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1. Laika notikumu meériSanas sistémas prototipu
izveide, lai demonstrétu iespéjas nodrosSinat
pikosekunzu precizitati dazados pielietojumos
(satelitlazerlokacija, fluorescences raksturojoso
laiku merijumu spektroskopija, time-of-flight masas
spektroskopija u.c.)

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

During this period the following problems were researched:
e determination of correction function for reducing integral non-linearity;

e precision stability enhancement by using a dual PLL for the calibrating signal
generation;

e precision improvement on the basis of the Gravity Center Estimation of the
secondary signal;

e performance estimation of the event timing system;
e development of an event timing system prototype for Sattelite Lazer Ranging;
e implementing of a network timing system for time interval measurement;

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

The first problem solving allows defining the nonlinearity correction function
minimizing expenditure of time and computing resources. The correction function
stability means that external environment variation in time and temperature has
minimal influence on the measurement precision. Solving of the third problem would
allowed to get the same results, but with another method. The forth problem solving is
dedicated to evaluate the performance parameters with sufficient reliability. The fifth
and sixth problem decisions show the system prototypes for some applications. And
the last problem is related to the effective filtration algorithm of an analog signal by
the special timing presentation.

1.1. Event timing precision enhancement

1.1.1. Determination of correction function for DSP-
based event timers

Event timers perform precise digital timing of specific events such as leading
and/or trailing edges of asynchronous pulses. Note that these devices are known also
under other names, e.g. as time digitisers, time-to-digital converters, event-time
recorders, etc.



DSP-based event timers use a method for high-precision event timing (called
EET-method), which is based on digital processing of bell-shaped analog signals
generated in response to input events [1.1]. Practical implementation of this method
has allowed achieving performance characteristics that are close to the parameters of
the currently available best event timers in the world. Specifically, the event timers
based on this method offer picosecond precision of time measurements performed at
event rate up to tens of MHz [1.2]. In addition, using of DSP tools for replacing the
usually intricate analog circuits has led to significantly simplified timer hardware and
reduced unit costs. In [1.3] one of the key problems in increasing the event timer
precision through more effective correction of non-linearity errors is considered.

The event timers based on the EET-method contain a particular Time-to-Digital
Converter (TDC) responsible for the time measurement within the period Tk of the
master clock. For any event that occurs at the instant #, the interpolator converts the
value 7, =1, modT, to its digital estimate D; = F(z;). Conversion of all possible 7
values is based on a particular stair-step transfer function. Actual deviations of the

stair steps from the linear approximation characterise the integral non-linearity of this
function [1.4].

According to EET-method, the non-linearity correction is based on experimentally
determined correction function z;° = Fe(D)) the shape of which is the mirror-image of
the actual TDC transfer function (Fig.1.1).
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Figure 1.1 The TDC transfer function and nonlinearity correction function

Using this function, each intermediate estimate D; is converted to the final
estimate z;* and the initial non-linearity error can be considerably (many times)
reduced in this way. However effective correction of the initial TDC non-linearity is
possible only when the correction function is precisely determined in strict conformity
with the actual TDC transfer function. Any errors in determining the correction
function (further referred to as TDC calibration) lead to uncorrected residual non-
linearity in time measurements and that significantly increases their total error.

To support the 2-3 ps precision in the event timer AO33-ET [1.2] the TDC
calibration should be performed with essentially better precision (<1 ps RMS). In
addition, taking into account possible variations in time of the TDC transfer function,
the TDC calibration should be performed relatively rapidly to trace such variations as
necessary. Thus the problem to be solved is to find the best technique for precise and
fast TDC calibration.



There are various approaches to TDC calibration, including the well-proved
approach based on generating special sequences of test pulses [1.4]. In this case it is
assumed that the modular values { 7; = t; modT%} of the test pulse occurrence instants
{#;} are uniformly distributed within the interpolation interval T and the number M of
these values { 7} is so large that intervals between any adjacent values in the ordered
distribution are significantly less than the stair step size of the transfer function.

Under this condition the histogram of ordered digital values {D;} reflects so-called
differential TDC non-linearity [1.4]. Next, the correction function values F¢(Dj)
(reflecting the integral TDC non-linearity) can be calculated by cumulative summing
of normalised frequencies {f;} of the {D;} realisations:

Fo(D) =T,
i=1

The achievable precision of such TDC calibration evidently depends mainly on the
proper distribution of the test events, i.e. on its similarity to the continuous uniform
distribution. In [1.3] two widely known techniques for test pulse generation are
analysed:

a) time scanning technique and
b) statistic technique.

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

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

The drawback of the statistic technique is in too long time for gathering of
sufficient statistics. As can be seen from the simulation results, more than 107 test
events are needed to achieve residual non-linearity less than 1 ps (Fig.1.3). These data
conform to the theoretical predictions given in [1.4].
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Under real operating conditions the time required for accumulating such statistics
is within the range of 15-20 minutes and this time interval evidently is too long for
really fast TDC calibration.

Thus the practical application of the above-mentioned techniques for TDC
calibration cannot support the required quality in view of either insufficient precision
or speed. To find an acceptable compromise between these conventional techniques,
we have developed so-called pseudo-random technique for TDC calibration.

Let us consider a test pulse sequence with constant period T¢ aliquant to the 7.
Such sequence provides a set of some random remainders {7 = jT¢c mod T} and an
appearance of these values {7} frequently looks like random. Taking that into
account, it could be supposed that, like the statistic technique of TDC calibration, the
distribution of the values {7} may approximate the required ones for a number of
particular 7¢ values. On the other hand, such approximation could be performed much
faster than that for the true statistic technique. To confirm or reject this hypothesis we
have used both computer simulation and real experiments.

The model of randomly jittered oscillator, described in [1.5], and some
experimental data concerning typical parameters of the model were used for computer
simulation of the considered test pulse sequence. In addition, it was assumed that the
test pulses are generated as a limited number of separate trains so that the period 7¢ in
every pulse train could slightly differ, reflecting long-term instability of the test pulse
sequence. Taking all that into account, the time instant #j of every jk-event occurring
in the j-th train of the test pulses can be expressed for simulation as follows:

k
tu=k(Tc+k A%) + D AL + A,

i=1
where AL; - random value of period T¢ variation for j-th train of the test pulses,
A? - random value of accumulative jitter component,

A’ - random value of superimposed jitter component.

All these random values are considered as uncorrelated and characterised by
standard deviations SD”, SD* and SD® respectively.



To simplify computer simulations, the TDC transfer function was assumed to be
linear. In this case the integral non-linearity of the evaluated correction function
directly reflects the residual non-linearity in event time measurements caused by the
imperfectness of TDC calibration. To be specific, in conformity with typical
performance characteristics of the event timer A0O33-ET, we assume that TR = 10 ns
and the number of stair-steps of the transfer function is equal to 7000. The length of
single train is limited down to 16K pulses by the size of internal FIFO memory of this
event timer.

At first we checked the similarity of the proposed technique to the statistic
techniques in terms of the robustness properties. In this case the simulation results
indicate presence of some “bad” T values which cannot provide for acceptable
quality of TDC calibration (Fig.1.4a) in view of spurious bursts in distribution of { 7}
values. Nevertheless, there is a much larger set of the values T¢ that provide for quite
acceptable level of non-linearity.

To confirm the simulation results, we have checked them experimentally under
the conditions where period T¢ for calibration of the specific event timer was finely
altered in the same range (Fig.1.4b). In both cases the total number of test pulses was
160K. As can be seen, the results of “bad” period detection are similar in both cases.

Thus, keeping in mind a possible long-term instability of the test pulse period, it is
preferable to choose its nominal value in a widest area of 7 variation where
overgrown level of non-linearity is absent. For example, as Figure 1.4 suggests, this is
in the area T¢ = 7470 £ 25 ps. At first glance such requirement to the stability of the
test pulses oscillator (10™ approx) is not too rigid.
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Fig.1.4 The estimation of the integral non-linearity vs. period TC :

computer simulation and (b) real experiments.

However when usual crystal clock oscillators are used for these purposes in a
wide temperature range, realisation of “bad” T¢ values is not excluded completely.



There are few different approaches to resolve this problem, including special
synthesis of the test pulse sequences strictly related to the clock period [1.6].

To compare the pseudo-random techniques of TDC calibration with the statistic
technique, the dependence of integral non-linearity TDC calibration from the length
of test pulse sequence is evaluated. As simulation results show, the acceptable level of
such non-linearity (at least, less than 1 ps) is achievable for the sequence length
beginning from 48K pulses (Fig.1.5).
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Fig.1.5 Integral non-linearity vs. sequence length

That is in many times less than results obtainable when the true statistic technique
is used. In particular, application of the pseudo-random technique with the test
sequence containing 160K pulses has provided for achievement of TDC calibration
precision of about 0.61 ps (Fig.1.6).
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g)

Integral nonlinearity (p

I I I I I I I I I
0 1000 2000 3000 4000 5000 500 7000 8000 Ga0 10000

Interpolation walue (ps)

Fig.1.6 Non-linearity error over interpolation interval TR

In this case the calibration time normally does not exceed 10-15 seconds.

The offered pseudo-random technique of TDC calibration really provides
acceptable compromise between its precision and time-consumption, to some extent
reducing the main drawbacks of the conventional time scanning technique and the
statistic technique. In particular, unlike the time scanning technique, the pseudo-
random technique allows scattering of the cumulative jitter within the interpolation



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

Practical effectiveness of the offered technique has been tested experimentally in a
number of developed and custom-made event timers. Specifically, the event timers
employing such calibration have provided the timing RMS precision in the range 2.5-
3.0 ps where the fraction of the error due to the TDC calibration procedure does not
exceed 15%.

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

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

However, as mentioned above, using of a stand-alone crystal oscillator for
calibration signal generation sometimes results in necessity to overly repeat the
calibration procedure, which leads to the excess of the acceptable time of calibration.
Basically, this drawback is caused by temperature instability of the standalone
calibration signal source. In [1.6] a practical way to avoid this drawback is considered.

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

Generally the choice of the best technique depends on the availability of technical
means for its implementation. In particular, we have investigated application of dual
PLL circuit for such purposes.

The calibration signal generation and the covering of the interpolation interval
with small steps can be done by using a single PLL (with a frequency offset with
respect to the master clock frequency), which is equipped a voltage controlled crystal
oscillator (VCXO), to guarantee high stability of interpolation interval covering.
Typical frequency tuning range of VCXOs is 50...100 ppm. So, the frequency offset
of only 20...30 ppm could be provided. The PLL frequency divider coefficients A and
B are calculated according to the equation: Tycxo=Tg-A/B, where Tx — master clock
period, Tycxo —VCXO period, A and B — frequency division coefficients. Let us
assume that the VCXO is the source of the calibration signal with almost the same
frequency as the master clock’s one. To provide the offset of 25 ppm the coefficients
40000 and 40001 are needed. For longer VCXO periods the coefficient B is
correspondingly greater. Although such offset provide a very small step of covering
the interpolation interval (0.25 picoseconds for the typical master clock frequency of
100 MHz), the numbers of division coefficients are too big for synthesizing a quality
pulse signal — the delays between the charge pump actions are too long. This step is
preserved if longer periods of the calibrating signal are required by the proper choice
of division coefficient. For example division coefficients of 10-n + 1 (n — integer)
provide this step.



To improve the quality of the synthesis an additional PLL based on very high
frequency voltage controlled oscillator VCO (GHz range) can be employed. The
synthesizer consists of the two PLL stages (referred as PLL; and PLL,), each of them
containing phase-frequency detectors with charge pump (PFD/CP), passive low pass
filters (LF), integrated VCOs and frequency dividers (Fig.1.7).

Master
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1 }:'_ PLL

L’ Calibration

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

Fig.1.7 Block diagram of time base and calibration signal synthesizer

It was assumed that using prime numbers for coefficients of frequency dividers
could allow synthesizing frequencies, which would result in desired small steps of
covering the interpolation interval. The period of the calibration signal T¢, obtained
by a dual PLL scheme (PLL; and PLL,), is expressed as:

M,-M,

T, =T
c R N,-N,

where Tx — master clock period, N; — PLL; feedback frequency divider , M; — PLL,
output frequency divider, N, — PLL, feedback frequency divider, M, — PLL, output
frequency divider. The calculated step of interpolation interval covering for particular
values of parameters of the above described dual PLL (Tz=10ns, N;=40, M;=4-67,
N>=251, M>=11-1023 — key prime numbers are underlined) is approximately 4 ps.

Two PLL chips AD9524 (from Analog Devices) have been employed in an
experimental calibration signal synthesizer. The experimental studies have been
carried out on the base of the existing event timer AO33-ET [1.2]. The results of the
test measurements performed over a considerable temperature range with regular
recalibration are given in Fig.1.8a. These results can be compared with the
measurement results obtained by using a stand-alone crystal oscillator as a calibration
signal source. As can be seen, there are evident inappropriate spikes of obtained RMS
precision among measurement results (Fig. 1.8b) for the case of the stand-alone
calibration signal generator. In the case of using the experimental synthesizer the
spikes are excluded.
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The proposed technique of the event timer calibration, which is based on using a
dual PLL for the calibrating signal generation, proved to be effective. Experimental
tests have shown that this technique reliably supports maximum nonlinearity error
about 0.5ps (RMS). The expected timer precision is maintained irrespective of the
ambient temperature variations. This technique has a good potential to calibrate time
measurement instruments with adequate precision.

1.1.3. Event timing using the Time Position Estimation
of the Gravity Centre

The problem of the accurate estimation of the time position of the gravity centre
of an analog signal arises when conducting interpolation measurements of the time
instants of an event’s occurrence (the event timing problem) [1.7]. In interpolators
based on methods of digital signal processing, when an event occurs, a unipolar
analog signal is generated that is then digitized with a sampling rate of f, =1/T,
where Tk - is the sampling period. The time position of the analog signal within the n-
th sampling interval [nT,, (n+1)T,] is calculated by discrete samples, where 7 is the
number of periods of the reference frequency recorded by the counter.

Once the analog signal u(?)is sampled by ADC with frequency fk it is transformed
into a sequence of samples taken at the time instants {kT,}", where N is the number

of signal samples. In this case the position of the gravity centre of the sequence of
samples over time is described by:

N
D kulkT,]
=T ——.
D ulkT, ]
k=

1

In [1.8, 1.9] it has been shown that, when estimating the gravity center of an
analog signal by samples, a systematic error arises. The error depends on the modular
remainder of the time of the event occurrence #:

r=tmodTj.

Since the analog signal is generated at the time of the event occurrence this
modular remainder is equal to the signal’s time shift. The signal’s time shiftz is
measured from the beginning of the sampling period and can vary from zero up to Tk,
ie. 7 €[0,7T,).

Depending on the time shift systematic errors lead to the appearance of
nonlinearity in the interpolation dimensions [1.4]. Therefore, to compensate the effect
of systematic errors, it is necessary to carry out an additional correction of the
estimates of the time position of the gravity centre by a special correction function,
which is calculated in the calibration process [1.3].

New method to improve the estimation accuracy without additional correction of
the results is considered in [1.10]. The method is based on the estimation of the
gravity centre of a bell-shaped unipolar signal by spectral coefficients.



As shown in [1.10] the problem of estimating the phase delay time can be solved
as the problem of approximating a finite unipolar analog signal in the interval
[7,T, + 7] by means of the finite trigonometric series function

gt; M) =c,+ Z(an cosnw,t+b, sinnw,.t)
n=1
272' T .
Where @, =——and A= [co, a,b,...,a,b,..,a,, bm] is the vector of the

spectral coefficients of the approximating function, which are given by

n?

a,=A,cosp, (nw,),
b,=-A,sing,(nw,) .

Here and below, the superscript 7' denotes the transposition vector of a vector or
matrix. The phase delay time through the spectral coefficients is given by

1 b,
7,(nw,)=——arctg .
a

neo, ;

The value of the phase delay time at n =1 at the frequency @, can be taken for the
estimate of the time position of the gravity centre.

For the discrete time {kT,}}, the approximating function g(z,A) can be rewritten

as

glkT ;M]=c,+ Z [an Ccos (nka)ﬂfY )+ b, sin(nka)cTS )],
n=1
where k =1, 2,..., N . The estimation A of the vector of the parameters (spectral
coefficients) of the approximating trigonometric regression function g(z;X) is

determined on the basis of the minimum condition of the error functionals (least-
squares method):

n N
h=argmin ) {W[kT,]- glkT,; 11}
k=1

A A A

where A = [éo, a,b,,..a,b,,..,a, b, | isthecolumn vector of the estimates of the

regression coefficients (spectral coefficients). The estimation of the phase delay time
by estimates of the spectral coefficients at the frequency @, =27 /T, is given by

~ 1 é\l 71( é\l
T,(w,)=—aqarctg| — |=—"*arctg| — |
o, a, ) 2r a,

&

For a symmetric analog signal this expression is an estimate of the gravity centre’s
position; i.e.,

7=7,(o,).

When using the least squares method, the number of the processed signal N
samples should not be less than the total number of estimated regression coefficients



M =2m+1.

To meet these conditions with a small number of samples (3<N <7) the
generated analog signal should be such that the approximating function in the form of
the trigonometric series will contain the minimum required number of frequency
components m. This is possible if the shape of the analog signal is described by a
smooth function, i.e., by a function with a continuous derivative for all the finite
interval of the signal’s detection [z, T, +7]. These functions include the bell-shaped

functions.

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

{sin” (x), Vxel0, 7]
s(x)= ,
0, Vx ¢[0, 7]

where, in the general case, the exponent p can be a non-integer.

The effect of the interpolation measurements on the systematic errors and the
values of the difference between the values of the duration of the regression function
and the bell-shaped analog signal were studied numerically using a model. In the
computer simulation, the duration of the bell-shaped analog signal (“fourth order
sine”) Tu = 49.689 ns, the number of samples N = 5, and the sampling frequency was
100 MHz (sampling period 7, =10 ns). In the study of the systematic errors, the

sample quantization errors were not taken into account; i.e., it was assumed that at the
sampling points the sample values were exactly equal to the instantaneous values of
the analog signal.

The simulation shows that, when the durations of the regression function and the
analog signal do not coincide, a systematic error occurs of the interpolation
measurement nonlinearly depending on the time of the event occurrencer €[0,7)).

However, the magnitude of this error is sufficiently small compared with the
magnitude of the difference between the durations. As shown in Fig. 1.9 the nonlinear
interpolation measurement error does not exceed 1.5 ps with a difference of the
durations of +300 ps.
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Fig. 1.9. The systematic error dependence on the difference between the duration values of the
regression function and the bell-shaped analog signal



The effectiveness of the method of the interpolation measurement based on the
estimation of the gravity centre’s position of the bell-shaped signal can be illustrated
by the computer simulation results of the measurement of the time intervals between
the events of a periodic flow. In the simulation, the duration of the bell-shaped signal
was set in the range from 50 to 300 ns; thus, at the sampling frequency of 100 MHz,
the signal samples used in the processing varied from 5 to 30. The duration of the
interval between the events of the periodic flow was selected to be 37.87251131377
pus with the total number of events being 1000. To digitize the analog signals, a
program model of 12, 14, and 16 bit analog to digital converters was used. The
estimation of the time gravity centre position of the bell-shaped signal was carried for
two methods:

a) direct gravity centre’s position calculation through the samples;
b) gravity centre’s position estimation through the spectral coefficients.

The obtained results for the first method (upper curve) and for the second method
(bottom curve) are shown in Figure 1.10 for the “second order sine” and in Figure
1.11 for the “forth order sine” approximation of the bell-shaped signal.
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Fig. 1.10. Time interval measurement error dependence on the number of samples of the bell-
shaped signal of the “second order sine”
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Fig. 1.11. Time interval measurement error dependence on the number of samples of the bell-
shaped signal of the “fourth order sine”



The dependence of the mean root square error of the time interval measurement
on the number of ADC bits was numerically investigated, too. The results (Fig. 1.12)
suggest that the use of the 14-bit ADC to digitize the analog bell-shaped signal
approximated by the “fourth order sine” makes it possible to obtain a mean root
square error less than 0.5 ps in the processing of 5-10 samples when measuring
intervals.

12bit ADC 8

16-bit ADC

o —o—6— -

5 10 15 20 25 30
Number of samples

Fig. 1.12. Time interval measurement error dependence on the number of bits of the ADC.

1.2. Performance estimation of the Event Timing
System

Event Timer AO33-ET provides an extreme precision [1.2]. Therefore exact
determination of its characteristics in a commonly accepted way is impossible or, at
least, very difficult. For example, the widely used comparison method needs a
certified reference instrument with a much higher precision than the A0O33-ET. There
are only a few such instruments in the world and they are accessible only in
exceptional cases. For this reason proper methods have been developed for reliable
precision testing of each manufactured AO33-ET device.

Although, in fact, the A033-ET measures separate events, its precision is specified
for a time interval between two measured events. A total measurement error Az; of a
time interval 7; between any two measured input events can be expressed as follows:

Arj= B(t)+E(T;)+ &,
where: B(t) — time-varying measurement offset;

E(T;) — non-linearity error depending on the value of the measured time
interval;

& — unbiased random error.

Specific values of these error components completely specify the precision of the
AO033-ET device for most applications. Particular methods and means considered
below are intended for the experimental evaluation and specification of each
mentioned error component of the measurement error.

The errors caused by instability of the clock frequency and trigger errors are
beyond the consideration because the AO33-ET usually uses an external reference
frequency source and measures events presented by normalised pulses.



1.2.1. Stability Test - evaluation of the offset drift

Event Timer A033-ET has a single-channel configuration and measures all events
coming at either input of the ET-device sequentially in the same manner and by the
same means. As result the offset, as a systematic error in time interval between two
events, can occur if and only if these events arrive at the different inputs of the ET-
device. This offset is caused by the difference between internal propagation delays of
input signals before they reach the common measurement node. The difference of
these delays and their variation with the change of ambient temperature is the only
reason for the offset drift. Typically the temperature stability of the offset drift is well
under 1 ps/OC and depends on particularities of the electronic chips used for specific
ET-device.
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Fig.1.13. Test setup for offset drift evaluation

The test setup (Fig.1.13) contains a self-made Test Signal Generator W06, which
generates a low-jittered periodic pulse signal. To estimate the generator W06 jitter the
special method was used [1.11]. The deviation of the generated period was estimated
about 0.8 ps RMS. This signal is symmetrically split into two inputs of the ET-device
providing minimal and equal propagation delays and almost identical test signals. As
in the case of other tests considered earlier, the ET-device under test is housed in an
incubator which provides the ambient conditions in accordance with a carried out test.
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Fig.1.14. Event sequences at ET-device inputs

During tests the A033-ET measures test signals cyclically so that in the beginning
of each cycle it captures a single event coming at the input A, and then - two events
coming at the input B (Fig. 1.14). Under these test conditions the time interval T4p is
measured with some offset, but the time interval Tgz — without any offset by definition.



Correspondingly, the difference b; = T4p — Tpp is an estimate of offset value under
current test conditions.

The test software opens and closes inputs A and B of the A033-ET to provide the
measurement of corresponding events in each cycle and calculates the value b;. The
precision of the estimation b; is considerably distorted by both the test signal jitter and
random errors of event measurement. This distortion results in a certain evaluation
error and such errors can dominate over offset drift. Taking into account that the
offset drift is quite a slow process the test software averages 10000 sequential single

estimates to minimize the evaluation error. This provides RMS of evaluation errors
about 0.2 ps.

Together with the offset estimation the test program monitors the temperature in
the incubator (the ambient temperature for the A033-ET), and displays the offset drift
and temperature as functions of time.

Figure 1.15 demonstrates the result of the stability test for a particular AO33-ET.
As can be seen, the offset variation is related to slow ambient-temperature changes in
the range from 20 to 25 °C and is less, than 0.2 ps/°C. Generally this parameter value
is specific for every particular ET-device under test.
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Fig.1.15. Offset variation at slowly changing temperature

1.2.2. Linearity Test - evaluation of non-linearity errors

The single-channel configuration of the AO33-ET provides many benefits, but also
brings about specific limitations in event measurement. The A033-ET needs from 40
up to 50 ns for single event measurement. During this “dead time” new events are not
logged. But even after this time there is some damping transient, which affects a next
measurement. The effect of that depends on the time interval from the previous
measured event.

