalas Baiesa metodes, kas noved pie droSiem un preciziem noieta cela
noveért§juma rezultatiem ar zemo rupjo kludu skaitu. AtSkiriba no kartes piesaistes standarta
metodém péc attaluma minimuma, viss transportlidzekla cel$ tiek noverteéts katram laika solim,
ieverojot ieprieks€jo vesturi par atraSanas vietu un kustibas virzienu, ka ar cela ierobezojumus.
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Inicializacijas procediira, kas nepiecieSama standarta metodém, $eit nav stingri nepiecieSama, jo
Viterbi algoritms automatiski izvélas visticamako celu un nosaka ta sakumu. Viterbi algoritma
rezga diagramma tiek veidota uz AMM stavoklu diagrammas pamata un GPS koordinatu un
atruma vektora merjjumiem.

Optimala cela novérté$anas rezultatu Viterbi rezgi ievérojami ietekmé AMM parametru
izv€le — noverojumu emisijas varbitibu sadalijums un Markova modela stavoklu parejas
varbitibu sadalijums. Ka rada pétijjumi, kurus veica daudzi autori, labs Baiesa noveérojumu
emisijas varbiittbu novert§jums ir Gausa funkcijas aprékinatais varbiitibu blivums
ortogonalajiem un minimalajiem attalumiem no GPS noméritas pozicijas Iidz cela elementam
kopa ar atruma vektora un cela elementa virziena lenku starpibas Gausa sadalijumu, ievérojot
cela ierobezojumus.

Pareju varbiitibu noveértéSanai pielieto vairakas metodes. Visvienkar$aka un pietiekami
efektiva — vienlidz iesp&jamas varbitibas izejosam parejam stavoklu diagramma, izpemot U -
apgriezienu, kuru uzskata par maz iesp&jamu.

GPS pozicijas attalumu no cela elementiem vidgji-kvadratiskas vertibas o, un
transportlidzekla kursa lenka starpibas ar cela virziena lepki standartnovirzes o, izvéle
ievérojami ietekmé Viterbi rezga celu varbutibu sadalijumu un visticamaka cela noteiksanu. Ir

lietderigi ieklaut kartes piesaistes algoritma sastava varbiitibas funkciju P*(UD)|% un

=const
* * -1 . . o - =V
P*(d;,) |O,D,%:COnst / P*(d;; =0) |o-D,o-¢:const aprékinu ar iepriek§€jo o, un o, novertéSanu,
izmantojot MAD.
Turpinot So pé€tijumu virzienu javeic statistisko modeléSanu ar Monte-Karlo metodi, lai

varétu iegiit statistiskos piesaistes algoritmu novertgjumus ar apslépto Markova modela

pielietosanu.
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