Typically the non-linearity of the AO33-ET does not exceed a few picoseconds
and is most noticeable for intervals close to “dead time” in the range up to 150 ns. But
in the range exceeding 2000 ns the non-linearity is negligible. The linearity test is

dedicated to define the dependence of non-linearity error from the measured time
interval.
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Fig.1.16. Test setup for linearity measurement

The test setup (Fig.1.16) contains two stand-alone mutually unsynchronized
sources of test signals. One of them is the above mentioned Generator W06. Its period
is surely greater than the length of transient process. Generator A is a NIM pulse
generator without special requirements to its precision and stability (in our setup the
generator AFG 3251 was used). It generates the pulse sequence with period greater
than three periods of W06.

In such conditions for any event at the input A there are at least 3 events at the
input B and the interval Tag is changing in the range from the “dead time” value up
to the W06 period (Fig.1.17). The events 3 and 4 are not affected by the transient
process by definition, but the event 2 may be affected if the interval Tup is less than
the transient process. Taking into account the short term stability of the W06 the non-
linearity error for Tap will be defined by difference E(Tap) = T — Tro.
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Fig.1.17. Event sequences at ET-device inputs

Other similar quads give non-linearity errors for some other, naturally randomized
values of time interval 745. When a number of such quads are large enough, a set of
values {E;} corresponding to increasing time intervals Tup characterizes a linearity
function.

The test software separates the event coming at both inputs of A033-ET,
calculates the corresponding intervals to get the non-linearity values, and displays
results. Due to the big internal memory size of AO033-ET (16K events) the
accumulation of measured data and data processing can be carried out in parallel.
While new data are accumulated the previous data are processed.

However these calculated values of linearity function include the evaluation errors
caused by test signal jitter and random errors of event measurement. Typically the



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

Although the method is applicable for a wide range of time intervals (up to
hundreds of ms) the AO33-ET are normally tested in much smaller range, where the
non-linearity is really expected. Figure 1.18 demonstrates a typical result of the
linearity test. Total number of measurements was about 500 million (about 7900
initial estimates for each 1 ns increment).

It can be simply concluded from the test result that the non-linearity does not
exceed 1 ps. However there is some appreciable difference between variances of
measured values in the first sub-range up to 2048 ns and in the second sub-range
exceeding 2048 ns (the calculated standard deviations: 92 fs and 64 fs,
correspondingly). The reason is that the values in the second sub-range are practically
only evaluation errors, but the values in the first sub-range are sums of non-linearity
errors and evaluation errors. Assuming that these errors are statistically independent,
it can be simply calculated that the RMS of non-linearity errors in this case is about
66 fs. In the very beginning of the range (up to 150 ns) the non-linearity is a little
higher.

1.2.3. Resolution Test - evaluation of random errors

The Event Timer A033-ET performs event measurement with some random error,
resulting in random errors of calculated time intervals between the measured events.
The standard deviation of the time intervals is of primary interest as it characterizes
precision most adequately. It is a common practice to call this parameter “single-shot
RMS resolution”, keeping in mind comparing readouts from the same instrument.
The AO33-ET provides the single-shot RMS resolution better than 5 ps under
conditions, when input signals conform to the specified requirements and long-term
instability of an external frequency standard is negligibly small during measurement.



AO033-ET

Y

A Measurement
__________________ ET-device software
i ETTG-1 L-1»B
----------------- A
10 MHz Test software

timebase \PC J

Fig.1.19. Test setup for resolution monitoring

The simplest and demonstrative way how to specify the RMS resolution is to
perform the direct repetitive measurement of a test signal that has a jitter much
smaller than expected random errors produced by the instrument. The test setup
(Fig.1.19) contains the self-made Event Timer Test Generator ETTG-1. It can be
switched at one of two inputs for each input test. The generator has low jitter (about
0.6 ps RMS [1.12]) and test signal period T = 20484.57... ns which is not a multiple
of the AO33-ET master clock period (10 ns). The last ensures uniformly distributed
measured events within the interval of interpolation so that the evaluated resolution
concerns all possible cases of event measurement.

Test software carries out the direct repetitive measurement of the test signal with
predefined period. In each cycle 16K sequential single-shot measurements are
accumulated in the internal memory of the ET-device. In parallel with data
accumulation, the test program processes the previously measured data to calculate
the standard deviation and displays it together with registered temperature versus time.
It is assumed that the deviation of external reference frequency during such
measurements (about 336 ms) does not have a noticeable impact on the test result.

Figure 1.20 demonstrates the test result, when the ET-device is placed into
incubator that provides the slow temperature change in the range 20 to 25 °C. The
calibration was done at temperature 22.5 °C. It can be seen that at the calibration
temperature the RMS error is minimal. But the resolution degrades in line with the
temperature drift (negative or positive). In the case of small drift this degradation is
acceptable because the resolution does not exceed the one specified for the AO33-ET
(<5 ps). It must be noted that such estimates are slightly overstated due to an
inevitable test signal jitter and the true RMS resolution of A033-ET is slightly better.
Generally the best resolution and its temperature stability are slightly different for
every ET-device under test.
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1.2.4. Conclusion

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

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

- full automation of the tests and using of very large statistics to minimize the
evaluation errors;

- there is no necessity of complex and expensive test instrumentation.

It is shown that the long-term instability of the AO33-ET precision parameters is
caused mainly by ambient temperature variation. This factor as a rule is taken into
account by the end-users, who are placing the measurement instrumentation in closed
cabinets with stabilized temperature.

Although currently the test methods are applied for testing the A033-ET, they also
can be used for testing other event timers with similar architecture.

1.3. Event Timing System prototype for Sattelite Lazer
Ranging

The Riga Event Timing System (RTS) was designed and built in 2006 for Riga
SLR station to upgrade its measurement equipment. The RTS maintained the basic
functional possibilities of the previous Riga timing system, but was enhanced in many
essential respects. Specifically, the RTS was based on employment of the previous
model of the Riga Event Timer A032-ET [1.12].

A new system design is made to integrate the most of specialized hardware means
with the latest model AO33-ET, which provides much better single-shot resolution (3-
4 ps RMS instead of the previous 10 ps) and smaller ,,dead time* (50 ns instead of the
previous 60 ns). There are new functional possibilities of digital signal processing and
system control that will increase [increases] the SLR efficiency. Some optional
functional capabilities are added for experimental investigations with the aim to
improve the performance of Riga station as a whole.

All the special features of the previous RTS are left. They include the pre-
processing of STOP pulses coming from either traditional single or special doubled
receiver based on Photo Multiplier Tubes (PMT). The doubled receiver generates the
pulses overlapping only when the true STOP pulse is being received. It makes
possible to reduce the noise influence, when the satellite ranging is performed by day.
Like the previous Riga timing system the new system performs PMT pulse amplitude
measurement to correct the range bias.

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

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



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

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

e Measurement of pulse noises.

Structurally the RTS combines the RTS hardware and a PC with the RTS software
(Fig.1.21).
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Fig. 1.21. RTS architecture

Additionally the RTS includes two commonly used external devices: Time and
Frequency Standard and Constant Fraction Discriminator (CFD).

1.3.2. The RTS hardware

The RTS hardware contains three functional units: Signal Processing block (SPB),
Event Timer Block (ETB) and Master Clock; each implemented as a separate board.
These boards and their power supply are housed in 19°° 2U rack module.

The SPB receives the PMT pulses (3 to 7 ns width range; -0.1 to -3.0 V amplitude
range) and, in interaction with the CFD, produces normalised NIM pulses for the ETB.
The ETB measures time instants of these pulses and START pulses coming. Then the
measurement results come to PC for further data processing, displaying and
memorizing. The Master Clock represents a voltage-controlled crystal oscillator
disciplined by an external high-stable 5 or 10 MHz reference frequency using PLL
circuit. It generates a low-jittered 100 MHz clock signal required for precise event
measurement and synchronization of SPB operation as a whole.

The SPB performs a few basic operations with PMT pulses before their
measurement by the ETB (Fig.1.22).
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At first it selects PMT pulses, which probably conform only to the returned laser
pulses. To do that either single (“PMT-1 IN”) input or two (“PMT-1 IN” and “PMT-2
IN”) inputs for PMT pulses can be used. In the last case it is supposed that the PMT
pulses overlap only when the true return is being received. In the case of concurrency
of these pulses one of them (“PMT-17) is selected using the wideband switch. Such
selection acts together with the online programmable gating provided by the ETB.

The selected pulses from the switch output come to the CFD. The CFD generates
normalized NIM pulse in response to each input PMT pulse. This NIM pulse comes to
the input “FROM CFD” of the SPB. However the CFD cannot fully avoid the time-
uncertainty of PMT pulse coming. For this reason the amplitude of each PMT pulses
is additionally measured as the amplitude values are related to the range bias. To do
that, the Amplitude-to-Time converter generates the NIM pulse in response to the
same PMT pulse with some delay proportional to the PMT pulse amplitude. In this
way every selected PMT pulse is being converted into two NIM pulses, where the
first one represents directly the returned signal and time interval from the first pulse to
the second one reflects its amplitude (Fig.1.23). Resolution of such amplitude
measurement is about 9 bits.
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Fig. 1.23. Time diagram illustrating PMT pulse amplitude conversion

Then, the ETB measures time instants of these pulses and START pulse coming at
each ranging cycle so as to give out complete data for further satellite ranging. As
shown in [1.12], the mentioned technique of PMT signal amplitude measurement
makes it possible to effectively correct the range bias caused by the PMT features.

The ETB precisely measures the instants at which input events occur. Every event
is associated with certain fixed point on the leading edge of input NIM pulses. Used



method of event timing is untraditional in many respects. Specifically, it supports not
only high precision, but high speed as well. Using 100 MHz internal clocks this
method provides each single measurement with 7-8 ps RMS resolution during 60 ns
only.

The event measurement is performed in two stages. At first, the ETB transforms
every input event into single 64-bit timing data block (subsequently referred to as TD-
block) and sequentially accumulates them in a FIFO memory. Each TD-block
contains the counting data (39 bits; 10 ns resolution) and interpolating data (24 bits),
as well as one-bit mark specifying the kind of measured event (either Start or Stop).
The interpolating data are presented initially in an intermediate redundant form.

At the next stage the PC takes out TD-blocks from the FIFO memory and
processes them to obtain the corresponding epoch time-tags in a unified form. Further
these time-tags are additionally processed to display the ranging results in real time.
To achieve the best precision, processing of TD-blocks takes into account the actual
physical characteristics of time interpolation under actual operating conditions; these
characteristics are defined through so called scaling (hardware calibration) before the
measurement.

The ETB is flexibly controllable and allows writing TD-blocks in the FIFO
memory and reading them by the PC in different order. Specifically, the RTS provides
cyclical measurement of events. In the beginning of each cycle the RTS measures a
single Start-event, and only then - a number of Stop-events. According to the modes
of RTS operation, the ETB measures up to 3 events in the System calibration and
Satellite ranging modes, up to 5 events in the “Integrated mode” and up to 16K events,
when pulse noise is measured. In all cases the ETB at first accumulates TD-blocks in
the FIFO memory during some defined waiting period, starting from Start-event
registration. During this time the PC processes TD-blocks that have been read out
from the ETB in the previous cycle. Then the PC stops the event registration, reads
the currently accumulated TD-blocks and allows starting the next similar cycle. The
waiting period is strictly adapted to the repetition rate (10 Hz) of RTS operation.
Optionally the RTS can provide the repetition rate up to 30 Hz.

In addition to the event measurement the ETB generates NIM pulses, which come
to the input “GATE IN” of the SPB to provide online programmable PMT pulse
gating.

1.3.3. The RTS software

The RTS software performs real-time procedures, which depend on the selected
operating mode, current user control, etc. There are also various auxiliary procedures
to prepare the system to operation (clock synchronization, calibration of measurement
hardware, system checking, and so on). For example, in the conventional Satellite
ranging mode the RTS software performs in real time the following procedures:

e periodically checks the ETB to detect the START pulse coming;

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

e after time-out stops the measurement, reads the data from the ETB, writes to it
a new data concerning the STOP pulse gating and makes next cycle available.



Correspondingly the data processing performed during the time-out includes:
e conversion of TD-blocks to the unified form of epoch time-tags;

e calculation of the gate delay and residual, time interval reflected the STOP
pulse amplitude and new data concerning the STOP pulse gating in the next
cycle;

e displaying (Fig.1.24) and memorizing the measurement results.

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

bottom plot indicates amplitudes of PMT pulses

1.3.4. Conclusion

As compared to the previous version of RTS, the new system offers better
performance in terms of accuracy, functionality, and reliability in operation. This
provides a good basis for further advancing the Riga SLR Station as a whole.

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

Network Timing System (NTS) has been developed to provide the time
measurement not in situ, but from any place with a PC, which is connected to the
Internet. NTS allows remotely controlling of the measurement process, get timing
data and do any processing and visualization of collected information. In this case the
developer of Event Timers can do any modifications in hardware and software, and



use any existing PC interfaces with the Event Timer hardware to provide the better
performance only saving the existing NTS application protocol based on TCP/IP
stack. In turn the user should not know about the hardware interface problems and
deal only with the processing of timing data for its specific application.

1.4.1. Architecture

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

The AO033-ET is considered as a combination of a specialised timing device
(subsequently referred to as ET-device), and a computer with a specialised Server
program (subsequently referred to as ET-server) dedicated both to manage the ET-
device and process timing data obtained from it (Fig.1.25). In this case the ET-client
is a PC with a user program having the TCP/IP application protocol stack and running
user-specific application. In some cases a single PC under MS-Windows can serve as
both the ET-server and the ET-client although use of separate PC for the ET-server is
preferable to achieve the highest operating speed.
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Fig.1.25. Network architecture of the A033-ET

1.4.2. Principles of operation
The AO33-ET performs the timing of input events in two stages.

At first, the ET-device transforms every input event into a single 64-bit timing
data block (subsequently referred to as TD-block) and sequentially accumulates such
TD-blocks in a buffer memory. Each TD-block contains the rough data (39 bits) and
interpolating data (24 bits) about the time of event incoming, as well as one-bit mark
specifying the input (either Input A or Input B), where the measured event came from.
The rough data defines the time-tag in 1.5 hours range approximately, meaning that
the time intervals between adjacent events can be this long. Totally, such stage of



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

There are two successively connected FIFO-memories to accumulate the TD-
blocks. First (highest-speed) FIFO-memory capacity is 1K events and it works with 4-
byte words. The data from it are rewritten into second FIFO-memory with 8-bit input
bus. In such combination the maximum burst rate is 20 MHz for 2,600 sequential
events. Second FIFO-memory capacity is 16K events and it supports the maximum
burst rate up to 12.5 MHz. However, the maximum average rate is considerably
limited (down to tens of KSPS) by the carrying capacity of the ET-device interfacing
with the ET-server.

TD-blocks represent the corresponding time-tags in the implicit form and should
be additionally processed. Correspondingly, at the second stage of measurement the
ET-server takes out TD-blocks from the ET-device and processes them to obtain the
epoch time-tags. To achieve the best resolution, certain specific parameters of such
processing are defined through ET-device calibration under current operating
conditions.

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

e Continues mode, providing continuous (gapless) event measurement during
practically unlimited time; and

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

For user convenience, these two modes are implemented by different Server
programs. These program are working under MS Windows, but can be translated into
other operating systems. In AO33-ET current version it works with the device via PC
Parallel Port. The special configuration file contains Parallel Port addresses and TCP
port address, it can be edited in the Notepad in accordance with PC resources and
hardware configuration. After the ET-server starts it writes own Network address into
the same configuration file. This address should be used by any ET-client, which
wants to work with this ET-server.

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

The ET-server firstly recognizes the hardware, which is connected to the Parallel
Port address from the configuration file. If the hardware is A033 and it is operable the
panels indicate the port address and the device serial number. In operation session
LEDs of these panels will indicate an actual state of the Event Timer in process of its
further operation under network control from the ET-client. A click on the “HELP”
button opens the message panel with short information about the A033-ET, control
panel button functions and LED meaning. A click on the “QUIT” button stops all
processes and closes the ET-server program.
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Fig.1.26. Indicating panels of the ET-server for:

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

In Continuous mode the ET-device continuously accumulates TD-blocks in own
memory in order of measured events incoming. Concurrently with this process, the
ET-server continuously monitors the current state of this memory with some user-
defined period Ty to detect the state, when the amount M of TD-blocks exceeds the
user-selectable value (2k — 1) TD-blocks, K =4, 5, ..., 11. The rest of the buffer
memory capacity is used to absorb possible bursts of the input event rate.

When the specified memory state is detected, the ET-server takes out M TD-
blocks from the ET-device, processes them and sends the corresponding time-tags to
the ET-client (Fig.1.27). Such procedure is being cyclically repeated. In this way the
continuous event recording goes together with cyclical timing data processing and
sending the time-tags to the ET-client via TCP/IP interface.

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

In any specific application the monitoring period 7), and the amount M of TD-
blocks can be adapted to the expected mean rate R of event measurement to avoid
FIFO memory overflow. Generally the period T), has to be defined so that it is a little
less than the mean time M/R of accumulating M TD-blocks in the FIFO memory in
view of the rate R.
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Fig.1.26. Time diagram of the measurements in Continuous mode



Note that the values M = 255 and Ty, = 15 - 25 ms are applicable for any rate
R<10 KSPS of continuous measurement. However, when the actual rate is much
lower than 10 KHz, the accumulation time of TD-blocks before being read by the ET-
server can be too large, resulting in too large delay of receiving the first time-tags by
the ET-client. In some cases this may cause problems with real-time operation of the
ET-client. In such cases it is recommended to decrease the M value as far as possible.

In Cyclical mode the special input control is used. In the beginning of each cycle
the ET-device opens Input A only and waits a Start-event coming at this input of the
ET-device. After that ET-device closes the Input A and after delay Tp; opens the Input
B for Stop-events (up to 16K) coming at this input (Fig.1.27). The gate delay Tp; is
online programmable by the ET-client in a wide range with 10 ns LSD resolution.
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Fig.1.27. Time diagram of the measurements in Cyclical mode

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

During the waiting period Ty the ET-server can receive a command from the ET-
client to restart the measurement with modified gate delay. In this case the next
measurement cycle will be performed with a new gate delay. For example, the restart
command containing a modified gating parameter can be cyclically sent by the ET-
client in response to each received batch of timing data. In this way an online cycle-
to-cycle controllable gating is possible (this is shown in the following part). However,
it should be taken into account that the TCP/IP network may produce some
unexpected delays of real-time data exchange, resulting in episodic loss of
synchronism in such interactive operation at high (more than tens of Hz) repetition
rate of measurement cycles.



The minimum available cycle duration 7¢ (i.e. maximum cycle repetition rate)
depends on the amount of TD-blocks, that the ET-server reads, and actual network
performance to provide necessary network interactions. That should be taken into
account while choosing the parameters Ty and M so that they are well adapted to the
specific measurement conditions.

Generally the Cyclical mode is oriented mainly to applications with cycle
repetition rate up to tens of Hz (this is the case of routine Satellite Laser Ranging).
But if the M value is not too large (<10) the cycle repetition rate up to hundreds of Hz
is quite practicable. In any case it is recommended to define the waiting period Ty as
long as possible in view of the expected rate of Start-event repetition.

1.4.3. Controlling the Event Timer

The AO033-ET operation is fully controlled by the ET-client via TCP/IP network.
Initial ET-client actions for connection with one of the activated ET-Server and for

ET-device arming to following measurements are executed via special server setting
panels (Fig.1.28).
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Fig.1.28. Server setting panels of the ET-server for:

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

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

The control procedures, available during the Session, include three preparatory
procedures, which are identical for Continues and Cyclical modes:

e  Calibration; the procedure renews the correction function of TDC;

e Time synchronization; the procedure synchronizes the internal time scale with
GPS;

e  Time monitoring; the procedure for monitoring of the internal time scale.

The forth preparatory procedure - setting - differs, because the arming parameters
are different for Continues and Cyclical modes. For example, as it was explained
above, the Waiting time in Cyclical mode defines how long the ET-Server will wait



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

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

Calibration procedure (button “Start”, Fig.1.28) adapts the AO33-ET to the actual
operating conditions to achieve the best measurement precision. It includes the
statistical identification of the ET-device physical characteristics under current
operating conditions (mainly — under temperature conditions), modification of the
processing parameters in a view of the identified characteristics, and self-estimation
of an actual measurement precision offered after the calibration has been performed.

The AO033-ET offers the best single-shot RMS resolution directly after calibration
in steady-state operating conditions. Thereafter an ambient temperature variation can
impair the RMS resolution.

As can be seen, the AO33-ET supports the nearly best RMS resolution in the range
of £2°C of ambient temperature variation (in relation to the temperature, when the
ET-device has been calibrated). If the ambient temperature has changed markedly
more after the latest calibration, the next calibration restores the best resolution.

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

After completing the calibration procedure the ET-sever sends to the ET-client an
estimate of actual precision (RMS resolution) that is offered for the following
measurement. Typically this estimate should be less than 5 ps.

Normally the calibration procedure lasts about 20 seconds. It may be repeated by
the ET-client at any instant, for example, with the aim to check once more the offered
precision of measurement or refresh the previous calibration result.

Time synchronization procedure (button “Sync”, Fig.1.28), as well as the next
procedure of time monitoring, can be performed only if 1 pps sync pulses and 10
MHz reference signal are strictly synchronized (i.e., they come from a common Time
and Frequency standard). If this condition cannot be supported, both of the mentioned
procedures can be omitted. In this case the Event Timer will be able for further
operating, but output time-tags will not be synchronized to the Standard Time scale.

The procedure synchronizes the timer’s clock with 1 pps sync pulses, using the PC
system clock to define the reference time. After this, if the PC system clock is not
synchronized with the Standard Time scale, the time can be corrected by the arrows
buttons in the ,,time correction” area (Fig.1.28).

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



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

In the following two parts the measurement procedures for Continuous and
Cyclical modes with the corresponding settings are considered.

1.4.4. Measurements in Continuous mode

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

1. “Triggering” (either “INT” or “EXT”). If the “EXT” is chosen the start of a
measurement will be additionally synchronized by an external pulse at the
input “TRIG IN” of the ET-device; in the case of “INT” choice the
measurement will be enabled directly by the ET-client, without additional
synchronization;

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

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

The second and the third parameters should be set in a view of expected mean rate
of event incoming. Generally the values Cycle duration = 15 ms and Number of
Events = 255 are acceptable for any rate, but can be non-optimal for the specific case.

Clicking the button ,,Send Settings to Server* leads to sending these three setting
parameters and the previously defined time correction value (see above) to the ET-
server.

As an example of the measured input signal the self-made Event Timer Test
Generator ETTG-1 is taken. ETTG has two outputs for Start pulses and Stop pulses
with controllable dividers and has very low jitter about 0.6 ps RMS [1.12]. Timing
diagram of these pulses is shown in Figure 1.29. In this example ETTG generates two
periodic sequences of test pulses that come at the Inputs A and B of the ET-device so
that a group of 1023 periodic Stop pulses follows after each periodic Start pulse. The
total rate of incoming the input pulses is about 16 KHz.

Start pulses (Input A)
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Fig. 1.29. Test pulse sequence for Continuous mode

Once the user pushes the button ,,RUN* (Fig.1.30) the measurement starts. During
the measurement the ET-server cyclically sends the batch of M time-tags to the ET-
client. Each time-tag is presented by two integers: data0 and datal, specifying the



time instant in the range 24 hours with 1 ps LSD resolution. Sign of the data0 defines
the input of the ET-device, where the measured event came from. To calculate the
event time from {data0, datal} the following simple expression is used:

timeli] = (data0)x327680 + (datal)/1000 [ns],

where possible negative sign of the dara0 is set aside. Note that the size of batch
received by the ET-client can differ from the size of batch sent by the ET-sever.
Generally the TCP/IP protocol affords both splitting and merging the batch of data
blocks to send it by the sequential packets depending on the actual network
performance and load. This should be taken into account for the specific data
processing by the ET-client.
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Fig.1.30. Example of interval measurement in Continuos mode

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

(4] pEMO Subsystem A033.1-C1 _ o] x|
L\Q Intervals: = 50135; MEAM = 62600510 ns, RMS = 3.3 ps Amount §| sO000
6250035240 - o
62500522 5 o o o o o o o o o o =]
a @ o o o 9 o o o o | m o oo o oo o
6250052005 = P SO S O S S Bt R PR o e
Gar G| GCOC OEDT  GNT D OO0 ONT O OB T @ O0COOE S0 GODO O MINE 0 DECSDE ©om o
TS ——— o et iy . ————
o
2,
£25005150
¥
& e2s005125-
& 625005100
& -
P 62500307 5~
H
2 #25005050
£25003502.5 -
COTO00 CD I ¢ G0 WTAD BOT oD GDCED e JIEOS © LD 4 G TS DD THTG EMC T MW T 6 0D SIS 0
625005000 & o @ose cm oo oo Goomm e 6o W @ Dom Em o oD oo ooEe P P ———— i
cb o oms oo cooeo o o mo@me o s o o o wowmo o o oo
o o o n 5 o a
A25004970 -, | ] i o i i i " ~ \
5000 10000 15000 20000 25000 30000 33000 Eulilii] 43000 S
Tire-tag serial nurher
FILE sl
Graph W Zoom contral - >
SERVERI RUN| STOP  oinis v | IY Zoomoml 'zeCalquategl SaveBIN] SMASCII] QUIT I\_)

Fig.1.31. Deviation of intervals between the measured time-tags



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

1.4.5. Measurements in Cyclical mode

As in previous mode to start measurement the ET-server should get necessary
settings. The ,,Triggering” parameter is the same, but the others are as follows
(Fig.1.28):

e . Cycle duration® [ms] (the period Ty defining the waiting time for Stops

events);

e _Number of Events* (the maximum number M of TD-blocks that can be
accumulated in one cycle).

The Cycle duration and Number of Events should be set in view of expected rate
of Start-event incoming.

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

To demonstrate the system work in Cyclical mode the Gate control is used. These
gates are generated as the time-out values in form of periodic triangle function within
the range from 1 us up to 7000 us and increment/decrement step 10 us (Fig.1.32).
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Fig.1.32. Gate control panel

A new value is generated at each Start event and represents a parameter in the
start command, which ET-client sends to ET-server. This parameter acts for every
measurement cycle as long as a new start command with other parameter will come.
During the measurement the ET-client repeats the start command after acceptance of
each data batch.

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

A new value of the Gate delay is generated at each Start event and represents a
parameter in the start command. This parameter acts for every measurement cycle as
long as a new start command with other parameter will come. During the
measurement the ET-client repeats the start command after acceptance of each data
batch.

The ET-server cyclically sends to the ET-Client the time-tags obtained in every
measurement cycle. Like in Continuous mode, each time-tag is presented by two
integers: data0 and datal. Sign of the data0 defines the input of the ET-device, which
provided the measured event (Start-event/Input A or Stop-event/Input B).
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Fig.1.34. Gate delay variation during the measurement in Cyclical mode

In Figure 1.34 values of Start-Stop intervals, which are calculated from the time-
tags, are shown in blue and present the Gate delay parameter. The red point shows the
intervals from Stop to the next Start. When cycle repetition rate is not so high, gapless
online control for gate delay is quite possible. Figure 1.34 illustrates such ability for
120 Hz cycle repetition rate. In this case there are no any gaps in delay control.
However, the highest available rate of gapless Gate control may depend on the
various objectives, e.g., the actual performance and charge of PC.



1.4.6. Conclusions

Network Timing System on the basis of the AO33-ET provides network interface
using standard set of TCP/IP application protocol to interact with any remote
application requiring precise event timing. Such interfacing is well suited for
designing distributed multi-user event timer systems, where user’s application
software is separated from the specialised software supporting event measurement. In
this case the user’s software can fully remotely control the AO33-ET operation. The
configuration of distributed Network Timing system can include many ET-clients and
ET-servers. For example, it can be one ET-client in a big town and it connects to the
ET-servers, which are located at SLR stations along the path of the observing satellite,
and gets the tracking data from these SLR station. Or in turn, if the ET-server is
placed in the Scientific Research Centre many ET-clients can connect to this ET-
server in time-sharing mode to execute own physical experiments.

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

The method considered in this section is focused on the problem of reducing the
complexity of analog input signal digital filtering and parameter estimation [1.13]. To
reach this goal, specific digital representation of the analog signals is used. Crossing
events of the input signal and a generated sinusoidal reference function are timed and
sequences of these time instants are used for representing the analog input signals. As
it is explained in [1.14], using this type of digitizing signals leads to obtaining
constant envelope digital signals. Due to this unusual property of the used approach to
digitizing, a wide variety of signals then can be converted into a specifically sampled
sinusoidal function characterized by a given frequency, amplitude and phase angle.
That makes it possible to perform digital filtering of this type of digital signals by
using the required filter impulse response function for modulating this sinusoidal
function, sampling of it at the time instants according to the digital representation of
the respective input signal with subsequent calculations of the instantaneous values of
the filter output signals. They are then defined as averaged values of the mentioned
modulated sinusoid samples taken at the crossing time instants. This method for
signal complexity-reduced digital filtering and parameter estimation leads to
elimination of repetitious multiplications of a large quantity of multi-digit numbers
required in the case of traditional digital filtering.

Thus a specific approach to signal digitizing [1.15-1.20] is considered and
discussed in this paper. Time diagrams given in Figure 1.35 illustrate this approach
and they are explained in the following subsections. A sequence of time instants when
events of a signal and reference sine wave crossings occur is used in this case as the
discrete representation of the respective continuous signal. That leads to specific
conditions both for analog measurement signal digitizing and digital processing.
Various aspects of performing signal digitizing in this way are described in [1.21]. A
lot of attention is paid to using this approach to signal digitizing for multi-channel
data acquisition from a large quantity of signal sources [1.15, 1.16, 1.22]. Here the
emphasis is on the potential and advantages of this approach in the area of
complexity-reduced digital processing of measurement signals converted in the



considered way. While some aspects of this capability have been considered before
[1.22], the paper [1.13] is focused on the digital filtering application.

1.5.1. Timing of signal-reference crossing events

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

While usually the digital signal is formed as a sequence of the original analog
signal sample values x;, x», x3 ..., to achieve the complexity reduction of the
subsequent filtering process, it is proposed to perform the sampling operation as
shown in Figures 1.35. Specifically, a sinusoidal reference function is generated and
the analog input signal is digitally represented as a sequence of time instants when the
events of the input signal and the reference function crossings occur. This specific
digital signal fully represents the analog input signal. All types of input signals are
converted in this way into a sampled sinusoidal reference waveform characterized by
a given frequency f,, amplitude A, and phase angle ¢,.In other words, the information
carried by the original analog input signal is transferred then to this specific digital
signal. It is fully reflected by the points shown on the time axis as shown in Figure
1.35(b).

(a) Reference

Sine-Wave Signal x(t)

(b)

Digital signal reprezenting analog input

t t t t

t1 2 3 4

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

of the reference function are given.

These points indicate the time instants {#;/ when the crossing events of the
measurement signal and the reference function occur. Therefore the digital
representations of the original analog input signals can be given in the form of this
type of digital point processes shown in Figure 1(b). As the parameters f,, A, and ¢, of
the reference sine-wave function are a priori given, the original signals could be
reconstructed from such point processes {#/.



1.5.2. Basics of complexity-reduced filtering

The fact that input signals invariably are represented by the sampled reference
sinusoid of given parameters makes it possible to transform the expressions typically
used as the basis for digital filtering. To demonstrate this, the typically used approach
to filtering might be compared with the considered method.

In the case where filtering is carried out according to the conventional method, the
digital filter typically used for extracting the i-th frequency from the input signal x(#)
is characterized by a response function given as

h(t) = sin27f t

The estimate of a sample value y(,) of the output signal of such a selective digital
filter is calculated as follows:

2 N-1 2 N-1
y(t,)=—> x.h(t,)="—> x, sin27f;1,
Nk=0 Nk=0

Apparently N multiplications of the multi-digit numbers representing the sample
values of the input signal x(#;) and the response function A(¢) have to be carried out to
obtain this particular estimate of the respective single instantaneous value y(?,) of the
filter output signal. The considered here method makes it possible to obtain the same
estimate without execution of these N multiplication operations.

The method for the complexity-reduced filtering exploits the fact that the digital
representation of the input signal is a reference sinusoid of a fixed amplitude A,,
frequency f, and phase angle ¢, sampled at the time instants when crossings of it with
the input signal take place. This fact allows using of the respective sampling instant
sequence as the digital signal representing the input signal. That in turn leads to the
possibility of transforming the procedure of the considered selective filtering. If A, =1
then the estimation of the sample value y(#,) of the output signal of the selective
digital filter extracting the i-th frequency according to the invented method is based
on the following equation:

N-1
y(t,) = 2 D sin 27f,t, sin 27f 1,
N k=0

It reflects the fact that the required filter response is used for amplitude
modulation of the reference function and that each instantaneous value of the output
signal is calculated as the mean value of this amplitude modulated waveform.
Evidently this equation can be converted and given as:

y(tn)Z%ECOS 27z(fr —ﬁ)tk —Cos 27z(fr + f )tk

lel
=——>YH
)= D HE)

Therefore filtering in this case is simply reduced to averaging the sample values
H(t;) taken from the following function at the discrete time instants {#} digitally
representing the input signal:

H(t)=cos2z(f, — f, ) —cos2x(f, + f, &



As this function is derived as a product of the multiplied generalized input signal
waveform and the filter response function, it is denoted as H(t), it is called and
considered as a template for calculating the sample values of the filter output signal.
The dimension of the instantaneous values H(t;) of this template H(t) is equal to the
dimension of the respective input signal.

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

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

e Detecting the time instants of the input signal and the reference function
crossings.

e Timing the crossing time instants and forming a sequence of the respective
digital quantities.

e Generating the template for calculation of the filtered signal instantaneous
values.

e Positioning this template so that its middle point coincides in time with the
considered instantaneous value of the filter output signal.

e Sampling the properly positioned template at the crossing event timed instants.

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

e Initiating the following cycles of filtering by shifting the template into the
position for estimation the next output signal value.

This approach to filtering, in general, holds also for other types of filtering
performed on the basis of more complicated filter response functions. That is how the
digital representations of the input signals might be filtered and processed without
performing a large quantity of repetitious multiplications of multi-digit numbers.
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Fig. 1.36. Diagram illustrating filtering performed according to the considered method.

Figure 1.36. illustrates low-pass filtering performed according to this method. The
template H(¢) in this case is composed from a multiple cosine functions at frequencies
covering the given filter pass-band MAf with sufficiently small frequency steps Af as
follows:

H(@) = ﬁf lcos27(f, —inf ¥ —cos2z(f, +inf ]

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

To perform the filtering operation, time-limited H(?) is positioned on the time axis
so that the time coordinate of its peak coincides with time instant #, for which the
instantaneous value y, of the filter output signal is to be calculated. Template H(t) then
is sampled at the time instants belonging to row {#;}.The output signal instantaneous
value y, directly below the peak of template H(?) is calculated as the average value of
the particular set of the sample values H(#;) of the template corresponding to the given
position of H(t) on the time axis. To obtain the next output signal value y,.;, template
is shifted to the right for a time step A¢ so that its peak is positioned at the time instant
t,+; and the above procedure is repeated. In general, the averaged values of the
sampled templates represent the indicated instantaneous values of the output signal
shown in Figure 1.36.

1.5.4. Filter implementation specifics

As it follows from the described filtering procedure, a multi-port memory storing
the template H(t), and attached array of adders performing averaging of read-out



template values are in the core of this type of filters. This part of the filter structure is
shown in Figure 1.37. As can be easily seen, the basic advantage of the filter structure
is provided by the design simplicity of this core.

Filter Input (ty,...,t5)

L]

Multiport Memory

1]

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

1Y 1 |2 I3 |4 .....
Adder Adder| |Adder Adder

NN N

Adder Adder
Clk | |
Adder o
Filter Output
.

Fig. 1.37. Considered structure of the filter.

Specifics of the filter implementation on the basis of FPGA have been considered
and the expected basic parameters evaluated. As performance of the filter basically
depends on the design of this part of the whole filter, implementation of it as a FPGA
structure has been considered and expected performance evaluated.

While shape of template H(¢) obviously depends on the considered filter response
function, it depends also on the conditions for input signal digitizing. Specifically, on
the enabling function used at detection of the input signal and the reference function
crossing time instants. If this crossing event detection is enabled during half periods
of the enabling function as often is the case, then only half of the whole template
digital values has to be kept in the memory.

Next filter parameter essentially affecting the filter design is the number of
crossing points falling within the time span of the template. This parameter is similar
to the count of filter coefficients used in the case of traditional digital filters. It
depends on a several factors, such as the frequency of the enabling function used at
digitizing the input signal and the required filtering precision. Equally important
parameter is time resolution required at the crossing point detection. It basically
depends on the first derivative of the template function and the required precision of
the template sample values so that the needed time resolution can vary in a relative
wide margin from a case to case.

While there are also various other factors defining the design of this type of filters
and consideration of them is outside the scope of this paper, attention is drawn to the



fact that the mentioned multi-port memory actually consists of a number of basically
the same type autonomous blocks. Therefore the complexity of the filter core first of
all depends on the number of these memory sections and the capacity of them
measured in numbers of words and bits per word. The number of words stored in a
single memory section is reduced by using quantizing along the time axis.

Evaluation of the required filter resources were estimated using Altera Quartus
software and taking into account parameters of Cyclone Il EP2C70F672C6N FPGA
chip. Simulation results show that if pipelining is included in the filter functions then
the maximum frequency of the filter output data obtaining depends only on the
respective FPGA chip clock frequency as the delay related to the involved filtering
procedures are less than 10 nanoseconds. It means that in the case of the indicated
chip this frequency is 100 MHz. At 8 bit time value (7,,..., ty ) encoding for a memory
segment, the needed memory capacity is reasonable even at 128 memory segments
and then the memory does not slow down the systems clock frequency.

1.5.5. Conclusion

As the considered method for multiplier-less filtering has been developed recently
[1.13], there still are theoretical issues that have to be studied more to realize full
potential of this method. Nevertheless it is already practically applicable and
designing filters on the basis of it would lead to multiplier-less filter structures that are
complexity-reduced, energy-efficient and fast. Timing of signal and reference
function crossing events has to be carried out with good precision as performance of
this type of filters to a large extent depends on that. While FPGA chips can be used
for implementation of the described type of filtering, they do not contain
microelectronic elements for the required input signal encoding. So it seems that for
obtaining the best possible results in this area implementation of the considered
filtering method should be based on ASIC.
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2. Superplatjoslas tuvdarbibas impulsu radara
vairakantenu prototipa izstrade un ta ieguto signalu
efektivas apstrades optimizacija

2.1. Saskanojosas iekartas

Veikti pétijumi saskanojoSas iekartas (SI) izvelei uztvéréjam un raiditajam
virsplatjoslas impulsa lokatoram:

1.

saskanojoSas iekartas izvéle raiditaja, lai saskanotu ar simetrisku virsplatjoslas
antenu, saskanojoSu rezistoru nominalu izvele antenai Bow-tie;

saskanojosas iekartas izvéle uztvéréjam antenai Bow-tie, pétijums ar mérki
iegiit maksimali neizkroplotu signalu uztvereja:

a. saskanojosa iekarta — diferencialais virsplatjoslas pastiprinatajs;
b. saskanojoSa iekarta — transformators - gara linija;

c. saskanojoSa iekarta — platjoslas transformators;

d. saskanojosa iekarta — garas linijas pusvilna posms;

e. saskanojoSa iekarta uz koncentrétiem elementiem;

f. saskanojoSa iekarta — koaksialais transformators.

Tiek gatavota atskaite. Plasaks izklasts Pielikuma #1 (krievu val.).

2.2. Experiments with the 2D and 3D through wall

imaging systems

This work addresses object localization using UWB radio location in order to
study the possibilities to locate an object behind a wall. The work was drawn up to
solve topical problems in object positioning:

1.

creation of a model for antennae systems for both 2D, 3D and extended 3D
object localization;

establishing the algorithm of object localization and creation of a software
application that localizes objects using the 2D and the 3D model;

discussion of the methods for signal processing to improve object localization:
averaging and median approach, as well using the “window” and convolution
filter;

discussion of the summing of offset signals in order to improve the
signal/noise ratio.

The application of the methods referred to in this work resulted in a successful
localization of the object with sufficiently high accuracy of localization.



2.2.1. Antenna system with 2D imaging possibility

In this model, using three receiving antennas and one transmitting antenna, the
transmitting antenna is placed above the receiving antenna in the centre of the antenna

system. Such location has been chosen to symmetrically divide the received signal
between the antenna reflectors, see at Fig. 2.1.

Using three receiving antennas it’s possible to make more accurate measurement.
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Figure 2.1 Receiving antenna placed in the same plane on the line

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

distance between the object and antenna system and find out how far to the left or
how far to the right from centre of antenna the object is positioned.

Model (Fig.2.2) has been used to detect the relative position of object.

] "rll- ’//
| /;
III ._-’r o
I A
II // .
II .llll' - :
1 .I/ E
T -
c +* F

Figure 2.2 2D localization model



Let /,, I, and [, be the measured distances between receiving antennas and
object. It is known that the distance between antennas is a . This allows the usage of
formula which relates sides /,, /;and 2a of triangle with median /,:

L =112 +117 —a”. (1)

Due to inaccuracy of measurement, the formula (1) cannot be fulfilled. Let A/,
Al, nd Al; be the difference between real and measured distances. It allows speaking
of exact equation:

(lz — Al )2 = %(ll - Al )2 +%(ls - AL )2 —a’ (2)

with yet to be determined Al;, Al, and Al;. Assuming error of measurement to be

normally distributed random variable, A/,, Al, and Al, which fulfil (2) with the least
ALY + ALy + AL, 3)
can be viewed as the most probable values of error.

Solving (2) for Al; yields:

AL =1, + Jzz; —4L,AL +2AL; — 1} +2LAl — Al} +2a° (4)

or

Al =1, — Jzz; —4LAL +2A1; — 17 +2LAlL — Al} +2a* . (5)

Since /; >0 and square root of positive number is a positive number, (4) cannot
be the solution.

Substituting (5) into (3) gives expression:

G =Al} +Al; + (13 —~ Jzz; — 4L AL +2AL — 17 + 21, Al — Al +2a° )z , (6)

which has to be minimized with respect to A/, and Al,. In order to do it, let’s find
partial derivatives of (6):

o \l — 22 —4LAL + 2822 — 12 + 20\l — AIZ + 22 |21, — 2Al,) con )
. I, =212 = 4L,AL +2A12 — 17 + 21,Al, — AI> +24° 1

(13 —~ \/21,3 —4LAL +2AL — 17 +21Al, — Al +2a° X— 41, + 4AL)
I, =212 —4LAL +2A12 =17 + 2L Al — Al + 24

Gy, =- +2AL,.(8)

Equating (7) and (8) to zero, we obtain a system of equations. Solving it for A/,
and Al,, as a solution we obtain:

Al =-1(-1+H) )

and



AL :212(—1+H)

10
-2+3H (10)

where H is aroot of

(9 +912)z* + (— 1207 —1212)2° + (417 = 212 + 412 =184 )2 + 24a°Z —8a> = 0. (11)
(11) can be solved, for example, by dichotomy method. Substituting obtained Z in

(9) and (10), we obtain correspondingly A/, and Al,. By substituting obtained Al,

and AL, into (5), one can get the value of Al but it’s not required in determining the

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

determine the height of triangle (x position) and the size of side projection (y position).

We have made a computer program in C# to calculate object position using above-
mentioned theoretical substantiation. An example of its application is seen in Fig. 2.3.
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2.2.2. Antenna system with 3D imaging possibility

This model uses three blocks, each of which consists of one transmitting and one
receiving antenna, where the receiving antenna positioned adjacent to each of its
transmitting antenna, as seen in Fig. 2.4. Such a model has been chosen to accurately
determine the location of the object. Since the antenna blocks are separated by a
relatively long distance the reflections from other blocks can be viewed as a noise.

Using this type of antenna system, it’s possible to get data for object positioning
with 0,07m precision at 1,5 m distance. With 3D model it’s possible to determine the
distance between the object and antenna system and find out how far to the left or
how far to the right from centre of antenna and how high or low from centre of
antenna system the object is positioned.
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Figure 2.4 3D antenna system model

3D model (Fig.2.5.) has been used to detect the relative position of object.

3D localization algorithm is designed to detect the object position (coordinates)
along the x, y and z axes. This localization pattern is using three antenna signals
received by an antenna located in pyramidal form. Using the information received
from the three antennas it’s possible to locate objects in three dimensions. However,
the 3D location with this model does not allow error correction due to lack of
additional data, using which these steps could be performed.

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

Figure 2.5 3D localisation model



It is known that it is possible to calculate the distance to object by using signal
reflected from it. Due to it, reflection from object was recorded in each receiving
antenna, see Fig. 2.6-2.8. In order to distinguish them they were labelled signall,
signal? and signal3.
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Figure 2.6 Reflection of object, as seen in antenna B - signall
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Figure 2.7 Reflection of object, as seen in antenna A - signal2
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Figure 2.8 Reflection of object, as seen in antenna D - signal3

In records signall, signal2 and signal3, distances [/, [2 and [3 are hidden.
Knowing these values and using the properties of triangles, it’s possible to calculate
the distance OF, corresponding to the object distance from the radar, the distance CF,
which corresponds to the displacement of the object locator in the centre, as well as
the vertical position h relative to the radar centre.

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

To improve 3D imaging, signal summing can be used. In this system is used six
receiving antennas and three transmitting antenna, see Fig. 2.10.

Figure 2.10 3D extended antenna system

The system consists of three blocks, consisting of three separate antennas — two
receiving and one transmitting. In each block, signal of reflection of object is obtained
and is passed to the program which calculates the position of object. The main reason
to use such a block, is to get greater signal vs. noise ratio by combining the signals
from both receiving antennas. Due to it, it’s possible to achieve greater accuracy in
object positioning.

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

Figure 2.11 Antenna block



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

After summing we obtain a signal with much higher signal/noise ratio, see Fig.
2.13.

0,009

0,007

0,005 i

0,003

0,001 A

-0,001

>
3
5

D

104
12198
139

<
655
[«

17
[~ k*]
Lo ]
71
156
1741
1915
208D
226
ritsa]
330
348
365
382

-0,003

-0,005

-0,007 !

-0,009

Figure 2.13 Result of signal summing

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



Figure 2.14 Signal summer

2.2.4. The accuracy of establishing of target coordinates

The accuracy of establishing of target coordinates in 3D TWV radar depending on
parameters of the receiving device (discrete stroboscopic converter), the method used
in registration of the received signal and the algorithm of the coordinates calculation.

"Up-and-down" method was used for signal registration but the procedure of
Matlab fsolve was used for calculation of coordinates.

Minimal configuration of 3D TWV antenna system consists of one transmitting
and three receiving antennas. Let’s consider the case where the transmitting antenna is
placed in the centre of an equilateral triangle, but the receiving antennas are apexes of
a triangle. Let’s discuss this configuration in following rectangular coordinate system.
Origin of it in the transmitting antenna and one of the receiving antennas is located on
the "Y" axis. Assuming that the length of the side of the triangle is a, the coordinates
X,y;,2;,i=1,2,3 of receiving antennas will be following:

(al2,—al~3),(~al2,—al~/3),(0,2a/~/3) . Let us denote the current coordinates

of a moving targetas x,,y, ,z,, k=1,2,.., N, which are determined in N positions.

The total delay between transmitted and reflected signal from the target at a given k
value can be expressed as

1
Aty =;(J(xi+yi+zi) =)+ (v =)+ (2 —2))) =123 (12)

By measuring the delay Ar,, , the system of equations (12) can be used to find the

current target coordinates x,,y,,z, .



Let’s consider how accuracy of establishing of target coordinates is affected by
distortions due to stroboscopic transform of reflected signal. These distortions, firstly,
depends on the influence of additive noise which pools up with reflected signal, as
well as a phase noise of clock signal. Besides, these distortions depend on parameters
of "up-and-down" method: number n of comparisons of one instantaneous value and
step s, according to which the value of signal in output of stroboscopic converter is
changed after each operation of comparison.

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

u (1) = A, exp(b, -Ti) sin(z;rTi+ b, -7~ randn), (13)

where A, determines the amplitude A} ~0,765A, of the signal; T, is a period of
sinusoidal signal, and coefficient b,-7 establishes standard deviation o, of phase
noise. The coefficient of decay of exponent was chosen b, =—-0.025, for approximate

equality u (1) =0 to fulfil in point # = 3T .

The coordinates x,,y,,z, were assigned in experiments, Az, were
calculated according to (12) and corresponding ideal signals u , (#) were constructed.
Additive noise u,;(t) was added to these signals, the total signal
u,,t)=u_@)+u, (t) (see Fig. 2.15a) was processed by "up-and-down" method and
signals u,,(t) (see Fig. 2.15b) were obtained.

IR
I g1

PN . h

|
0 a0 100 150 200 250 300 350 400 450 500

—
I
]
]
'
]

&
'
T
'
'
'

0 50 100 150 200 250 300 350 400 450 500

Figure 2.15 Reflected signal (a), signal after stroboscopic transform (b)
and transformed signal after convolution (c)



Additional processing by convolution operation was carried for these signals:

Uy, =conv (u,,,u,), (14)

where as an etalon signal u, sinusoidal monooscillation with period 7, was used.
Due to these actions signals u,,(#) (see Fig. 2.15c) were obtained. Afterwards the
delays A7}, =t, —t, between transmitted and reflected signals were detected by
minimums of these signals. By fitting the obtained values of Az in system of

equations (1), one can calculate the coordinates of target x’ ,y' ,z/.

Error of computation depends on accuracy of establishing A7/, which depends on

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

b,o,. Equality o, =1 was assumed as well, amplitude of the signal will be measured

in o, units.

Since the delay A<z/; is determined by minimums of u;, error in computation are

either due to inexact detection of coordinates of minimums (time interval between
measurable instantaneous values is too large; in region of signal minimum the noise
influence 1is too large) or the case, when minimum of noise is more than the minimum
of valid signal, is present. Since the position of such fraud minimum on time axe can
be viewed as a uniformly random variable with mean value of half scan, then in case
of such error the result of computation for current position almost always will be
useless.

Let’s investigate the means of averting such situation. It’s known that the standard
deviation of noise, transformed by "up-and-down" method, reduces to

o, =4/0.6250, 5+0.25 5 (15)

in output. In order to eliminate delays due to fraud minimums in computations, it’s
required that the amplitude A,, of the signal u,, would be bigger than the standard

deviation of noise. Approximately one can assume that the condition

0.765A,,>30, (16)

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

The modeling has been carried on at following parameters of “up-and-down”
method: s=0.0150,;n=50 ; amount of instantaneous values to be measured
(counted for period T, ) n, =50 . The distance between receiving antennas was

chosen to be equal to 1m, the position of object was determined in N =50 points. The
length of scan was assumed to be 1024 points.

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



x(k)=3(1-(k-=1)/N)m;
y(k)=6(1-0.1x(k)* m; 17)
2(k)=(4.5+1.1x(k))m.

Calculation results for A, =0.4 o, (in case, when condition (16) is fulfilled) can be

seen in Fig. 2.16 and 2.17. Spatial trajectory of object can be seen in Fig. 2.16, where
the set trajectory is mapped with continuous line, but the computed through values of
delays A7/, - with points. In Fig. 2.17 corresponding dependencies y(k) and z(k)

are shown (x(k) is not displayed, in order not to clutter up the graphic).

z(k)

Figure 2.17 Set (continuous lines) and computed (points) dependencies y(k) and



Since the condition (16) is fulfilled, then the error in calculation of coordinates
depends only on accuracy of detection of minimums of reflected signals, which
constitutes to approximately 0.1+0.15% of the length of scan. The calculated
coordinates of object differs from actual for not more than 1.5+2% in whole
diapason of values.

In Fig. 2.18 dependencies y(k) and z(k) at A, =0.3 are shown, when
condition (16) is not met. It’s visible, that with such value of A, and with the used

parameters of “up-and-down” method, considerable proportion of points of trajectory
is determined with inadmissibly high error.

Figure 2.18 Dependencies y(k) and z(k) at A, =030, ,n=50,n, =50
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Figure 2.19 Dependencies y(k) and z(k) at A, =0.30,,n=75,n, =50



It’s possible to improve these results by increasing n or n, but keeping the same
value of A, . In Fig. 2.19 dependencies y(k) and z(k) are shown, which are
computed at A, =0.30,,n=75,n, =50 . One can see that increasing n tll 75

reduced the number of erroneously determined positions of object to just one. By
repeating the calculations with chosen parameters, it was established that the amount
of wrong calculations fluctuates from O till 4. Therefore, by even greater increase of n,
large errors can be excluded. Similar results can be obtained through increase of n,

as well.

Figure 2.20 Average values of transformed signal depending on values of coefficients b, and b,

Finally, let’s discuss the inaccuracy due to phase noise. Average values of
transformed signal on three combinations of coefficients b, and b, are shown in Fig.

2.20. One can see that having b, >0 and b, >0 decreases the average value of
amplitude of the signal. Due to it, the probability of determining value of Az/,
through fraud minimum increases.

Dependence of average value of standardized amplitude 7 of transformed signal
from the coefficient b, is shown in Fig. 2.21. Here n=A,, / A,,, where A,, is the
average value of transformed signal at b, =0 but A,, - at b, > 0. It needs to be said

that 77 practically doesn’t depend on b, .

Let’s assess the value of b, corresponding to transmitting device of locator, if
T, =500 ps and phase noise is 30 ps , which can be considered as quite large.

Assuming that this value approximately corresponds to 4o, corresponding value of

b, = % ~0.03. By using Fig. 2.21 with such value of b,, we obtain 7 =0.996 .
4




Therefore we can draw the conclusion that the practically seen values of o,
negligibly influence the errors in calculation of coordinates.

LAz ! ! ! ! ‘ ! !

Figure 2.21 Dependence of average value of standardized amplitude
from the standard deviation of phase noise

The amplitude A, =0.30, can be viewed as the lower bound for providing small
registration errors with acceptable values of n and n, . Modelling results at
A, <£0.250, testify that in order to obtain passable results, it’s required to increase

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

2.2.5. Multiple signals in one channel

It’s possible to transmit data from three different antennas in one channel, while
preserving main features of each reflection, using just one stroboscopic transformer.
The received signal is shown in Fig. 2.22. To obtain such a signal where there are
three reflections in one channel, signal delays are used. In this way, the difficulty and
cost is shifted from using three valuable stroboscopic transformers into one
stroboscopic transformers and a bit more complex software.
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Figure 2.22 Three distinguishable signals in one channel



2.2.6. Computer user interface

The research has been done to view objects behind the wall and a computer user
interface has been made to represent this position in 2D mode Fig. 2.23.
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Figure 2.23 User interface

2.2.7. Data transfer between device and the computer

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

Figure 2.24 Application for data transfer between device and computer



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

2.2.8. Adjustable reflector setting

The research has been done to measure the influence of distance changes between
antenna and its reflector, for that proposes we have made system that allows to adjust
this distance Fig. 2.25.
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2.2.9. Further plans for 2D localisation model

1. In reality, we’ll see I, +1,, 2I, and [, +1, instead of just /,, [, and. It might

increase the complexity of the first, and, consequently, other equations. Other fact,
that without doubts will increase the complexity of analytical solution, is inability
to put the middle receiving and sole transmitting antenna in the same place,
therefore the distance between both will be some positive number d. As a
workaround it’s proposed to use a much larger than the abovementioned distance
d.

2. Currently, a case of 2 objects, 3 receiving antennas and 1 transmitting antenna is
investigated, therefore there are 6 distances. Even in the case of exact
measurement, getting x and y coordinates of both objects seems complex enough
due to obvious combinatorial explosion although with just 2 receiving antennas
the distances provide unique solutions for positioning.

The results of object localization using UWB radio location related activities are
described in 4 papers [2.1] [2.2] [2.3] [2.4] and used for 1 patent submission [2.5].
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3. Viedo transporta sensoru tiklu, tai skaita, auto
mezglpunktu un satiksmeé iesaistito objektu arpus
auto, izstrade, ieklaujot iegultu sistemu pielietosanu
un energo-efektivas programmaturas izveidi

Turpinot iepriekS€jus darbus, izstradats unificéts 802.11p vehicle unit / road side
unit prototips, uz kura bazes tiek veidots eksperimentals 802.11p standarta datu
parraides tikls. Balstoties uz iepriekS izstradatajam metodikam cela seguma
monitoringa veikSanai, izstradats eksperimentals vieda transporta sensoru tikla auto
mezglpunkta prototips. Attistot kooperativas kruizkontroles tematiku, uzsakta vieda
auto stereoredzes prototipa izveide. Uzsaktas aktivitates vieda transporta sensoru tikla
arpus auto infrastruktiiras objektu, t.sk. viedo cela stabinu, tematika.

3.1. Experimental IEEE 802.11p network

A logical continuation of previous activities in the domain of IEEE 802.11p
network communication was development of permanently usable vehicle unit and
road side unit prototypes and subsequent development of experimental IEEE 802.11p
data transmission network.

During previous activities and real world tests the need for certain temperature
range inside the device housing was determined — if the environmental temperature
was under zero degrees C, the device was tended to function unstable, most probably,
due oscillator frequency shift. To solve this problem, an automatic temperature
control system, consisting of two 12V 3W car bulbs and control unit based on LM393
comparator and NTC termistor was prepared for installing into device housings.

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

Figure 3.1 Unified 802.11p unit



The housings of the unified units (Fig. 3.1) are based on ETI IP65 wall mounted
distribution boards ECH-8G [3.1.1]. These boards allow to ensure permanent usage of
the devices outdoors. The antenna of the device is located on the top of the housing
and therefore forms a single structure. Such approach reduces antenna cable length
and protects it from mechanical damages. External connections of the unified units
include 12V power supply from vehicle electrical network or external 220V/12V
adapter and Ethernet computer network.

|

Figure 3.2 First mobile wehicle unit prototype

The first mobile wehicle unit prototype was installed on vehicle Dodge Caravan
using factory roof bars (Fig. 3.2). The first stationary road side unit prototype was
installed on facade of IECS towards Aizkraukles street (Fig. 3.3). The current location
of stationary road side unit prototype allows to test the communication in the
experimental IEEE 802.11p data transmission network in both modes — the vehicle is
approaching road side unit and the vehicle is leaving road side unit. The configuration
of the experimental IEEE 802.11p data transmission network allows to test
communications distances in line of sight up to 350 meters as well as communication
ir real world urban environment.

Figure 3.3 First stationary road side unit prototype

The results of 802.11p domain related activities are described in paper
,Accessible, Customizable, High-Performance @IEEE 802.11p  Vehicular
Communication Solution” [3.1.2] as well as presented in the Ist International
Workshop on Vehicular Communications and Applications (VCA 2012, June 19,
2012) in Ayia Napa, Cyprus.



3.2. Experimental vehicular wireless sensor node

A sensor is a device used for the measurement of some physical quantity or
physical state. Common result of this measurement is an analog signal that is
converted to a digital signal using ADC and subsequently processed using some
computing device. Typically there is a need to make measurements in several
locations and therefore a number of sensors should be configured, deployed and
serviced if necessary. This approach - usage of many static deployed sensors - has its
drawbacks as sooner or later scalability and maintenance issues will arise. To
overcome this problem a large number of static deployed sensors could be substituted
by few mobile sensors. One type of objects that could be used as mobile sensor
carriers are vehicles. Among the possibility to cover wide measurement area there are
other advantages including energy utilization from sensor carrier as well as less strict
limits on device dimensions, weight and power consumption.

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

The main purpose of the CarMote embedded device described in this paper is
monitoring of road surface using microphone and accelerometer sensors as well as
collection of meteorogical data for creation of detailed road meteorology maps. This
research was inspired by successful verification of previously developed methods for
road surface monitoring using general purpose computing devices and Android
smartphones as well as by a challenging task - implementation of these methods using
customized embedded device.

3.2.1. Related work

By our knowledge the term "vehicular sensor networks" was introduced in 2006
when researchers from University of California and University of Bologna declared a
new network paradigm - the use of vehicles as sensors [3.2.1]. This paradigm was
characterized by high computation power and high storage space therefore potential
costs for network deployment and maintenance could be relative high. As primary
application of vehicular sensor network was declared urban monitoring, for example,
imaging of streets, recognizing of license plates and distributing of relevant
notifications to drivers or police agents [3.2.2]. Other applications developed by other
researchers include monitoring of infrastructure items like road surface [3.2.3],
collection of real time vehicular parking information [3.2.4], measuring air quality in
city areas [3.2.5] and mobile surveillance [3.2.6].

Additionally to communication between vehicles (V2V or vehicle-to-vehicle)
vehicular sensor networks could include communication between vehicles and Road
Side Units (V2I or vehicle-to-infrastructure) [3.2.7] [3.2.8]. In this case, as the
number of network nodes could be very large, an effective identity verification should
be ensured [3.2.9]. In contrast to traditional wireless sensor networks where network
nodes are placed in static locations vehicular sensor networks are characterized by



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

Our proposed CarMote embedded device assumes usage of relatively low
computation power and low storage space that is characteristic for common wireless
sensor network nodes. Combination of these aspects with vehicles as sensor carriers
allows performing tasks where a large number of low cost deployed and maintained
network nodes have advantages over a small number of high cost deployed and
maintained network nodes.

3.2.2. Approach

The development of the first prototype of the CarMote embedded device was
performed on the basis of the first version of the LynxNet collar device developed
during past research activities related to wild animal monitoring using sensor
networks. This approach already fulfilled a part of the predefined requirements. In
addition, common hardware basis for both device types facilitates reusability of the
software.

3.2.2.1. Hardware

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

Figure 3.4 First prototype of the CarMote embedded device

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



BCMO9765P-44 and corresponding amplifier stage built using operational amplifier
TS9521ID. The output of the amplifier stage is connected to the ADC input #7 of the
MCU.

To ensure the possibility of implementation of the Potroid approach [3.2.13] the
main board was equipped with IMU Analog Combo Board from SparkFun. This
board contains triple axis accelerometer ADX1L.335 and dual-axis gyroscope IDG500.
Outputs of accelerometer X, Y and Z axis are connected to the ADC inputs #0, #1 and
#2, but outputs of gyroscope axis X and Y - to the ADC inputs #3 and #4 of the MCU.

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

To ensure the possibility to add position metadata using GPS the main board was
equipped with attachable board consisting of GPS module Fastrax IT300. This board
ir connected to MCU using USART #0 interface and NMEA protocol.

To ensure the possibility to use electrical system of the vehicle as main power
source two sequential voltage regulators were used. First of them is dedicated to
acquire 5V but second one - 3.3V. Four AA size battery pack is used as internal
power source. Automatic switching between external power source and internal power
source is ensured using low-loss Schottky diodes.

To ensure the possibility to store acquired sensor data and corresponding position
metadata on media SD flash memory card was used. This removable media is
connected to the MCU using SPI mode and accordingly configured USART #1
interface.

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

3.2.2.2. Software

In order to program CarMote, we have adapted MansOS operating system [3.2.14],
a small and energy constrained device OS developed at the University of Latvia and
Institute of Electronics and Computer Science (EDI). The OS aims to be user-friendly
and easy to learn for individuals with C and UNIX programming experience.

The MCU of CarMote has a built-in 12-bit ADC. We sampled accelerometer's Z
channel to evaluate the sampling speed. Sample rate 1820 samples per second (sps)
was achieved without logging the data and 1400 sps when logging the data to SD card.
The rates are sufficient for the kind of applications CarMote was designed for, such as
pothole detection.



An essential component of a highly mobile device is positioning system. MansOS
supports data interface with GPS devices including NMEA protocol parsing and
online processing.

Last but not least, SD card support is included. It can be used either in raw mode
or by writing data to a filesystem. We have developed a custom filesystem to
efficiently use local storage devices; although it is primary targeted for flash chips
with no automatic rewrite options, it can be used for SD card as well. The filesystem
provides buffering and automatic error detection features.

MansOS configuration system can enable these components when needed or
disable them to optimize compilation length. In either case, the system automatically
detects when a component is not used and optimizes binary code by pruning unused
components from the final executable.

A declarative scripting language SEAL is available on top of MansOS. SEAL is
targeted towards domain experts and novice progammers. SEAL features extremely
concise syntax for describing common tasks: sensor sampling, data processing and
data communication. A few complete application examples are given in Listing 1 and
Listing 2.

Listing 1 SEAL code for accelerometer sampling and mea-
surement StDI’iﬂg

// define sensors

define AccelX AnalogIn, channel 0;

define AccelY Analogln, channel 1;

define Accel?Z AnaloglIn, channel 2;

// sample the sensors

read AccelX; read AccelY; read Accel?Z;

{// store sampled data to SD card

output LocalStorage;

Listing 2 SEAL code for pothole detection with STDEV
algorithm

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

ff read the detection time

read Uptime;

// indicate a pothole presence wvia beep

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




3.2.3. Evaluation

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

e test drive with Android smartphone HTC Desire and CarMote embedded
device;

e acquisition of the accelerometer data for pothole detection using Potroid
e comparative analysis of acquired accelerometer data.

Accelerometer data acquisition was performed 37 times per second using CarMote
embedded device and 53 times per second using Android smartphone (Fig.3.5).
Analysis of the acquired data revealed that, taking into account slightly different
positioning of both data collection devices, acquired data are practically identical and
therefore data from CarMote embedded device are suitable for usage for pothole
detection using Potroid approach. Relatively better sensitivity of the CarMote
embedded device in the context of accelerometer Z axis value could be considered an
advantage because this axis value is the most affected by potholes passed by vehicle.

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

Serious advantage of CarMote embedded device over Android smartphone
equipped according Potroid approach and laptop computer equipped according
RoadMic approach is the native possibility to use electrical system of the vehicle as
main power source. In this case long term data acquisition and processing sessions are
possible almost eliminating the risk of empty internal power source.

The results of vehicular wireless sensor node related activities are described in
paper ,,Embedded Solution for Road Condition Monitoring Using Vehicular Sensor
Networks” [3.2.15] as well as presented in the 6th International Conference on
Application of Information and Communication (AICT 2012, October 17-19, 2012) in
Thilisi, Georgia.

3.3. Stereo vision for smart vehicle with cooperative
cruise control

3.3.1. Passive stereo machine vision

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



The depth information is gathered from rectified camera images using stereo
triangulation. Stereo triangulation allows calculating distance to a point knowing the
position of this point in both left and right images. The the horizontal offset then is
calculated which is proportional to the distance to the point. This can be seen in Fig.
3.6.

Y, Z
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Figure 3.6 Stereo triangulation

3.3.2. Passive stereo machine vision applications

Biometrics. Passive stereo machine vision can be used in biometrics to identify a
person by using the 3D model of the persons face. This can be much more robust than
using plain image. Example can be seen in Fig. 3.7 [3.3.1]

Figure 3.7 3D reconstruction for biometric purposes

3D reconstruction. Passive stereo machine vision can be used to digitize and
reconstruct 3D model of the surroundings like a city or specific objects. This can be
used in robotic and automatic navigation applications, as well as content generation
for special effects and computer games [3.3.2] [3.3.3]

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



the stereo vision and then used to control cars speed depending on the distance to the

frontal car. The current output of the written software can be seen in Fig. 3.8 and Fig.
3.12.
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Figure 3.8 The graph showing distance to the car (top) and the change of speed (bottom)
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3.3.3. Previous work in intelligent car systems using 3D
vision

Karlsruhe Institute of Technology project AnnyWay uses two color and two

monochrome cameras for image acquisition, a LIDAR for laser range sensing and

GPS/IMU for additional sensor information. Then they use this information to

calculate the motion, disparity and other parameters. The project doesn't use this for
adaptive cruise control or adaptive driving however [3.3.4].

The DARPA Urban challenge 2007 had many autonomous vehicle entries and
most of the teams used either active sensors like LIDAR or passive cameras in a non-
stereo setup. The goal was to create an autonomous vehicle that could move over
large distances in high speed without a driver [3.3.5] [3.3.6].

3.3.4. Hardware

The prototype is using two Flea2G 1.3 MP Mono FireWire 1394b cameras which
were chosen because of their low noise, reasonable price, large customization options
and the possibility to synchronize two cameras via the FireWire bus. Synchronization
is essential as temporal changes between images make depth calculations unpractical.

Optics for the camera has been chosen to be Edmund Optics NT58-365 Varifocal
Video Lens 4mm - 12mm Focal Length lenses. They have been chosen for the large
field of view and price. The field of view is 60 degrees for the 1/3 inch sensor of
Flea2G. Large field of view allows monitoring more road lanes and larger area in
front of the car in general.



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

Figure 3.9 Cameras and the rig

Even though the optics were marketed as low-distortion, distortions were still very
noticeable. Especially radial distortions which manifests as fish-eye effect where
vertical and horizontal lines are bent near the edges of the image. This made
calibration quite difficult. This can be observed in Fig. 3.10. For disparity calculations
these distortions need to be corrected. This is done during camera calibaration.

Figure 3.10 Left: Unrectified image. Right: Rectified image

3.3.5. Software

Current software uses OpenCV for general purpose IO and drawing. LIBELAS
library for fast disparity calculations, PointGray FlyCapture SDK for synchronized
camera input and custom code for camera tracking and distance calculations. It is
written in C++. The software is coded in modular fashion to keep as much of the
systems separate. Synchronization should happen trough FireWire bus automatically
because of the common clock signal, so the main reason for FlyCapture SDK was that
the cameras don’t work correctly with OpenCV camera interface. The FlyCapture
SDK also has problems with C++ interface for non MS Visual C++ environments, so
C interface was used instead. FlyCapture SDK did allow synchronization of camera
parameters like gain and exposure between the cameras while one of the cameras has
these settings set automatically. Current modules and the pipeline is show in Fig 3.11..
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Figure 3.11 Current software modules and their relations

Currently to initiate tracking an object has to be selected. After that the tracking is
automatic and works in the combined field of vision of the cameras.

Tracking involves calculating the disparity in a region of interest around the
tracked object and then use segmentation on this depth map. Ground plane is removed
so its gradient doesn’t influence the segmentation.

Then the object is segmented in disparity map using depth with thresholding
values. The segmentation is flood fill bases and requires at least one point on the
surface. This is why the object has to be selected at start. Segmentation gives the
surface of the object, like the back of a car. Then the distance is calculated for all the
points on this surface and the distance to surface is obtained by averaging all the
distances. This allows mitigating noise and disparity calculation errors.

After that the centroid is calculated for surface. The previous frame’s calculated
centroid, bounding box for the surface and other parameters are then interpolated with
the new ones. This removes erratic behavior because of erroneous disparity value or
fast moving objects. These are basically temporal constrains that take into account the
fact that nothing can change these values infinitely quickly. Like if the car is detected
Sm away and in the next calculation the car is 30m away, then there probably has
been an error, as that would indicate a speed of 540km/h (at 30fps) which is
improbable. The interpolated centroid is then the tracking point at the next frame and
all is started from the beginning. The distance changes then can be used to get speed
and acceleration/deceleration. This information then can be used to control the car.

This method allows very fast and efficient tracking of objects. However, for this to
work reliably there has to be automatic detection and partial tracking in image space
as well, not just disparity space. This is needed because the current method alone is
very unforgiving to loosing the object. That usually leads to erratic jumps which
require reselecting the target. This loss of object can be detected however and that
allows using image space detection and tracking to retarget the object.

The current method also doesn’t take into account occlusions like one car driving
in front of the other, but that is intentional as in adaptive cruise control the tracked



object should be the one closest in front of the cars path. This can be taken into
account however by tracking the distance and looking for jumps in value, which is
similar to the temporal constraint already mentioned.

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

Figure 3.12 Software output of a car being tracked

3.4. Smart road studs for dangerous road situation
warnings

Transportation is an important aspect of our lives. Yet it produces significant
amount of injuries. In the USA 5080 pedestrians, cyclists and other traffic participants
outside motorized vehicles were killed in 2010, 130000 injured [3.4.1]. Rear-end
collisions constituted 29% of all injury crashes in the USA, in 2006 [3.4.2]. More
than 70% of rear-end crashes happen during the dark time of the day [3.4.3]. Research
shows, that additional visual hazard warnings may reduce accidents by up to 50% in
some cases [3.4.4].

Intelligence for accident reduction and additional awareness can be introduced in
transportation in multiple conceptually different ways: (1) by creation of smart cars;
(2) upgrading infrastructure, (3) changing environment and laws; and (4) augmenting
pedestrians and cyclists. While smart-car direction is popular in recent years, its
applicability is limited in low-income regions and countries, such as Thailand, where
bicycles and motorbikes are more popular than cars [3.4.4]. Creation of environment
and juridical laws, where traffic participants are maximally separated, is effective, yet
it requires huge investment to build advanced highways with many line car roads and
dedicated cyclist tracks. Augmenting of pedestrians and cyclists has the drawback of
“forgetfulness” — people often do not assess the importance of safety and forget to
instrument themselves.

3.4.1. Related work

One of the main tasks for the intelligent vehicles as well as intelligent road
infrastructure is detection of nearby located vehicles. This task could be solved in
several non-intrusive ways, including vision-based approach and active or passive
optical sensors [3.4.5], or emitted RF noise from the vehicles [3.4.6]. To ensure
reliable vehicle detection and low power consumption several detection techniques



with different credibility and energy consumption characteristics can be used
subsequently — optical sensors for initial detection and magnetic sensors for
confirmation [3.4.7]. Specific case of this task is vehicle detection during night time
or low visibility conditions. In this case vehicle detection is based on light sources
analysis as potential other vehicles head or tail lights and acquired information is
usable for automatic switching of vehicle headlights between high and low beams
[3.4.8].

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

The main method for detection of creatures, including wild animals and humans,
in total darkness is thermography. This method is based on measurement of their own
and the reflected heat radiation within the infrared spectrum, and allows investigations
of phenomenon as bird-turbine collisions at offshore wind farms [3.4.11], [3.4.12].
Relatively simple thermography solutions based on passive infrared (PIR) sensors are
widespread used in intrusion detection and automatic lighting systems. Other animal
detection methods assume usage of microwave radar sensors, infrared or laser beams
[3.4.13] as well as equipment of the animals with GPS collar devices [3.4.14].

There are recent research activities related to advanced road infrastructure:
intelligent road studs magnetically coupled from power wires buried in the surface
[3.4.15], road studs with protection against predetermined wavelengths of solar
radiation [3.4.16], road studs with incoming and outgoing optical communication
[3.4.17], and solar powered microcontroller based road studs [3.4.18]. Compared to
existing solutions, instead of installation of completely new road infrastructure items,
our approach assumes augmentation of existing road infrastructure.

Most similar to our proposed solution are Road Nail system [3.4.19], [3.4.20]
developed in University of Novi Sad, and wireless sensor package to instrument
roadways for Intelligent Transportation Systems [3.4.21] developed in Massachusetts
Institute of Technology (MIT). Road Nail system consists of a number of solar
powered wireless sensor network nodes mounted near the road edge. Main activities
of the system are detection of approaching vehicles and emitting signalization light.
Our proposed solution uses similar hardware concept, yet different activities are
performed, including detection of several relatively typical dangerous road situations
and visual warnings to drivers. Wireless sensor package developed at MIT counts
passing vehicles, measures the average roadway speed, and detects ice and water on
the road. Clusters of sensors can transmit this information in near real-time to base
stations. Our proposed solution has different packaging approach that is based on
existing road infrastructure items and does not require intrusive installation work.

3.4.2. Approach

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



1) if ChargingFromSolar panel is false

and LightFromPassedVehicle is true

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

and AirTemperature is abowe -5C

set DangerousRoadSituationTwo to true

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

and LightFromPassedVehicle is false

and InfraredFromObject is true

set DangerAnimal to true for 1 min.

Priority of dangerous road situation II exceeds situation I as air temperature could
not be estimated without appropriate measurement device. DangerAnimal situation
has the highest priority as there exists real danger from detected object not only
possible danger due to potentially slippery road.

3.4.2.1. Hardware

The heart of the IMilePost embedded device shown in Fig. 3.13 is Texas
Instruments 16-bit microcontroller MSP430G2553. This microcontroller was selected
due its ultra low-power consumption significant for autonomously operated device.
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Figure 3.13 Structure of IMilePost embedded device

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

Visual interface part of the device is designed as a set of ultra bright LED’s with
different colors therefore the possibility to report different dangerous road situations
to drivers is provided.



Apart from function as independent sense-and-report item, in the future the
IMilePost device could function as separate node in homogeneous or heterogeneous
wireless sensor networks. This functionality is provided by addition of Texas
Instruments low-power sub-1 GHz RF transceiver CC1101 that can be configured for
operating in the 315/433/868/915 MHz ISM/SRD bands.

3.4.2.2. Solar power supply

+3V power supply voltage has been chosen for the whole system and maximal /
average estimated current consumption is 7mA / ImA. The solar power supply unit
has been chosen and calculated for minimal day time in winter 6h with maximal solar
energy about 600W/m2, so solar energy must be accumulated in an ultra capacitor in
quantity enough for feeding of the connected electronic device in the night time for at
least 18h.

Solar power supply unit must contain a solar cell with open circuit voltage +3.3V
and short circuit current 0.4A, separating diode D, ultra capacitor with capacitance at
least 200F and maximal voltage +2.7V for energy accumulation, connected to input of
the DC/DC converter with stabilized output voltage +3.0V. TLV61224 has been
chosen as the most appropriate DC/DC converter, made by Texas Instruments. It has
input voltage range +(0.8-3.0)V, very small internal current consumption, output
voltage +3.0V and maximal possible output load current 40mA. Inductance L (4.7uH)
is an outside part for DC/DC converter. Full schematic diagram of the solar power
supply unit (excluding auxiliary noise reduction capacitors) is given on Fig. 3.14.
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Figure 3.14 Schematic diagram of the solar power supply unit
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The solar cell 2V, 200mA and ultra capacitor 100F have been used in the first
experimental model of the solar power supply unit. Parameters of some parts may be
slightly adjusted after field testing of full experimental device in real conditions.

3.4.2.3. Packaging

Experimental device has a form of a vertical steel tube with diameter 60 mm,
upper end of which is located about 1 m over ground, but underneath end is fixed at
least 0,5 m in the ground (Fig. 3.15). Main electronic parts - all sensors,
microcontroller and flashing alarm light LED’s are mounted in the electronic
compartment - separate steel tube piece of the same diameter on the upper end of the
main tube. A solar panel with compartment for ultra capacitors is mounted on two
steel disks with diameter 144 mm, hereto underneath disk is tightly mounted on the
upper end of the electronic compartment tube, but upper disk together with solar panel
compartment can be rotated round up in steps 30 o and fixed by 4 screws on the
underneath disk. So light sensor and flashing alarm light can be oriented to cars on the



road by right fixing of main tube in the ground, but solar panel in every case can be

oriented directly to the sun.
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Figure 3.15 Design of an experimental device (measures in mm)

Ground level

The results of smart road studs related activities are used for forthcoming paper
,IMilePost: Embedded Solution for Dangerous Road Situation Warnings”.

References

[3.1.1] TP65 Wall mounted distribution boards ECH. [Online]. Available:
http://www .eti.si/files/userfiles/ETI SLO/novi_izdelki/ECHEN.pdf

[3.1.2] N. Agafonovs, G. Strazdins, and M.Greitans. Accessible, Customizable,
High-Performance IEEE 802.11p Vehicular Communication Solution. Proceedings of
International Workshop on Vehicular Communications and Applications (VCA 2012),
p. 127-132, 2012. IEEE Xplore Digital Library, 2012.

[3.2.1] U. Lee, E. Magistretti, B. Zhou, M. Gerla, P. Bellavista, and A. Corradi,
“Efficient data harvesting in mobile sensor platforms,” in Proceedings of the 4th
annual IEEE international conference on Pervasive Computingand Communications
Workshops, ser. PERCOMW ’06. Washington, DC, USA: IEEE Computer Society,
2006, pp. 352-.

[3.2.2] U. Lee, B. Zhou, M. Gerla, E. Magistretti, P. Bellavista, and A. Corradi,
“Mobeyes: smart mobs for urban monitoring with a vehicular sensor network,”
Wireless Commun., vol. 13, no. 5, pp. 52-57, Oct. 2006.

[3.2.3] J. Eriksson, L. Girod, B. Hull, R. Newton, S. Madden, and H.
Balakrishnan, “The pothole patrol: using a mobile sensor network for road surface
monitoring,” in Proceedings of the 6th international conference on Mobile systems,
applications, and services, ser. MobiSys ’08. New York, NY, USA: ACM, 2008, pp.
29-39.




[3.2.4] S. Mathur, S. Kaul, M. Gruteser, and W. Trappe, ‘“Parknet: a mobile sensor
network for harvesting real time vehicular parking information,” in Proceedings of the
2009 MobiHoc S3 workshop on MobiHoc S3, ser. MobiHoc S3 '09. New York, NY,
USA: ACM, 2009, pp. 25-28.

[3.2.5] S.-C. Hu, Y.-C. Wang, C.-Y. Huang, and Y.-C. Tseng, “Measuring air
quality in city areas by vehicular wireless sensor networks,” J. Syst. Softw., vol. 84,
no. 11, pp. 2005-2012, Nov. 2011.

[3.2.6] C.-M. C. Kun-chan Lan and H.-Y. Wang, “Using vehicular sensor
networks for mobile surveillance,” September 2012.

[3.2.7] M. J. Piran, G. R. Murthy, and G. P. Babu, “Vehicular ad hoc and sensor
networks; principles and challenges,” CoRR, vol. abs/1108.2776, 2011.

[3.2.8] P. R. K. Reddy, P. Joshna, and G. Sireesha, “Data collection through
vehicular sensor networks,” CoRR, vol. abs/1206.6281, 2012.

[3.2.9] C. Zhang, R. Lu, X. Lin, P.-H. Ho, and X. Shen, “An efficient identity-
based batch verification scheme for vehicular sensor networks.” in INFOCOM. IEEE,
2008, pp. 246-250.

[3.2.10] H. Conceicao, M. Ferreira, and J. a. Barros, “On the urban connectivity of
vehicular sensor networks,” in Proceedings of the 4th IEEE international conference
on Distributed Computing in Sensor Systems, ser. DCOSS ’08. Berlin, Heidelberg:
Springer-Verlag, 2008, pp. 112-125.

[3.2.11] C. E. Palazzi, F. Pezzoni, and P. M. Ruiz, “Delay-bounded data gathering
in urban vehicular sensor networks,” Pervasive Mob. Comput., vol. 8, no. 2, pp. 180—
193, Apr. 2012.

[3.2.12] A. Mednis, G. Strazdins, M. Liepins, A. Gordjusins, and L. Selavo,
“Roadmic: Road surface monitoring using vehicular sensor networks with
microphones,” in NDT (2), ser. Communications in Computer and Information
Science, F. Zavoral, J. Yaghob, P. Pichappan, and E. El-Qawasmeh, Eds., vol. 88.
Springer, 2010, pp. 417-429.

[3.2.13] A. Mednis, G. Strazdins, R. Zviedris, G. Kanonirs, and L. Selavo, “Real
time pothole detection using android smartphones with accelerometers,” in DCOSS.
IEEE, 2011, pp. 1-6.

[3.2.14] G. Strazdins, A. Elsts, and L. Selavo, “Mansos: easy to use, portable and
resource efficient operating system for networked embedded devices,” in Proceedings
of the 8th ACM Conference on Embedded Networked Sensor Systems, ser.
SenSys ’10. New York, NY, USA: ACM, 2010, pp. 427-428.

[3.2.15] A. Mednis, A. Elsts, and L. Selavo. Embedded Solution for Road
Condition Monitoring Using Vehicular Sensor Networks. Proceedings of the 6th
International Conference on Application of Information and Communication
Technologies (AICT 2012), p. 248-252, 2012. IEEE eXpress Conference Publishing,
2012.

[3.3.1] Akarun, L., B. Gokberk, A.A. Salah, "3D Face Recognition for Biometric
Applications"”, in Proc. European Signal Processing Conference, Antalya, 2005



[3.3.2] Nader S. and Mariette Y., ,,Surface Reconstruction from Multi-View

Stereo of Large-Scale Outdoor Scenes”, in The International Journal of Virtual
Reality, 2010

[3.3.3] Motilal Agrawal, Kurt Konolige and Robert C. Bolles "Localization and
Mapping for Autonomous Navigation in Outdoor Terrains : A Stereo Vision
Approach" in IEEE Workshop on Application of Computer Vision (WACV), Austin
Texas, 2007

[3.3.4] Andreas G. and Philip L. and Raquel U., ,,Are we ready for Autonomous
Driving?”, in Computer Vision and Pattern Recognition, 2012

[3.3.5] Prof. Mark Campbell et.al. , ,,Team Cornell: Technical Review of the
DARPA Urban Challenge Vehicle”, 2007

[3.3.6] Mark Rosenblum, ,,DARPA Urban Challenge 2007 Team Urbanator
Technical Description”, 2007

[3.4.1] U.S Department of Transportation, “Traffic Safety Facts 20107, 2010.
[Online]. Available: http://www-nrd.nhtsa.dot.gov/Pubs/811659.pdf

[3.4.2] Science Daily, “Avoiding Rear-end collisions”, 01.05.2008. [Online].
Available: http://www.sciencedaily.com/videos/2008/0501-
avoiding_rearend_collisions.htm

[3.4.3] J.Luoma, M.Sivak, M.J. Flannagan, "Effects of dedicated stop-lamps
on nighttime rear-end collisions," Technical report No. UMTRI-2005-15, May 2006.

[3.4.4] M.Peden, R.Scurfield, D.Sleet, D.Mohan, A.A.Hyder, E.Jarawan,
C.D.Mathers, et.al., “World report on road traffic injury prevention”, 2004. [Online].
Auvailable:
http://www.who.int/violence injury_prevention/publications/road_traffic/world_repor
t/summary_en rev.pdf

[3.4.5] Z. Sun, G. Bebis, and R. Miller, “On-road vehicle detection: A
review,” IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 28, no.
5, pp- 694-711, 2006.

[3.4.6] Y. Ding, B. Banitalebi, T. Miyaki, and M. Beigl, “Rftraffic: a study of
passive traffic awareness using emitted rf noise from the vehicles,” EURASIP Journal
on Wireless Communications and Networking, vol. 2012, pp. 1-14, 2012.

[3.4.7] E. Sifuentes, O. Casas, and R. Pallas-Areny, “Wireless magnetic sensor
node for vehicle detection with optical wake-Up,” IEEE Sensors Journal, vol. 11, no.
8, pp. 1669-1676, 2011.

[3.4.8] P. F. Alcantarilla, L. M. Bergasa, P. Jime'nez, M. A". Sotelo, 1. Parra,
D. F. Llorca, and S. Mayoral, “Night time vehicle detection for driving assistance
lightbeam controller,” in Intelligent Vehicles Symposium. IEEE, 2008, pp. 291 —296.

[3.4.9] M. Ceriotti, M. Corr"a, L. D’Orazio, R. Doriguzzi, D. Facchin, S. Guna,
G. P. Jesi, R. L. Cigno, L. Mottola, A. L. Murphy, M. Pescalli, G. P. Picco, D.
Pregnolato, and C. Torghele, “Is there light at the ends of the tunnel? Wireless sensor
networks for adaptive lighting in road tunnels,” in IPSN, X. D. Koutsoukos, K.
Langendoen, G. J. Pottie, and V. Raghunathan, Eds. IEEE, 2011, pp. 187-198.



[3.4.10] R. Gallen, A. Cord, N. Hauti'ere, and D. Aubert, “Towards night fog
detection through use of in-vehicle multipurpose cameras,” in Intelligent Vehicles
Symposium. IEEE, 2011, pp. 399—404.

[3.4.11] M. Desholm, “Thermal Animal Detection System (TADS).
Development of a method for estimating collision frequency of migrating birds at
offshore wind turbines,” National Environmental Research Institute, Copenhagen, DK,
NERI Technical Report No 440, Mar. 2003.

[3.4.12] M. Desholm, “Preliminary investigations of bird-turbine collisions at
Nysted offshore wind farm and final quality control of Thermal Animal Detection
System (TADS). Autumn 2003 and spring 2004,” National Environmental Research
Institute, Copenhagen, DK, Report commissioned by Energi E2, Apr. 2005.

[3.4.13] M.P. Huijjser, and P.T. McGowen, "Overview of animal detection and
animal warning systems in North America and Europe," UC Davis: Road Ecology
Center, 2003. [Online]. Available: http://escholarship.org/uc/item/2cc2s81w

[3.4.14] M.S. Zahrani, K. Ragab, and A.U. Haque, “Design of GPS-based
system to avoid camel-vehicle collisions: A review,” Asian Journal of Applied
Sciences, vol. 4, no. 4, pp. 362-377, 2011.

[3.4.15] A.W. Green, and J.T. Boys, “Intelligent road-studs - lighting the paths
of the future”, Transactions of the Institution of Professional Engineers New Zealand:
General Section, vol. 24, no. 1, pp. 33-40, 1997.

[3.4.16] M. Dicks, “Road stud,” International patent WO 2011/158004 Al,
December 22, 2011.

[3.4.17] M. Dicks, “Improved road studs,” International patent WO
2011/110800 A1, September 15, 2011.

[3.4.18] S.C. Tam, K.W.E. Cheng, Y. Bao, D. Wang, and W.P. Yau, “Battery
operated devices,” International patent WO 2011/083424 A1, July 14, 2011.

[3.4.19] D. Samardzija, E. Kovac, D. Isailovic, B. Miladinovic, N. Teslic, and
M. Katona, “Road nail: Intelligent road marking system testbed,” in VNC. IEEE,
2010, pp. 134-138.

[3.4.20] D. Samardzija, N. Teslic, B. Todorovic, E. Kovac, D. Isailovic, and B.
Miladinovic, “Road nail: Experimental solar powered intelligent road marking
system,” JOURNAL OF ELECTRICAL ENGINEERING-ELEKTROTECHNICKY
CASOPIS, vol. 63, no. 2, pp. 65-74, 2012.

[3.4.21] A. Knaian, A Wireless Sensor Network for Smart Roadbeds and
Intelligent Transportation Systems, Massachusetts Institute of Technology, 2000.
[Online]. Available: http://books.google.lv/books?id=EXtYNwAACAAJ




4. Biomedicinas signalu registracijas iekartu prototipu
izstrade, iesaistot sensoru tikla tehnologijas un
attistito  signalapstrades algoritmu adaptaciju
konkrétiem pielietojumiem

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

As in the previous year, this section consists of three separate sub-sections:
“Electroencephalographic helmet for analysis, interpretation and processing of
cortical EEG signal” (Section 4.1), “Smart solutions in diagnostics and hindering the
development of scoliosis based on biofeedback generated by sensor networks”

(Section 4.2) and ““ Biometric person recognition system based on palm vein patterns”
(Section 4.3).

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

During this reporting period design of electroencephalographic helmet and brain
signal studies - previously expressed plans, were continued.

As mentioned, systems based on EEG signal interpretation can be useful both for
medical (diagnostics and treatment) and non medical (computer games, neuro
controllers, management systems, education) applications.

In 2011 the designing of EEG (electroencephalographic) helmet was started. We
aim to develop a system, which the subject will be able to set up and use himself at
home, so the basic requirement is its’ convenience.To achieve high results for EEG
system it is important to provide sufficient spatial resolution (have enough EEG
chanels). As it is planned to make a wireless system, it has to be energy efficient -
view section 4.1.3.

For better understanding of electroencephalographic information EMOTIV EPOC
research kit was bought and, using EPOC, brain signals in different subject’s
conditions were gathered Results of the research on EEG contained events, which are
achieved to date, are described in sections 4.1.1. and 4.1.2.

The results obtained in this period:
1. Experimental EEG data gathering and processing.(Section 4.1.1).

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

Future work:
1. EEG helmet prototype

2. Brain signal studies



4.1.1. Experimental EEG data gathering and processing

Using the Emotiv EPOC wireless EEG recording device, several fragments of the
EEG signal were gathered.

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

First real time EEG was visualized in EMOTIV EPOC software, but for better
undersanding signal processing algorithm was elaborated and implemented in Matlab
environment (Fig. 4.2). General principle of experiment is shown in Fig. 4.1.

Subject Stimuli EMOTIV EPOC

[ ERRY

MATLAB

.csv data

Figure 4.1 The principle of the experiment

Using elaborated algorithm, registered EEG data were imported to MatLab, a
signal spectra and spectrograms of the different channels were obtained.

The signal parameters on which it is possible to classify brain rhythms and event
related potentials (ERP) were defined [4.1.2]. Based on defined parameters, we dealt
with frequency, time and amplitude-based analysis methods. Voltage projecting and
time-frequency analysis (amplitude frequency characteristics and spectrograms)
methods were chosen for studying the signal in three dimensions - aplitude, time,
frequency [4.1.3].
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Figure 4.2 Flowchart of MatLab algorithm

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

b) The definitions of variables that are used in calculations (for processing). Variable
data is the data matrix, which contains all of the EEG signal for each channel and the
contact details of the electrode quality of the subject's head. Variable chn is a signal
for one channel without deprivation of artifacts. Variable ch - the real value of the
EEG, but ¢/ and ¢ is the times value’s vector’s definition.

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

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

f) Time vector ¢/ is defined.

g) tl is divided by the sample rate - 128Hz. Real-time values are inversely
proportional to sampling frequency.

h) Spectrum estimation for each channel using the built-in MATLAB function
spectrogram.

1) The Fourier transform of each channel using the built-in MATLAB FFT function.

J) After the Fourier transform the one-sided signal spectrum is drawn. You can use the
one-sided spectrum of the final length of the signal. The spectrum is plot as a separate
figure.



k) In this step, the EEG channel true name, such as AF4, F8, is expressed as a channel
electrode contact quality value.

1) The resulting contact quality value is compared with a "4" and defined as good or
bad

m) The end of the algorithm.

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

All experimentally obtained data were subjected to MatLab algorithm described in
chapter 4.1.1. and fast Fourier transform. According to each mental stimulation and
activity type [4.1.4], the channels were selected from the data sets and later subjected
to short time Fourier transform. Below an example of analysis of two channels from
one data set is. But the reader must understand, that spetrograms, one-sided spectrum
and a short time Fourier transform were used for all data sets in order to determine the
type of brain rhythms, thus determining the type of stimulation.

To determine the rate and type of stimulation at each EEG data set, specific
channels were selected from EEG voltage projections, which we were able to
evaluate, using EPOC software. For example, during the registration of data sets r/
the subject was static and the aim was to record the a-rhythms, so channels O/ and
02 were chosen for the signal analysis, as in these regions a-rhythms are projecting.
Similar it was with other conditions of the subject. Experimental channels were
chosen for each condition (mental activity or stimulation) depending on theoretical
knowledge about cortical regions. Ol-one-sided channel spectrum is shown in Fig.
4.3.a, but O2 one-sided spectrum - Fig. 4.3.b.

As can be seen in Fig. 4.3, in these channels low frequency dominates, which is
normal characteristic of EEG signal. Larger amplitudes in both channels appear
around 10-13Hz frequency range.
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Figure 4.3 OI and O2 one-sided spectrum



From Fig. 4.3 it can be seen that, dominating frequency range corresponds to a-
rhythms’ frequency range [4.1.5] . It means, that the subject was relaxed with his
eyes closed.

The attached figure is just an example, how data analysis methods implemented in
MatLab environment allows to recognise events in brain signals.

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

In the first year of the research study for scoliosis detection and prevention we
developed a scoliosis detection device prototype with 12 sensors and accompanying
software capable of drawing basic model of the shape taken by this prototype system.
This year we have continued work on this system and made several improvements,
both in precision and usability. Also our results have been published and presented as
described in sections below.

The results obtained in this period:

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

Future work:

b =

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

2. Create more precise algorithms for detection of unwanted postures

3. Work on increasing the precision of the system as a whole

4.2.1. Device prototype improvements

Continuing the work started in previous year, device prototype has gone through
several improvements. These improvements are listed below

e Increase in the number of sensors:

For more equal horizontal and vertical resolution 4 more sensor nodes were
added to the sensor network. This resulted in 16 sensor network arranged in a
grid formation of four rows and four columns. The new sensor network
provides more data than the previous 12 sensor network and covers the surface
more evenly.

e Development of elastic harness:

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



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

Battery powered:

For the device to be wearable outside of laboratory it was equipped with
rechargeable batteries replacing power cord. Although in early experiments 2
rechargeable AA batteries were sufficient (2.4 V), later when device was
equipped with wireless communications at least 3.3 V were required. Because
of this reason the battery pack was upgraded to 3 rechargeable AAA batteries
(3.6 V) of similar weight and size. Because the latest prototype model with
wireless communication only spends approximately S0mA, this battery pack
containing 3 average rechargeable AAA batteries of 900mAh capacity can
sustain the device for approximately 48 hours.

Wireless communication:

For full mobility while wearing the device it was equipped with wireless
transmission capabilities. This allows transmitting data to external computing
device such as personal computer or mobile phone for further calculations.
Wireless communication was realized in two stages.

The first stage used antenna and wireless module of the eZ430-RF2500
module which was already used for the MCU located on it. This approach
used very energy efficient data transfer algorithm SimpliciTI™developed by
Texas Instruments for use with their sensor modules. Although this approach
had some benefits, there were several drawbacks, such as high processing load
on MCU or the requirement for specific external receiving module which must
be plugged into personal computer before data can be received.

Second wireless communication version was devised based on Bluetooth
communication. This standard was chosen because it is widely available on
mobile phones and personal computers, so no additional setup is needed on the
receiving side. On the device side a standard BTM-112 Bluetooth module was
used. This module takes care of all the actions necessary for wireless
communication and in doing so leaves the MCU free for other calculations.

Enclosure:

The central processing module together with Bluetooth wireless module and
battery pack were enclosed in protective enclosure. This allows the prototype
unit to be worn for prolonged periods of time without damaging it. On switch
and informative diodes were added to the enclosure for easier operation (Fig.
4.4)

Figure 4.4 Enclosure protecting the central processing module and Bluetooth module



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

Figure 4.5 Prototype device harness

4.2.2. Data processing improvements

Specially designed software in MatLab environment was used for development of
more advanced data processing algorithm and more precise approximated surface
model construction. Algorithms were designed to be simple and effective to allow
them to be implemented on portable devices such as smartphone.

In the new approach surface model consists of four strips of mutually connected
vectors. Every strip is constructed from four fixed length vectors, each starting from
the end of the previous one. The structure of approximated model corresponds to
sensor networks 4 by 4 grid architecture. These four strips are then connected to a
base line to mutually connect each of them. This base line is rotated along with one of
the vectors in first row, to obtain more realistic surface model. In initial conditions
every vector is defined as parallel to earth gravity (vertical), thus resulting initial
shape is flat vertical surface. Then each vector is rotated from its vertical position to
orientation of its corresponding shape (Fig. 4.6). This provides that the approximated
model shape correspond to shape of physical device. This approach has some
limitations arising from segment rotations around vertical axis, however, method is
sufficient for basic shape approximation and analysis.
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Figure 4.6 Structure of approximated surface model [4.2.1]

For description of sensor orientations a quaternion representation was used. This
method allows to overcome problems such as non-unique representation and gimbal
lock which are present when using Euler angles. Quaternions are numbers with three
imaginary parts, and can be used to represent any rotation around any given axis. The
orientation of sensor is defined as a vertical normal vector, which is rotated for an
angle 0 around axis 2 (Fig. 4.7).

X

Figure 4.7 Quaternion representation of sensor orientation [4.2.1]

If we have normalized accelerometer data ay, ay, a,, angle 6 can be obtained as:
a = arcms[lﬁ: Qe a_,..,:::z:] (0,0, ]_:I]. (4.2.2.1)
The direction of n can be calculated from:

n = I:ﬂ_l.,ﬂ_,l.,ﬂz:l > (0,0, ll (4222)



Using these parameters we can construct the rotation quaternion:

6

gl = cos (E)

T, COS (8)

2

71 4.2223)

g2 = ngcos (Ej)

&
G3 = Ngcos (—j)
This quaternion can be used to rotate any given vector. This can be done either by
constructing quaternion rotation matrix, or using quaternion multiplication [4.2.2].

4.2.3. Smartphone (Android) application

For mobile data gathering and feedback testing a smartphone application was
developed.

Because of its open source nature and abundant availability of online support the
open source smartphone platform Android was chosen for the development of first
mobile software prototype.

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

e Storing correct back position selected by a doctor for the best self correction of
deformations

e Seclecting the sensitivity - how much the subject has to move away from the
correct posture before a feedback signal is sent

e Selecting the type of notification - whether feedback is sound based, vibration
based or both

e Running the monitoring software, which keeps track of how much time
proportionally is spent within the correct posture parameters versus the time
spent in the incorrect posture, while providing feedback at the same time

e Real time animation - the software is capable of displaying the current
calculated shape of the back, together with a grid representing the correct
shape which needs to be maintained. This allows the user to train the correct
posture more precisely.

4.2.4. Published results

Within the last year our system has been described in one masters paper by Atis
Hermanis [4.2.3], presented in one poster session in International Symposium on
Biomedical Engineering and Medical Physics (ISBEMP) [4.2.4] and also published in
one scientific conference - Baltic Electronics Conference (BEC2012) [4.2.1]. In
BEC2012 the presented article also received reward “for the composition and
presentation of the best paper”.



4.3. Biometric person recognition system based on
palm vein patterns

Palm vein pattern is unique to each person, making it possible to identify person.
During this project, a computer based device is developed, that acts like biometric
door lock, by allowing person to enter the room only if information about his or hers
palm vein signature is equal or similar enough to record in database.

During recognition process, image of palm is captured in IR spectrum, making
palm veins more visible. Using location of gaps between fingers, ROI location is
calculated, and ROl is extracted from rest of the picture.

Figure 4.8 Palm and palm vein pattern

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

(X1y,Y1,dX1,dY1,X2,Y2),dX2,dY2,...
.y X64,Y64,dX64,dY64,+-1,+-1,+-1,+-1,+-1,...,+-1)

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

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

Person unique biocode is derived from data vector by hashing it using Biohash,
for safe storage in database, meaning, palm vein pattern could not be restored even if
biocode is stolen.

For better performance, system is trained for each person recognition, that is, 5
sample images are taken from each person, and average biocode is calculated, as well
as information about bit stability is stored, making it possible for more stable bits to
contribute more on similarity, than less stable bits .
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5. Uz rotacijas lenkiem balstitas visparinatas signalu
analizes metozu attistiba un algoritmu modelésana

5.1. Visparinatas Jakobi matricas (EGURM) faktorizacija

2012. g. tika veikti petfjumi, lai faktoriz€tu visparinato Jakobi matricu (EGURM -
Elementary Generalized Unitary Rotation Matrix), kas lauj izpildit elementaro
visparinato rotaciju, izmantojot 5 realu vértibu rotacijas [5.1].

5.1.1. EGURM ka triju kompleksu matricu reizinajums

Algoritma pamata ir Jakobi matricas izteikSana ar tris retinatu kompleksu matricu
reizinajumu (agrak zinama lieta):

C¢'€
T412 = g e
¢

—-Jjv

s, e’ 1 0 —jw
Jr ’ }:[O ej(7+~//)j|'TG(_¢)'|:eO egyj|. (3.1)
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Pétijuma pienesums ir EGURM faktorizacija:

T =T(a,b,,b.,u) =T,(u)-T,(a,by,b.) T, (u), 5.2)

kur divas no matricam ir kompleksas

1 O S(Lu) jy
T,(u) = [0 ej(S(Z,u)}/S(l,u)v/):|’T1(u) = [e 0 e—s<(2),u>jy] (5.3)

vidgja matrica ir Givena matrica ar permutétam rindam (R) un kolonnam (C):

c, —S§
T2 = TR(¢) = TR(¢’a’bRsbc) :R(a,bR) .|:S¢ C¢
¢ ¢

]C(bc), (54)

bet zimju matrica

S_+1—1+1—1 55
=141 +1 =1 -1 (5.5

nosaka atbilstoSo matricu elementu zimes. s =sin(¢), c~=cos(¢). Mainigie a, bg, bc un
u nosaka konkrétu EGURM izskatu (shape).



5.1.2. Realu vértibu EGURM ekvivalenta faktorizacija

Ja kompleksa ieejas signala vektora (2 kompleksi elementi), kuru ir jatransforme,
parraksta ka realu vértibu 4-u elementu vektoru, més varam izteikt EGURM "realo"
ekvivalentu ka triju 4x4 realu retinatu matricu reizinajumu:

Y. = [yRel YVimi Yre2 yImZ]T =T,-x,=T,,-(T,, (T, '[xRel Xim1 XRe2 xlmz]T)), (3.6)

kur

=

00 1000 00
. v 00|, _[0100 T.@

1r = > 13y T 0 ’

T, 00T,

0

0
0 0 (5.7)
0 1

[e>en)

un faktorizetas matricas satur realas rotacijas strukturas:

T, =T,(S0Luwy). T,=T,(-5Qw 7. T,,=T,(SQu)y-SLw)y). (58)

No iepriek$€jam izteiksmeém izriet, ka, lai 1stenotu komplekso EGU-rotaciju, ir
nepiecieSamas 2+2+1 = 5 readlas rotacijas, virkne lenku parrékinu (nemot véra
izveletas EGURM konkréto izskatu) un permutaciju.

5.1.3. EGURM daudzveidiba un precizitate

Atkariba no Tg rotacijas lenka diapazona, EGURM ir iesp&jami no 4 Iidz 64
dazadi izskati (shapes). Lenku diapazoni, adresu intervali un izskatu skaits ir apkopots
nakamaja tabula

o,v,y (deg) au b bc N;o N
[0, 45°] [1,4],[1,4] [0, 1] [0, 1] 16, 64
[-45°,45°]  [1,4],[1,4] [0, 1] 0 8,32
[0, 90°] [1,2],[1,2] [0, 1] [0, 1] 8,16
[-90°,90°]  [1,2],[1,2] [0,1] 0 4,8
[0, 180°] 1,[1,2] [0, 1] [0, 1] 4,8
[-180°, 180°] 1,[1,2] [0, 1] 0 2,4

Samazinot pamatrotatora T lenka diapazonu 11dz [0, 45°] ir iesp&€jams paaugstinat
rotacijas precizitati (Iidz pat 8 reiz€m), ja rotacijas lenki mainas plasakas robezas (|-
180°, 180°]). Tas notiek uz EGU-rotatora struktiiras sarezgitibas palielinaSanas rékina.



5.2. Doplera radara (DR) signalu ciparapstrade

2012. g. tika veikti petijumi, kas saistiti ar DR signalu ciparapstrades algoritmu
izstradi. Algoritmi ir balstiti uz minimalo kvadratu metodes un atstaroto signalu
modeliem. Izstradajamie algoritmi ir paredzeti tadu transporta lidzeklu (TL) kustibas
parametru ieguSanai ka: atrums, izméri, kategorija un kustibas josla [5.2] [5.3].

5.2.1. DR signala ciparapstrades algoritmi

5.2.1.1. Viena atstarojosa punkta modelis

Algoritmu pamata ir DR signala modela izvéle. Pats vienkarSakais ir viena
atstarojo$a punkta/zonas (scattering point) modelis:

x(t)=A(t)-sin(2-7- f,, (1)), (5.9)
kur

Jo@® =k-V (1) =k-Vy(t) -cos(¢(2)). (5.10)

Apstrades algoritma péc bitibas tiek ignoreta apliec€ja A(z) un tika izmantota
informacija tikai par frekvences fp(t) izmainam. Apliec€ja tika izmantota tikai TL
atstarota signala sakuma un beigu detekteSanai. Galvena algoritma funkcija ir novertet
TL atrumu Vy(t).

5.2.1.2. Minimalo kvadratu metode

Algoritms operé ar starpibu starp modeli ietverto un eksperimentali noteikto
frekvences izmainu laika:

A(t) = fop () = fp(8), (5.11)

pieprasot, lai atSkiribu kvadratu summa bitu minimala, kas noved pie vienadojumu
sistemas

$ ) Molen)) o (5.12)
k=1

Ox

kur x ir izv€letais parametrs (atrums, attalums Iidz joslas centram utt.)
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Figure 5.1 Diva modelu pielaikoSana eksperimentalajam laika signala (no viena TL), raustita
Iinija — lokalizacija ir dota, punktéta linija — lokalizacija ir atrasta
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Figure 5.2 TL kustibas parametru novértéSana, izmantojot frekvencu detektesanu
un minimalo kvadratu metodi

5.2.1.3. Vairaku atstarojoso punktu modelis

Ja ir vajadziba paaugstinat TL kustibas parametru noveérté€Sanas precizitati, tad ir
jaizmanto vairaku atstarojoSo punktu modelis:

s5(0)= 2 1,(0)-cos2r £,0)1). 13

Sads modelis Jauj atpazit arf aptuvenu (vilna garums 1.25 cm) TL formu. P&tijuma
ir izmantots 5 (N) punktu modelis.
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Figure 5.3 TL kustibas parametru novértéSana, izmantojot frekvencu detektéSanu un minimalo
kvadratu metodi 5 punktu modelim. Sarkana likne — péc modela restaurétais laika-frekvences
signals, zila likne originalais laika-frekvences signals

5.2.1.4. Perspektiva - uz rotacijas lenkiem balstitu
funkciju modelis

Atrodas izstrades stadija. Izskatas, ka laus biitiski ietaupit skaitloSanas apjomu un
FPGA resursus. Te ir pilnigi jaunas patent&jamas lietas.

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

Modulu izstrade un mikrominiaturizacija 2012.g. ir norit€jusi vairakos virzienos.
Seit aplukosim tikai galveno pienesumu VPP.

5.3.1. EGU-rotatora arhitektidra balstita uz realu vértibu
rotatoriem

Ka jau minéts ieprieks, fakts, ka EGURM var interpretét ka 5 realas rotacijas, lauj
EGU-rotatoru realizet ka tris pakapju ierici.
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Figure 5.4 EGU-rotatora arhitektiira, kas balstita TG (Givena) rotatoriem, a) kopéja blokshéma, b) bloks TR,
¢) bloks T-y, d) bloks Ty-y

Rotatora simulacijai, vienkarSai testéSanai un sint€zei tika izmantota att€lota
Simulink blokshéma.

5.3.1.1. EGU-rotatora VHDL koda sintéze

Koda sintézes automatizacija tik veikta izmantojot Matlab/Simulink, Altera
Quartus Il un Mentor Graphics ModelSim (Xilins ISE) programmas. Minétas
programmas tiek lietotas sekojoSu uzdevumu veikSanai:

e MatLab - Automatizacijas vadiba, rotacijas matricu faktorizacija un
unitaritates parbaude, izmantojot Symbolic Math Toolbox(SMT). Rezultatu
iegiiSana izmantojot peldoSa punkta aritmétiku (double precision) un iegiito
izteiksmju parveidoSana fiks€ta punkta aritmétika ar fi() objektu.

e Simulink — Rotatora simul&Sana fikséta punkta aritmétika, VHDL koda
generéSana izmantojot HDL coder,

e ModelSim — VHDL koda simuléSana (Altera),
e Quartus I — VHDL koda kompilacija izveletajai Altera FPGA mikroshémai,



FPGA programmeésana.

e [SE - VHDL koda kompilacija izv€letajai Xilinx FPGA mikroshémai, FPGA
programmesana.

5.3.1.2. Sintezéta rotatora resursu patérina
salidzinajums

Resursu salidzinasana tika veikta gadijumam, kad Given rotators tiek realizets ar
CORDIC-a algoritmu Altera un Xilinx platformam.

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

Device, Wordlength (WL)
(Speed Resource
Grade) 16 24 14-32
EPACEA0 REG 64 136 ~6.7xWL-33
(8) LUT 880-930 ~1025 ~44xWL-78
MUL(18x18) 2 10 -
XC6SLXTS REG 102-114 153-177 ~5xWL+40
) Lur 230-315 395-525 ~24xWL-60
MUL(18x18) 6 12 -

Redzams, ka Altera FPGA mazak patéré registrus un reizinatajus, bet Xilinx
kombinaciju shémas (Look Up Table). Resursu paterin$ praktiski nav atkarigs no
izveletas saimes un ierices un atrdarbibas (Speed Grade). Kopg€jais visa EGU-rotatora
resursu patérins ir aptuveni 4.9 reizes lielaks neka vienai rotatora Stunai.

5.3.1.3. Perspektiva

Pasreiz rotators tiek ieklauts iepriekS izstradataja EGURIT (Elementary
Generalized Unitary Rotation Instrumentation Tool) un izstradajamaja UNITIT
(UNItary Transform Implementation Tool — Unitaru Parveidojumu Isteno$anas Riks).
Tiek stradats pie rotatora hibridajiem algoritmiem — CORDIC kopa ar ieprieks
izmantotajiem reizinataju-summatoru (M-A) algoritmiem [5.1]. Algoritms tiek
izmantots veidojot visparinata OFDM blokus.

5.3.2. DR signalu ciparapstrades modulis

Ir izveidoti eksperimentali FPGA moduli [5.3], kas ir sintez&ti, izmantojot
Simulink HDL Coder. Nakamaja tabula ir dots logisko elementu (LE) patérins 5
punktu modela FPGA modulim.



TABLE 1 PRELIMINARY ESTIMATION OF LE FOR IMPORTANT SIGNAL
PROCESSING STAGES IN DSP MODULE OF RADAR

Signal processing stage Number of LE
for Cyclone IV GX
Signal preprocessing 1648
Sensor signal clip former 2898
Frequency detector 36768
First 3 stages 41263
Doppler shift signal simulation for 5SP | 20349

model
Doppler shift signal simulation for vehicle | 40660
model (10 scattering points)
Doppler shift signal simulation for 5SP | 57628
1
1
1

model with following frequency detector
Doppler shift signal simulation for 10SP | 77997
model with following frequency detector

5.4. Uz Visparinatas Ortogonalas Nesinusoidalas
Frekvencdales balstitas datu parraides sistémas
pilnveidosana

2012. gada gaita turpinajas darbs pie visparinatas datu parraides sist€émas. Tika
izstradata visparinatas sakaru sistémas laika un frekvences sinhronizacija. Petijjumu
rezultati tika prezentéti 2 starptautiskajas IEEE konferencés “BEC2012” un
“TELFOR2012”. Turklat, gada vidi konferencé “Electronics 2012” tika prezentéts
sakaru kanala novérté€Sanas un izlidzinaSanas algoritms, kas tika izstradats 2011-2012.
gada [5.4] [5.5] [5.6].

5.4.1. Kanala izlidzinasana

Lai veiktu izlidzinaSanu Visparinato Unitaru Parveidojumu (VUP) apgabala, ir
nepiecieSams veikt nediagonalas un ne Teplica kanala matricas inversiju. Viens no
veidiem ka invertét matricu ir sakuma to diagonaliz€t. Kanala matricas
diagonalizésanai tiek piedavata singularo veértibu dekompozicija (SVD). Simulacijas,
kas tika veiktas izlidzinataja test€Sanai paradija izcilus rezultatus un apstiprinaja
piedavatas metodes pielietojamibu uzstadita uzdevuma atrisinasanai. Tiek salidzinati
3 kanala noverteSanas algoritmi savienojuma ar izlidzinataju, kas balstas uz SVD.
Simulacijas paradija, ka SVD ir Joti jutigs pret kanala noveértgjuma kliadam. Pie
pietiekoSi preciza novert€juma, kas tika iegits lietojot LMS, iegitais izlidzinatajs
nodroSindja augstaku datu parraides sistémas veiktspéju neka OFDM ar tadu pasu
nesé€ju skaitu.
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Figure 5.5 Datu parraides sistemas veiktspéjas salidzinajums
pie dazadam novértésanas metodém atkariba no attiecibas signals/troksnis

5.4.2. Bloku sinhronizacija

Nemot véra, ka visparinata sakaru sist€éma veic parraidi pa blokiem, bija
nepiecieSams izstradat algoritmu, kas nodroSinatu precizu bloku sakumu atraSanu
neatkarigi no pielietojamas transformacijas. Klasiskie laika nobides noveértéSanas
algoritmi, kas tiek lietoti OFDM izradijas nepietiekoSi precizi lai nodroSinatu
sinhronizaciju 1 ¢ipa robezas. Tiek piedavats originals, uz Skérskorelaciju balstits
algoritms, kas nodroSina augstu precizitati, bet relativi vaju trauc€jumnoturibu. Lai
uzlabotu trauc€jumnoturibu, tiek piedavats lietot kombin€to novertétaju, kas izmanto
gan autokorelaciju gan Skérskorelaciju. Raksta aprakstita automatiskas vadibas cilpa,
kas balstas uz PID un nodroSina automatisku laika sinhronizaciju pie neliela iteraciju
skaita. Izstradatais sinhronizacijas risinajums parada augstu trauc€jumnoturibu un
precizitati.
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Figure 5.6 Datu parraides sistémas veiktspgjas salidzinajums
atkariba no bloku sinhronizacijas risinajuma



5.4.3. Frekvences sinhronizacija

Bez laika sinhronizacijas, jebkura sakaru sisttma ir janodroSina frekvences
sinhronizaciju. Tiek piedavati 3 originali nes€jfrekvences (carrier frequency) nobides
novertésanas algoritmi, kas balstas uz Skerskorelaciju. Mingto algoritmu galvena
prieksrociba salidzinajuma ar klasiskajiem, uz autokorelaciju balstitie algoritmiem, ir
ta, ka tie:

e sp¢&j nodrosinat daudz plasaku frekvences nobides diapazonu;

e kanalos bez dispersijas (AWGN) tie nodroSina augstaku precizitati;
Izstradato algoritmu galvenie triikkumi ir:

e garu trenigsecibu lietoSanas nepiecieSamiba;

e vaja noturiba pret dispersiju sakaru kanala;

— —— AC,e=0.001 —© — LS, e=0.001
AC, £=0.01 —6— LS, e=0.01

N — % — AVG,e=0.001 — % — CZ, £=0.001
107N —— AVG,e=0.01 —#*— CZe=0.01

MSE

Figure 5.7 Datu parraides sistémas veiktspgjas salidzinajums
dazadiem frekvencu sinhronizacijas algoritmiem

5.5. Izstradatie funkciju/programmmu moduli
MATLAB/Simulink bibliotekam
"Phi-FunctionsToolbox/Blockset"

2012.g. saistiba ar "izgudrotajiem" parveidojumiem tika/tiek izstradati un
pilnveidotas vairakas interaktivas Matlab/Simulink programmas [5.7] [5.8].
Vislielakais pienesums ir Doplera radara DSP modula prototipéSanas vide, kuras
funkcionalitati nodroSina, galvenokart, Matlab/Simulink (ML/SL)

5.5.1. DR DSP modula izstrades-prototipésanas vide
Ir izveidota vide, kura sev1 ietver sekojoSu aparatiiru un programmattru:
e DR sensoru (DR Front End), kas lauj

o apstarot kustigu objektu ar CW (Continues Wave) augstas frekvences
elektromagnétisko vilni un uztver atstaroto vilni,



o

saformét Doplera efekta radito ZF signalu;

e DR signala analizatoru-prototipéSanas Iidzekli (ML/SL), kas tiek izmantots, lai
prototipétu DR DSP modula izstradi, kas lauj

o

)

o

)

o

novertet TL atrumu,

saskaitit TL,

identificet kustibas joslu,
novertét TL izméru/kategoriju,

aptuveni atpazit TL formu;

e ar videokameru aprikotu automatiz€tu analizes paliglidzekli (ML/SL), kas,
veicot att€lu apstradi, lauj

o

)

o

©)

o

detektet kustigu TL,
sekot kustigajam TL,
atrast TL atrumu,
detektét kustibas joslu,

novertét TL kategoriju un saskaitit TL;

e virtualo simulatoru (ML/SL), kas ietver sevi

)

o

TL trafika imitatatoru (izmantojot zinamus kustibas trafika modelus),

3D vizualizatoru;

e virkni tadu programmatiiras lidzek]u ka

o

)

ML/SL ar rindu izstrades lidzeklu kopu (Toolboxes),
Altera Quartus Il un Mentor Graphics ModelSim;

e Alteraun Terrasic FPGA izstrades Iidzeklus (DE2 un DE3).

Vides struktiira ir redzama nakoSaja attéla 5.8.

5.5.2. Perspektiva

Aptuvena formas atpaziSana ir iesp&jama izmantojot uz rotacijas lenkiem balstitus
divdimensionalos parveidojumus, kuru izstrade turpinas. PasSreiz, ieprieks izstradatais
virtualais att€lu analizators-sintezators (VIMANSY) tiek adaptéts prototipéSanas videi.
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Figure 5.8 PrototipéSanas vides struktiira
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6. Radiovilnu daudzcelu izplatiSanas modelu
uzlabosana izplatiSanas apstaklos ar gariem
koridoriem un dzelzsbetona griestu parsegumiem

The results obtained in this period:
e Ranged models and parameters of radio wave propagation models in the fast
fading environment (Section 6.1).
e Performed analysis of Doppler frequency shift parameters of radio wave
propagation models in the fast fading environment (Section 6.2).
Future work:
e Results obtained have shown the power delay profile for dynamic conditions
in the multipath environment. i.e. including the motion.
e Further analysis will perform the multipath attenuation estimation for
communication channel with the moving antenna.

6.1. Ranged models for fast fading environment

A number of models have been introduced along the lines of a general Hata—like
power law with standard deviation of an error around 10 dB for these models.

To improve these models an empirical wide-band model is evaluated for delay
spread and average power delay profile (PDP). These factors together with Doppler
characteristics as field direction-delay spread and space dependent channel impulse
response and time-dependent channel response are required as the key elements for
the system simulation.

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

Table 1
Delay spread and power delay profile shape in different environment
Environment Average rms delay Variability of rms delay Profile
spread [ns] spread [ns] shape
Dense 19.3 3.4 exponential
Open 27.7 3.6 power
Large 67.4 4.3 exponential

As seen in the Table 1 the PDP in dense environment follows the exponential
dependence. In open environment the PDP follows the power function and large
environment again follows the exponential one.
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Description for exponential delay profile %o and power delay profile
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1 e_z[ToJ
V27 is dependent on average delay 1. Time variations of the indoor radio
channel mainly result from the 3 sources: a receiving antenna position change have
produced spatial fluctuations of the electric field translated into time delay variations;
time variance is observed due to changes in the antenna orientation from non-uniform

antenna field pattern; and movement of the scattering objects (as person with a
transmitter) results in the time-variant system function.

Under the general assumptions of the radio wave propagation on uniform
distribution of the phases of the incident signal the time-variant channel is wide sense

stationary uniform scattered over the time interval [T,o] with the scattering function
[6.2]:

P(z,v)= P(r)P(v)

where P(7) un P(v) are the power delay profile and normalised power Doppler
profile of the channel, respectively.

1.4

1.2

1

0.8

0.6

0.4

0.2

Figure 6.1 Delay spread for dense (c,=3.4 ns) and open (c,=3.6 ns) environment (simulated)

Wide band model delay spread has been tested for RTU ETF building on the
second floor.

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

6.2. Doppler frequency shift estimation

Traditional empirical propagation models estimate the mean path loss at a given
location. In practice for models it is important to know the statistics of received signal.
Long term and short term fading could be estimated. For indoor long term fading can
reflect measured mean value over the distance of some wavelengths. According to
[6.4] the indoor long term fading reflects lognormal distribution with 6=2.7-5.3 dB.
Short term fading as fast fluctuations of the signal level caused by movement reflects



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

Rayleigh, Weibull and Nakagami distributions [6.5] have been used for successful
description of the fading environment.
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7. Starpautomobilu komunikacijas sistemas modela
izstrade un mobilo objektu vietas noteikSanas
pétijumi, izmantojot satelitu reallaika kinematikas
datu apstradi, un transporta lidzekla parvietoSanas
modela izstrade, lai noteiktu zudumus, kas rodas
bazes stacijam parsledzoties

7.1. Starpautomobilu datu parraides sistéemas izpéte,
kustibas drosibas paaugstinasanai.

7.1.1. Vadibas sistémas uz V2V bazes.

As i1s well known, any intersection is a high-risk source for cars, especially
intersection without traffic lights. Road intersection safe crossing task sufficiently
difficult to solve using traditional methods. Therefore there are a lot of interest in a
safe intersection crossing facility that is based of mutual knowledge of the current
road situation in the location of the participants and their motion parameters (Fig. 7.1
and Fig. 7.2).

w, H
Al
X2 Xe X
Figure 7.1 Intersection without traffic light Figure 7.2 Cars approaching a intersecting
crossroad along courses
Results of the simulation are show in Fig.7.3 and Fig. 7.4.
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Algorithm for assessment (estimator) of the possibility of safe intersection passing.
Here is an algorithm for the safe crossing of intersection, based on the processing of
information about location, speed and heading obtained by GPS. (Fig. 7.5). The data exchange
is carried out with the help of DSRC. The result of the calculations is the predicted minimal
distance between the cars. Using these data the system produces a warning message for the car

driver [7.1.1].

Get:
GPS : coovdinates 1, speed 1,
headnmg 1

DSRC : coovdinates 2, speed 2,

heading 2
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Figure 7.5 Algorithm for the safe crossing of intersection

Wheel to wheel prototype. There is used firms RF Microdevice transceiver ML 5805.(Fig.
7.7) for wheel to wheel networking communication which is providing information exchange

about vehicle location.
L GPS
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He2 |25 ) po
5.8 GHz
Missas | HCT

Figure 7.6 Structural flowchart of vehicle onboard equipment



It was assumed that the cars are not equal - own car is Master, but other is Slave. In this
way, the whole process of exchange of information to initialize and is run from the Master car.
Equipment mode of operation is half duplex, it's mean that the transmission and reception take
place at different time points.

Figure 7.7 RF Microdevice transceiver ML 5805

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

Figure 7.8 The control circuit microcontroller based on PIC18F2550 (Microchip)
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Figure 7.9 Principal scheme of control circuit

7.1.2. Mobilo objektu vietas noteiksanas pétijumi ar augstas

precizitates GPS aparatiiru dazados mérijumu rezimos.

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

The conditions during forming the network were to achieve accuracy of the geodetic points

within 1-2cm.



Total there are 65 points in RG2 network. Depending on type of point fastening and
conditions of GPS measurements points are divided in two groups:

e RG2 A - benchmarks and other points which are fastened deeper than 0.7 m with good
GPS sky view conditions — without influence of buildings, relief, trees and other
influences;

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

Point T8 was chosen because it is located in good conditions for GPS observations and
influence of environment and buildings is minimal. And this point is located in the centre of
the EUPOS-RIGA GPS reference network. These conditions reduce possible errors. It is
important because the aim was to establish the accuracy of the GRS-1 receiver using different
measurement modes.

The chosen point is shown in Fig. 7.10.

Figure 7.10 Geodetic point T8

As a possible imperfection is that during measurements antenna was placed on 128mm tall
holder. As the surface of the point is 300x300mm it can originate the influence of.

Official T8 coordinates in LKS-92:
e X =309177,035m

e Y =508228,007m

e h=4,746m



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

Accuracy of T8 coordinates (root mean square), during formation RG2 network are:
e 0, =2mm

e oy,=Imm

e 0,=2mm

Measurements were held in six different modes:

e RTK with GPS and GLONASS correction;

e RTK with GPS correction;

e DGPS with GPS and GLONASS correction;

e DGPS with GPS correction;

e Autonomous mode with GPS and GLONASS;
e Autonomous mode with GPS.

In each mode 4 measurement sessions were held:
¢ 50 measurements with recording 1x/1sec;

¢ 50 measurements with recording 1x/5sec;

¢ 30 measurements with recording 1x/10sec;

e 30 measurements with recording 1x/20sec.

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

In total about 950 measurements were made. The antenna during measurement session was
stationary. The session of measurement was 3 hours long within 15:30 and 18:30. At first the
RTK measurements were made, next were DGPS and at the end were made the autonomous
measurements. As the measurement session was rather long, than changes in satellite
constellation could affect results of the measurements through number of visible satellites and
geometry of constellation.

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

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

X Coordinates in AUTONOMOUS GPS mode fluctuates from 309176.0152m up to
309177.4980m and it makes range of 1.4828m. Y coordinates fit in a range of 1.1594m, but
range of height coordinates is 2.2901m.
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Figure 7.11 Measurements of coordinates in different modes on point T8




Further let’s take a look to the results of AUTONOMUS mode with using GPS and GLONASS
satellites. Considering that larger amount of visible satellites provides higher accuracy then accuracy of
measurements in this mode should be better than in previous one. In this case the range of X coordinates
measurements is 1.7782m, Y — 1.0869m, h — 9.6014m. If we compare these results with previous ones we
see that in previous case results for X coordinate and height measurements are better than in this one but
worse for the Y coordinate. As the accuracy with using larger amount of visible satellites is worse then the
results are unexpected.

If we examine results which are captured using DGPS GPS correction we see that: X coordinate
measurement range is 0.9856m, Y — 0.571m, h — 2.7919m. Comparing these results with previous ones we
see that only height measurements are worse, but this difference is small enough to pronounce that total
results in DGPS GPS mode are better than previously seen.

If we examine the results of DGPS GPS+GLONASS mode we see that results fluctuate more than in
DGPS GPS mode just as in the case of AUTONOMUS mode with GPS and with GPS+GLONASS modes.
In this case the range of X coordinate measurements is 2.9374m and this is the worst one so far. Y
coordinates makes range of 2.1582m, and this is also the worst result so far, and h — 11.8152m. Taking
into account that in this case a DGPS correction is used we can admit that the results are very poor.

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

And in the end let’s take a look to the results which should have highest accuracy, respectively RTK
mode with GPS and GLONASS corrections. From the results we see that X coordinate have the range of
results 0.0385m, Y coordinate — 0.0342m and h — 0.0839m. Making comparison of the results we see that
the latest measurement mode has the best accuracy just as expected. Should be mentioned that during
measurements 1x/Isec in RTK mode with GPS correction some unknown influence took place and
affected results badly. The results have errors up to 0.17m; of course this affects total result of RTK GPS
mode. Probably it is some rude error and may be eliminated.

If examine charts shown in Fig.7.11. we clearly can see that the best results is acquired in RTK GPS
and RTK GPS+GLONASS modes. It corresponds with the expectations at the very beginning. Charts
show some interesting tendency. In AUTONOMOUS and DGPS measurement sessions with using both
GPS and GLONASS satellite systems the accuracy is worse than in those sessions with using only GPS
satellites. It leads to think that GLONASS decreases accuracy of GPS. Unfortunately it is not possible to
switch off GPS system and make measurements only with GLONASS satellites in GRS-1 receiver to
figure out the reason of such tendency. But accuracy do not decrease using RTK mode with GPS and
GLONASS in comparison with RTK GPS mode.

To better understand the difference between accuracies of different measurement modes let’s take a
look to some following charts. Those charts represent the errors of the measurements. Let’s examine
results acquired in modes with use of the GPS and GLONASS satellites. Fig.7.12 shows the distribution of
the errors for X coordinate measurements in three different modes. As first is shown distribution of the
errors in AUTONOMOUS mode, next follows DGPS and the RTK in the end. Fig.7.13 shows distribution
of errors of Y coordinate, Fig.7.14 — errors of the height.
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Figure 7.12 Distribution of the X coordinate errors for measurement modes using GPS and GLONASS
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Figure 7.14 Distribution of the height component errors for measurement modes using GPS and GLONASS




Let’s shortly analyze the acquired results. In the beginning let’s analyze results for
X coordinate (Fig. 7.12). As can be seen on charts in AUTONOMOUS mode
approximately 52% of errors are 1.4m and only 2% of the results have error of 0.85m.
Next DGPS mode in this case approximately 50% of the measurements has error 2.6m
and in 29% of the measurements error is less then 2.3m. As expected in the beginning
of the measurements most precise are measurements of RTK mode. In this case 82%
of the results have error less than 0.023m.

Now let’s analyze measurements of the Y coordinate. In this case also we see that
errors using AUTONOMOUS mode in comparison with modes with corrections are
much larger. 48% of measurements have error between 1.29m and 1.43m. If we look
at the DGPS mode we see that amount of errors is much smaller than in
AUTONOMOUS mode — only 22% of measurements have error larger than 0.364m.
And now RTK mode — in this mode 86% of measurements have error less than
0.012m.

And finally let’s take a look to the distributions of the errors measuring height
component. Usually these measurements have the largest errors. In AUTONOMOUS
mode error of the height component measurements are much bigger than measuring X
and Y coordinates. In this case 60% of the measurements have errors between 8.54
and 8.72m, it is considerable as the low accuracy measurements. If looking to the
results of the DGPS mode only small decreasing of the amount of errors is noticeable.
In DGPS mode 50% of the results have errors between 5.86 and 7.58m. And one more
thing errors in DGPS mode are negative but in AUTONOMOUS mode — positive.
And finally results of the RTK mode. In this case 98% of the results have error less
than 0.0224m and 26% of measurements errors are not larger than 0.0066m.
According to these results we strongly can say that RTK mode is much more precise
than other measurement modes. If the RTK mode is used errors are considerably
smaller than using DGPS or AUTONOMOUS mode [7.1.3.].

7.2. Transporta lidzekla parvietoSanas modeja izveide,
sasaistot to ar datu parraides atrumu starp kustiga
objekta iekartam un bazes stacijam.

7.2.1. Cikliskais bezvadu tikls

For the sake of a simpler mathematical model, let’s make the following
assumptions. First, the processed tasks are homogeneous. A homogeneous task flow is
a common characteristic for network systems controlling technological processes in
real time. Second, the processing moment for every task is accidental and is
exponentially distributed with a mean value corresponding by element. Third,
elements and tasks being processed are mutually independent.

The terminal count in each vehicular wireless network is usually high. It is
possible to replace conveyor transfer of files with a consistent transfer on evaluation
of bandwidth. Following the obtained practical results we will calculate the base
station performance at variable client count. In our case the 200 meters long base
station operational zone of is divided to 5 zones, 40 meters each, the third zone being
the most adjacent to the base station, as shows Fig. 7.15. We assume that N vehicles



enter the operational zone of the base station, starting at the speed of zero. Then
velocity increases exponentially [7.2.1].
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Figure 7.15 200 meter segment consisting of 5 zones, 40 meters each

Let’s investigate a closed network consisting of M independent nodes with N

incoming queries. Distribution is exponential with the parameter Hi According to this
research the speed of vehicle movement on highway is characterized by density. If the

interval length equals Si, and vehicle movement speed equals ‘91‘, then the intensity of
vehicle service by road interval equals:

i (7.1)

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

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

Query service intensity in the i-th interval equals H: as show in Fig. 7.16. We will
assume that N vehicles enter the operational zone of the base station, starting at the
speed of zero.
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Figure 7.16 Closed cyclic system

The model (Fig. 7.17) has been created in the graphical Simulink environment of
MATLAB package. The blokset SimEvents has been used as a source of source
blocks.
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[ Closed Queueing network. |
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Figure 7.17 Closed model in Matlab

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

N vehicles are entering the base stations operating zone, with initial velocity of
zero after that velocity grows exponentially, as show Fig.7.18:

$=9(1—-e) (7.2)

where r — distance to base station.
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Figure 7.18 Speed of vehicle

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

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

Vehicle speeds in various zones are presented in Table 7.2:

Table 7.2
Vehicle speed
Zone number i 1 2 3 4 5
Distance (m) 40 80 120 160 200
Velocity % (kmmy | 38 49 59 67 74
Intensity Hi 0,264 0,34 0,41 0,465 0,514
Here % is estimated by the system of equations:
wx =3 L (7.3)

Buzen’s algorithm is among the most effective methods for closed network
analysis. Buzen’s matrix, at the row i1 and column j can be calculated using the

formula:

g, j)=g@, j-D+gli-L j)x

where G(N) — normalizing constant, resulted either from adding up and equating to
one all probabilities either by Buzen’s method. Naturally, there are no limitations for

the number of vehicles (queries) in the i-th interval, as shown in Fig. 7.19.
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Average number of queries (vehicles) in i-th interval:
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Figure 7.19 Average number of vehicles

Each vehicle in sub-zone i can exchange packets with base station with

intensity 2/ A <1,

Then we know the general form of the equilibrium distribution for N < min; m;.

Goodput of a station providing service for the region ! can be obtained from this
formula and can be seen in the Fig. 7.20:
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Figure 7.20 Goodput in wireless network with one router
depending on distance for 802.11n and 802.11¢g

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

Using the M/M/1//N , model for every sub-zone i, we find the probability of base
stations idleness:

gl 2 Em) |
Po<i>=[2('J IR
o\ B (E(”,) k)! (1.5)
Goodput for moving, as show Fig.7.22:
n,=01-P®)B, (7.6)
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Figure 7.22 Goodput for moving with 10 and 20 vehicles
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The wireless network for mobile users has been created and installed in this
experimental work.

The wireless network with one access point has been installed. Wireless network
throughput has been detected in different modes. In this research the experimental
data about data transfer rate in wireless networks of 802.11.g/n standard connecting
moving objects are presented. Basing on the experimental data the mathematical
patterns have been developed binding characteristics of vehicular flow with
characteristics of data transfer system. This paper has presented a performance
evaluation of the two layer and cyclic network model.

A calculation of goodput for each node of two layer network has been
explained. Two layer and closed cyclic model for real data transfer rate estimation
depending on number N of moving objects located in the wireless network base
stations operational zone has been developed. Basing on this research, the real data
transfer rate depends on the number and distances from the base station of objects
interacting with base station. This work gives a good tool for modeling Vehicular
network system [7.2.1].

7.2.2. Wilan veiktspéja autotransporta vidée

Now, wireless communication network research of road environment is up to date,
and is regarded as a new challenge for science and industry. Objectives and benefits
of such a communication system is already clearly defined in the various countries or
union road development guidelines and long-term plans for future. The main goal is to
develop intellectual transport systems [7.2.2]. At a time when the vehicle flow
increases with every passing day, the latest communication technology solutions for
the needs of intellectual transport systems can provide an important road traffic and
safety requirements. The main objective is to study the performance of short-distance
communication system, which is based on wireless LAN technologies, highly mobile
vehicle environment, and examine the hypothesis that at a certain road speed of
movement can achieve optimal wireless LAN throughput. Therefore is used
mathematical model to approximate practical results [7.2.3].

7.2.2.1. Results of practical measurement

Using WDS technology it is possible to extend the WLAN area without
datacommunication gap, but the switching phase medium data throughput is reduced
by 90% [7.2.4]. Application-level data throughput is dependent on road traffic
parameters. At higher speeds the movement of the average throughput decreases and
the practical measurement curve shows the IEEE802.11 g and n standards (Fig. 7.23)
[7.2.5].
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Figure 7.23 WLAN access point performance
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Figure 7.24 WDS connection with three WLAN equipments
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7.2.2.2. Results of the mathematical models

With IDM model can determine the number of motor vehicles in WLAN area.
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Figure 7.26 Evaluation of number of users depending on the road speed of the WLAN area
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Figure 7.27 Evaluation of performance of client number, which varies depending on the speed

Chart compares small road scenario of experimental results with near real-road
analytical model results, showing that at low speeds the movement of vehicles is
increasing, according to active clients. This means that each individual client will
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receive less WLAN network resources, as evidenced by the results of the
mathematical model. But with increasing vehicle speed, there are decreasing the
number of users and network resources are provided over each user. According to the
experimental results when increasing the speed, WLAN performance decreases. As a
result, at 100 km / h is optimal WLAN performance.[7.2.4]

7.2.2.3. Results of Simulation software NCTUns7.0
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Figure 7.28 Measuring the performance of WLAN

Conclusion: Road traffic is the the transport flow in certain place and in the time
interval, which depends on the velocity and density of the vehicles. As the speed of
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the traffic increases, the WLAN data effective throughput decreases. The speed of
vehicle traffic is dependent on the density of traffic.
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8. Efektivitates paaugstinasana daudzu celu
datplismu sadarbibas scenarijiem mobilos bezvadu
ad-hoc tiklos (MANET) izmantojot OSI starp-limenu
saites un viedo (cognitive) radio tiklu tehnologijas

8.1. Introduction

Video separation into multiple streams and simultaneous transmission over
multiple paths has proven to be beneficial for MANETSs [8.1-8.4]. It is possible to
achieve higher aggregated data transmission rate while choosing several spatially
distributed paths, thus benefitting from the spatial reuse of a wireless channel.
Multiple paths have uncorrelated loss patterns that decrease the chance of video
interruption.

However, there are cases when network is not capable to handle video streams with
the given data rate and network congestion occurs. To avoid it, we propose coding
intrusive approach. Video coding parameters are adjusted to the network quality
receiving feedback from the network, thus ensuring “network friendly” transmission.
Additionally, techniques to improve path quality can be applied e.g. equip nodes with
smart antennas what helps to mitigate inter-path interference.

The 8.2 chapter comprises survey on state-of-the-art practices on multiple path
video transmission over MANET. It has been attempted answering questions: what is
appropriate multi-stream coding method, optimal number of streams, bitrates and
other parameters. To fully exploit multi-path advantages one should evaluate network
performance. Therefore network transmission quality metrics and their influencing
factors have been described in 8.4 chapter. Since inter-path interference is one of main
factors influencing path bandwidth [5] technique on mitigating node mutual impact
with smart antennas has been described in 8.5 chapter.

8.2. Survey of multiple path video transmission

There are different multi-stream coding methods and parameters that can be
influenced to ensure “network friendly” transmission. In this section the survey on
state-of-the-art practices in multiple path video transmission over MANETS is
performed.

8.2.1. Coding methods

For transmission of video over multiple paths over MANETS, the primary task is to
choose the most appropriate multi-stream coding method. In combination with multi-
path routing it ensures video transmission over the network. Depending on a number
of paths and their reliability, one or another coding method can be used. Most popular
choices are: layered coding (LC) and multiple description coding (MDC).

In LC method video frames are coded in base layer (e.g. I frames) and in several
enhancement layers (e.g. P and B frames). Reception of base layer alone provides
acceptable video quality, whereas reception of additional enhancement layers further
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improves the quality. Without the base layer the enchantment layers alone can’t be
decoded. Therefore, the base layer should be sent over the most reliable path to avoid
packet losses. To inform a sender about the lost base layer, packet retransmission
requests can be used. In [8.4] it is suggested to send retransmission request over a
different path, rather than over the one, where base layer packets were lost, in order to
avoid additional losses. Layer coding has been used in scalable video coding (SVC)
extension of the H.264/AVC standard. It seems promising for MANETS as it allows
once-encoded content to be adapted not only to varying network conditions, but also
to heterogeneous client devices. In addition to scalable quality it provides opportunity
to reduce picture size (spatial resolution) and frame rate (temporal resolution) by
removing some parts of the bit stream at the client side. However, cost for the
scalability is increased decoding complexity and up to 10% higher bitrate if compared
to nonsalable H.264/AVC [8.6]. The higher number of data packets in the SVC stream
leads to a more frequent channel access and, thus, to eventual contention at Media
Access Control (MAC) layer [8.7].

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

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

8.2.2. Optimal number of streams

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

jitter decreases as1/ JN , where N — number of disjoint paths. However, as it has
been proven by the real-life experiments performed in [8.5], in order to achieve a
higher aggregated bandwidth, not only the node-disjoint but also non-interfering paths
must be selected.

On the one hand optimal number of streams depends on a coding method used, but
on the other hand - on a network topology and on the effectiveness of multiple paths
routing protocol. For MDC an error recovery arises with two paths, while further
increasing in the number of paths doesn’t give significant improvement in the quality
of performance [8.10]. The cross-layer routing scheme was proposed in [8.1] for LC
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video, that takes path mobility and reliability into account. Simulations showed that
for a network consisting of 100 mobile nodes it is optimal to use three paths by
separating I/P/B video frames. If the number of paths is increased to 4 or 5, the packet
lose rate and jitter increase considerably, because these paths introduce higher delays.
Additionally it was suggested to manage queue priorities by setting a higher priority
to I frames.

8.2.3. Video data rate

Optimal video data rate for each stream is another coding parameter, which requires
information about network performance to provide optimisation. In [8.2] it was shown
that, when video rate in a stream exceeds certain threshold, the video quality quickly
degrades because of the congestion in a network. There exists an optimal video data
rate, when the highest PSNR could be achieved at the same time avoiding the
overloading of a network. Additionally, as noted in [8.11], if data rate is too high, the
performance of equipment CPU can be insufficient to forward traffic.

8.2.4. Multi-path routing

Selection of a path set is done by a multi-path routing protocol. In this paper we
consider only those protocols, which select several paths for simultaneous
transmission of the multiple streams, not for backup purposes of a single stream.

A number of good paths found strongly depends on an “intelligence” of the protocol.
The more video critical network metrics are taken into account, the more suitable for
video streaming the selected paths are. Although, as noted in [8.12] including all
effective routing metrics in one protocol may cause high overhead because of the
control messages. Multiple path selection metrics, which separately or in
combinations are included in multiple path routing protocols are: bandwidth, delay,
mobility, reliability with respect to packet loss and reliability with respect to
disjointness etc. However, as it has been proven by the analyses made in [8.13] and
the experiments performed in [8.5], it is also crucial to consider eventual interference
between the nodes. Effectiveness to a great extent is also influenced by the protocol
type: proactive, reactive or hybrid. There is also no consensus on the issue of, which
type is the most appropriate. In [8.11] is stated that best multi-path routing protocols
for MANETS are reactive, but at the same time, in the works on the analysis of video
streaming in MANETS [8.3, 8.14, 8.15] the proactive protocols are also applied, e.g.
Optimized Link State Routing (OLSR) protocol extensions. According to [8.4], the
proactive protocols provide faster decision and path recovery after a link failure, what
is critically important for video applications. Another advantage noted is that the
proactive protocols have more complete picture about network topology and metrics,
thus resulting in the better sets of paths. The use of the reactive protocols is justified
by a lower traffic overhead due to control messages that is also important in MANETS.

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

* a-MMDSR (adaptive-Multipath Multimedia Dynamic Source Routing) protocol for
LC methods [8.15]. Prior to transmission it sends out probe packets from source to

138



destination over each of the paths discovered to measure its quality. This process is
repeated over a certain period to adaptively cope with dynamic nature of MANETS.

* MP-OLSR (Multipath OLSR) protocol for MDC is proposed in [8.16]. It includes
Multipath Dijkstra Algorithm to discover multiple disjoint routes and source routing
approach to forward the packets. It can be regarded as a hybrid multipath routing.
Control messages are sent out periodically to be aware of the network topology (like
OLSR), however, it only computes the routes, when there are data packets needed to
be sent out.

8.3. An Algorithm to select optimal parameters

The analyses made in the previous section show that there is no single approach to
select optimal coding parameters. There are many suggestions on the selection of the
best coding method for the given network conditions, but other parameters (e.g.
optimal number of paths) are case-sensitive and depend on every particular situation.
Therefore, network quality metrics should be estimated every time as video is being
prepared for transmission. In addition, coding and paths selection algorithm should
take into account the network quality during transmission to adapt to unexpected
circumstances or wrong initial estimates. In this section we offer general algorithm of
how coding should be adjusted and which factors should be taken into account to
ensure the optimal video transmission in MANETS.

Video transmission over a network usually is characterized by a set of parameters
(also called metrics): bandwidth, delay, jitter and packet loss. Estimation of these
quality metrics is a complicated task since they are determined by several mutually
interdependent network parameters. The more detailed analysis of the parameters and
their interdependences is provided in next section. In Fig. 8.1 the idea is presented

graphically.
Quality metrics of a path set
(bandwidht, delay, jitter, packet loss)

Number of
streams
Bitrate for each
stream

Fig.8.1. Schema of the algorithm

Multi-stream
coding method

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

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

e number of streams depends on coding algorithm [8.1, 8.10] and number of paths
offered by the routing protocol;

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

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

8.4. Video transmission quality metrics

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

Bandwidth defines maximum possible data rate for a video stream at a given
network conditions. In the case of multipath streaming it is important to estimate the
path bandwidth to determine maximum achievable video rate for each stream. This
parameter is important, since if the video data rate exceeds the network capacity, it
results in a sharp increase of packet delays, jitter and throughput degradation due to
congestion.

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

Delay characterizes a time interval from packet generation until its reception.
Delay metric can be analysed from different aspects. In case of one direction video
streaming (Video on Demand) using single path delay parameter does not affect the
quality if only its variation (jitter) is kept low. It is different in the case of several
paths. If video frames (sequence of packets) are sent through multiple paths each with
different delay, frame order can be lost. To be able to recover initial frame order a
spread of delay among the paths must not exceed capacity of buffer. If the buffer
cannot compensate delay, some frames will be lost causing video quality degradation.
In the case of two-way streams (videoconferencing) there are much higher
requirements for delay.

Jitter reflects delay variation of consequent packets in multi-hop transmission. If
jitter exceeds certain buffered limit some packets may be lost. Jitter frequently
appears when network is overloaded with a video stream having higher data rate than
it can normally handle. Packets accumulate in queues in forwarding nodes where they
wait for different time intervals until being forwarded. Changes in network conditions
may also influence jitter, e.g. a route failure may delay some packets till a new route
is found. If video streaming parameters are optimised for network performance then
jitter will be negligible.

For efficient video transmission over the network one must choose some paths
possessing an optimised set of described parameters/metrics. It is a complicated task
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to determine these metrics directly from some measurements before real video traffic
is transmitted over the network. Therefore we should look for other techniques how to
indirectly estimate and forecast these metrics through other parameters.

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

Influencing factors

- = Path selection — Basic net.W(.)rk
N chareteristics

A4 A 4
______ Quality metrics of a path set
(bandwidht, delay, jitter, packet loss)

Fig. 8.2. Schema of influencing factors

Basic characteristics are performance of the devices, protocols deployed (e.g.
wireless standard, routing protocol, multiple-access technique), network structure (e.g.
number of nodes, density), state of radio channel (e.g. fading, weather, mutually
interfering devices), network dynamics (e.g. mobility of nodes) and network load
created by other applications. All these basic characteristics together determine the
potential of the network, which has to be used in the most efficient way. The path
selection is another factor which has an impact on the network quality metrics mainly
due to the mutual interference of nodes. Therefore, it can be assumed that the basic
network characteristics together with the path selection algorithm determine video
transmission quality metrics.

Quality of paths strongly depends on the intelligence of path selection algorithm.
An intelligent algorithm should base its decisions not only on basic network
characteristics (mobility, path length), but also on the potential impact of selected
paths on the quality metrics at the time, when a video transmission starts. Since such
information could be obtained from analysing network parameters (interference,
packet loss etc.), the feedback is introduced in the scheme (Fig. 8.2).

8.4.1. Basic network characteristics

8.4.1.1. Performance of the network devices

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

8.4.1.2. Protocols deployed

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

A wireless standard deployed determines the link capacity, the delay, as well as the
network connectivity. Today the most popular are IEEE802.11g and IEEE802.11n
standard based technologies. When knowing the standard, one can make estimation
of maximum achievable data rates, as well as transmission distances and other
technology related parameters. IEEE802.11 standard defines Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA) as a multiple access technique which
coordinates channel access by concurrent users. As will be explained in subsection B,
it has a significant impact on mutual interference between nodes.

8.4.1.3. Network structure

Network connectivity is also determined by such network characteristics as number
of nodes, distances between nodes, density. These parameters affect a chance to find a
good set of paths, because the possible number of combinations increases with the
number of nodes and the density. Node distance and transmission range along with
environmental factors will also influence link quality and achievable data rates, as it
will be explained in the next section.

8.4.1.4. Radio channel

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

Link capacity. In real radio channel, the transmitted signal is attenuated between
the transmitter and the receiver. The signal attenuation in the channel increases with
the distance between the both nodes. That in turn influences the data rate in a link
between the nodes, since it depends on received Signal to Noise plus Interference
Ratio (SNIR). SNIR at receiver j is calculated:
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where G;; is channel gain between transmitter i and receiver j, P; - power of
transmitter i, Py — thermal noise and background interference at receiver j, P; —
interference from other transmitting nodes in same channel. SNIR determines the
maximum bitrate that can be used between the transmitter and the receiver to satisfy
given BER requirement.

Analytically received signal strength is calculated by using radio propagation
models. The accuracy of the result depends on how well the model describes the
environment and the physical processes in the channel. However, in a real network
this parameter can be obtained from Received Signal Strength Indicator (RSSI)
measurement in physical layer.

Packet loss. This parameter quantitatively characterises the reliability of a link in
respect to eventual packet loss. In [8.14] it was attempted to experimentally find
relation between packet loss and both SNIR and RSSI. As it was concluded, loss rate
increases when both parameters drop below a certain threshold (SNIR=10dB and
RSSI=-82dB). However, as authors noticed, it was hard to find a direct relationship
between the measured parameters and the packet loss rate. It was possible to discover
the difference between a good and a bad link but not easy to calculate an exact packet
loss rate (Fig. 8.3).

100%

80% " ¥

)
2
4

Lossrate

40%

20% A

% o% - oo e
0 10 2 30 40 50 60 1) 80
SNR (dB)

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

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

8.4.1.5. Network dynamics

In mobile network, links between nodes are likely to change over time resulting in
instability of throughput or even break of the link causing bursty packet losses. That
in turn may result in video quality degradation and streaming interruption
respectively.

The time in which video stream is resumed after link failure depends on the ability
of the routing protocol to discover a problem and find a new route. Proactive routing
protocols discover the failure of link from absence of regular control messages, but
reactive - from error messages sent by node attempting to forward traffic through
broken link.

Paths with higher mobility experience more frequent link failures, therefore such
paths have lower reliability metric. Path mobility dynamics can be characterized by
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nodes mobility within the path. As offered in [8.17], each node’s mobility metric is
calculated as a relative change of signal strength with respect to other neighbour
nodes. If two successive packets are received from neighbouring node, it is possible to
determine mobility at node_1 with respect to neighbour (node_2) using equation

new
Rx |node;—~node; )

old

Rx|mode;—node;| (2)

ML (node,) = 10log10

nodey

rel
Negative M"“'E'El value means that nodes move away and positive value - move
closer with respect to each other. Aggregate mobility at node 1 (Myoqge1) 1s expected
value (E) of the squares of relative mobility from all its neighbours

el 2
Mnudei =E [(M;lidel) ] 3)

Mobility of path is calculated by adding all M values determined for each node
within a path and getting mean value by dividing it with total hops number in the path
[8.1].

8.4.1.6. Network load

Depending on a network usage, there may exist other traffic generated by
commonly used applications (e.g. HTTP, FTP) and even concurrent video streams.
Background traffic creates not only a load on nodes carrying it but also increases
interference level in the network. Therefore, it must be taken into consideration to
correctly estimate available path capacity.

For this reason, background traffic load (BTL) metric is introduced. As offered in
[18] BTL can be obtained at each node in a network by measuring packets that
traverse a node. This includes packets transmitted by node or destined to the node
itself and packets received from the others but not destined to the node itself. Since
traffic has a dynamic nature, BTL readings over some period should be collected and
weighted average computed by assigning the higher weight to the latest readings.
BTL, is a load of a i node in the 1™ path. BTL of a 1™ path is considered as

BTL, = max(BTL,, BTL,, ..., BTL;,). @

In [8.18] such assumption is justified by simulations proving that degradation of
throughput depends on the most congested node in the path. The BTL collection
mechanism can be implemented at MAC (Media Access Control) layer where packet
information is available.

8.4.2. Path selection

Network parameters which are directly influenced by selected set of paths are:
disjointness of paths, hop count and interference level.
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8.4.2.1. Path disjointness

Depending on path selection algorithm there may exist several paths sharing
common nodes or even links. Such sets of paths are less reliable because transmission
failure in any of shared nodes causes disruption of data streams in all related paths.
The more disjoint paths are the less probability to have packet loses in all of them
simultaneously (losses are uncorrelated).

Another drawback is that shared nodes may reduce path capacity, since they
aggregate traffic from several paths. That may cause path capacity degradation and
even unexpected delays if traffic is too intense. Such situation can be accounted as
self-interference.

Path disjointness characteristic can be obtained from routing table available from
network layer of server node. In [8.19] a method is offered to calculate shared nodes
ratio, which indicates level of disjointness of two routes which have the same
destination. It can be calculated in the following way:

number,;

sh;u'edlmdu

shared

node Spatle LEn gt h IJI:-H] [

SHOrtE L gy te (5)

Such ratio has to be calculated for every pair of paths.

8.4.2.2. Hop count

Hop count has impact on two quality metrics — end-to end delay and path
reliability. Majority of routing protocols select paths following hop count metric and
prefer paths with fewer hops. That is reasonable because the number of hops increases
end-to-end delay in almost linear relation. An approach described in [20] proposes to
calculate the approximate value of average delay per packet taking into account only
delays introduced by intermediate nodes and transmission delay. Processing time and
CSMA/CA delay in intermediate nodes is approximately 6ms. Average delay D can
be calculated from equation

p — Lfret. ny + D; - (ny, — 1),

v

(6)

where L packet size in bits, v — data rate (bps), Nyt — number of retransmission of
packet, n, — number of hops, Dy - delay in intermediate nodes.

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

P= (1 - P]Dss_link)nh_l

-

(N

where Pjoss 1ink 1S stable packet loss probability in each link.
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8.4.2.3. Interference

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

Channel access in MANET is controlled by CSMA/CA protocol. Before
transmission node senses the channel and transmits only if the signal level from other
nodes is below a certain threshold. MAC contention caused interference arises when
nodes being one in another sensing range have to transmit simultaneously. Only one
node is allowed to transmit at a time while others are blocked.

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

P = E Ghipm

kkzi 8)

where Gy channel gain between node k and receiver j, Py transmit power of node k.
Higher interference level results in lower SNIR value and accordingly lower link
capacity to keep BER level low.

Lower data rate means also that the channel will be occupied for longer time by a
single pair of transmitting-receiving nodes. Time to send N bits with data rate v is: 1=
N/v. That in turn results in longer waiting for free channel by neighbouring nodes
because of MAC contention.

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

8.4.3. Interdependence graph of the network
characteristics

As it follows from analysis in the previous chapter, there is a great variety of
network characteristics and many of them are interlinked. This makes overall
evaluation of network conditions for video data transmission very complex.

To visualize relation between interdependent network parameters, they are grouped
in several levels and presented as a graph with internal links between separate
elements (Fig. 8.4). The graph can be useful for several purposes. Firstly, it shows
different characteristics and factors that have effect on network and determines its
parameters. Secondly, the interdependencies between parameters are shown, that
allows to predict how changes in one parameter will affect the other. Thirdly,
following the graph from top to bottom, one can step by step determine the video
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transmission quality metrics (bandwidth, delay, jitter and packet loss). To
quantitatively estimate network characteristics and thus the performance for video
transmission, also possible measurements of parameters have been included.
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Fig. 8.4. Dependency graph of different network parameters characterizing path quality
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8.4.4. Techniques to improve transmission quality
metrics

As one can conclude from graph, interference (contention at MAC layer, co-
channel and path coupling) impacts all the transmission quality metrics (emphasised
blocks in Fig.8.4). Therefore it should be assumed as one of the main parameter’s
describing path quality. Knowing the interconnections between network parameters
and characteristics allow us to suggest techniques and solutions on how to decrease
inter-path interference:

e select paths that have less mutual impact;

e use equipment and protocols that provide higher data rate to occupy channel for
shorter periods;

e enhance CSMA/CA protocol with adaptive carrier sense mechanism which tunes
sensing range for every particular situation;

e use smart antennas which can decrease the influence from interfering transmitter
from neighbour path by adapting its antenna beam pattern.

8.5. Smart antennas for interference mitigation

Traditionally omni-directional antennas are used for 802.11 devices. Since they
radiate in all directions it causes high inter-node and inter-path interference.
Equipping MANET nodes with smart antennas may help to mitigate interference. In
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this chapter we describe implementation of directional antenna in MATLAB Simulink
802.11 model.

Smart antenna is multiple antenna element system allowing to automatically
manipulating antenna pattern. It is accomplished both at software and hardware level.
There are two basic types of smart antennas: switched beam and adaptive antenna (Fig.
8.5) [8.21].

DESIRED SIGNAL
\‘ DESIRED SIGNAL

SIGNAL OUTPUT

%IGNAL OUTPUT

BEAMFORMER WEIGHTS

a) b)

INTERFERENCE /V

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

Switched beam antenna forms narrow beam towards desired direction. Beams are
switched by predefined angle (sectors). Performance of output signal may suffer from
side lobes and inability to point main lobe maxima dowered desired direction.

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

Although, switched beam antennas doesn’t allow full adaptively, they are relatively
easer to implement in currently used wireless devices.

8.5.1. Directivity control mechanism

In scope of the work directivity model based on IEEE802.11b has been elaborated.
To achieve automatic directivity control, existing 802.11b MATLAB Simulink model
has been modified using method described in US7609648 [8.22] patent.

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

Requirements for Simulink model:

Transmission range: 100m

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

Table of directions has been already prepared
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ANTENNA
SUBSYSTEM
RFSIGNAL
SIGHAL QUALITY
PHY MEASUREMENTS DIRECTION TABLE
LAYER STAID [ANT DIR
ANTENNA
425 | A
STEERING 2518
ALGORITHM
TIMING (MEMORY) | 102 | A
MAC | CONTROL MSGS 1200 0
LAYER
hm FRAMES

Fig.8.6. US7609648 directivity model scheme [8.22]

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

MAC limenis PHY limenis

b2 ha b6

b1
Avata adrese >
Py Lzeja uz kandy [Kanais]

MSDU / noforméts MAC paket:

Ragistrs ar uztvirdju virzieniam

Fig. 8.7. Block scheme of the elaborated system

Descriptions of separate blocks:

b1+b2 MSDU generation block Contains generators of source and destination MAC
address as well as data to be transmitted.

b3 Transmitter Forming of physical signal

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

bS Registry of receivers’

directions

b6 Antenna block Depending on the control signal from b4, beam is
switched towards destination and transmission
power is adjusted
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Simulation output of the described system shown in 2-dimesnional spatial diagram
(left side of Fig. 8.8). Receiver Rx3 (yellow dot) is out of coverage, Rx2, Rx0 (red
and blue dots) is in the same antenna sector, Rx1 is in the other, currently inactive
sector. On the right side spectral density of the received signal for each receiver is
shown. Additionally it is possible dynamically adapting transmission power level
considering distance to a receiver. In this case (Fig.8.8) Rx2 doesn’t “hear” a signal
which is transmitted in Rx0 direction.
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Fig. 8.8. Simulation output.

Results above are for ideal channel conditions where noise and interference are
not taken into account.

8.6. Conclusions

Network characteristics should be foreknown for efficient multi-path video
streaming in MANETSs. There are some quality metrics (bandwidth, delay, jitter and
packet-loss) which characterize network potential for video transmission. Estimation
of these quality metrics is a complicated task since they are determined by several
mutually interdependent network characteristics:  performance of the devices,
protocols deployed, network structure and dynamics, state of radio channel, as well as
network load created by other applications. Video transmission quality metrics are
determined by the network characteristics and the path selection algorithm.

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

Smart antenna has been suggested as technique to mitigate interference. Antenna
model has been elaborated which allows to form narrow beam towards receiver and
adapt transmission power.

This work will serve as a basis for future development of cognitive systems to improve
multiple path video transmission in MANET’s. Implementation of the coding scheme requires
cross-layer information exchange in each network device as well as between devices. For
evaluation and appropriate coding parameter selection at the sender side some kind of
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artificial intelligence (AI) techniques might be used. Since the task involves both the
parameter optimisation and decision making several Al techniques can be applied
simultaneously, e.g. fuzzy logic and evolutional algorithms.
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Pielikums #1

Heo6x0auMocCTh COTIacyIonMx yCTPOMCTB

Kaxk npaBuio, aHTEHHBI UMITYJILCHOTO PaJIM0JIOKATOPa HAXOAATCS HA HEKOTOPOM
yIaJeHUHU OT aKTHBHOM (TIepeaaroneil Wi npuéMHON) ero yactu. Jiis yactor <5

GHz (A 20.06m) ynanenne L >0,5m (A .
JUTMHHOW JIMHUM JJIsI IEpelaun CUTHala. B kauecTBe TakOBOW HA TaKUX YaCTOTax
IpUMEHSeTCs KOaKCHaIbHBIN Kabenb. OCOOEHHOCTH pabOThI JIMHUY NEepeadn
TpeOYIOT €€ COrnacoBaHus, T.€. YTOOBI BBIXOJHOE COIPOTUBIICHHE UCTOYHUKA

CUTrHaJIa U COIIPOTUBJICHUC HAI'PY3KU ObLTH PaBHbBI BOTHOBOMY COIIPOTUBJICHUIO

= L ) yxe Tpebyer npuMeHeHUs

JMHUA I\, (MPMHUMAEM, YTO B pabOYei MOJIOCE YACTOT OHO SABJISETCS YUCTO

AKTUBHBIM). Y IOBJIETBOPEHHE ITHX YCIIOBHH MTO3BOJISET JOOUTHCS OT JIUHUH TPEX
BA)KHBIX €€ BO3MOKHOCTEM:
1- MakcuManbHYIO Ilepelady MOIIHOCTH CUTHAJIA;
2- u30exarh UCKAKEHUS CUTHAJIa TOCPEACTBOM MUHUMU3ALMN OTPaKEHUN
CUTrHajJia OT KOHIIOB JINMHUH,
3- B clly4yae CHMMETPUYHON aHTEHHBI — MTepexoaa OT CHMMETPUYHON
AHTCHHBI Ha HCCHMMGTpH‘-IHBIfI KaGQHB.

Cornacyronye ycTpoicTBa Mepearoliero TpakTa.

Cornacyromee ycrpoiictso ( CY ) B mepegaTuuke UMITYJIbCHOTO JIOKaTOpa
HO3BOJISIET JOCTHYb Mepeladd MaKCUMaIbHOW MOLUTHOCTH UMITYJIbCa BO30YKICHHS
AQHTEHHBI U U30eXaTh MOBTOPHBIX BO30YXKIEHHUI Yepe3 MHTEPBaJIbl BPEMEHH,
OTJIMYHBIE OT MEPUO/ia TOBTOPEHUS UMITYJIbCOB 33Jal0IIEr0 reHepaTopa.

Transmitter Matching

output stage § E network

Cable

Antenna

Figurel. Cxema BKIIFOUEHHS COTJIACYIOIIETO YCTPOMCTBA B TPAKT
NepCAaATINK — aHTCHHA

Ha Figure 1 npencrasnena cxema BkiaroueHHUs CY B TpakT OKOHEUYHBIN KacKa[
nepeaaTyMka — aHTeHHa. [Ipeanonaraercs, 4To BBIXOJHOE CONPOTHUBIICHHUE

OKOHEYHOI'0 KacKa/a nepenarynka pasHo R . [losTomy Ha 3TOM y4acTke
cornacoaHue yxe BolnonseHo. CY, BKIIOUCHHOE B KOHLE JIMHUK cornacyet R, ¢
BXOJHBIM COIIPOTUBICHUEM aHTCHHBI Z  , KOTOPOE, KaK [PABUIIO, SIBIISCTCS
kommiekcusiM Z, = R+ jX . Tosromy B pyrkimio CY BXOZUT IOMUMO
npuseneHus Rk sHaueHuo R, Takke 1 KOMIICHCALMS PEaKTHBHOMN

cocrapnsromenn X .- Eciu BO30YXI€HHE aHTEHHBI IPOM3BOUTCS UMITYIECAMHM CO
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CBEPXIIUPOKONOIIOCHBIM CIIEKTPOM, TO COOTBETCTBEHHO aHTCHHA BHIOUPACTCS TaKKe
CBEPXIIIMPOKOIIOIOCHOM. B nccnenoBanny B KauecTBe TAKOBOW Obli1a BEIOpaHa
aHTEeHHa Tuma «bow-tie».

OTa aHTEeHHA ABJISETCS CUMMETPUYHOMN, €€ OCHOBHBIE XapaKTEPUCTUKU OCTAIOTCS

PaKTUMECKH HEM3MEHHBIMH B nonioce nepekpuitus  f -/ f . >3. Bxoxnoe

CONPOTHBIIEHNE paBHO R , =188 Om (teopetnueckn). Micxomus u3 sTux
XapaKTEPUCTHK, 3agauen CY sBisercs :
—COrJIacOBaHKE BOJIHOBOI'O COMPOTUBIICHUS MOJBOAIIETO Kabes Ro (xak

npasuino R,=50 Om)

C BXOJHBIM COITPOTUBIICHUEM aHTECHHBI Ra =188 Om.

—OCYIIECTBUTH MEPEX0] C HECUMMETPUYHOTO Kabelsi Ha CHMMETPHYHYIO
aHTEHHY.

[IpumeHeHne CBepXIUPOKOMOIOCHOTO BO30YKIAIOIIETO UMITYJIbCA HAKIIAIBIBACT
TpeOOBaHMS aHATIOTUIHOU cBepxIupokomnoiaocHocTd kK CY, a 3To B paitone 2 — 3 GHz.
[TpakTudeckas peanusalys Takoro ceepxmupokomnoinocHoro CY 3arpyaHeHa.
KomMmnpomuccom siBisieTcst BO30YKACHHE aHTCHHBI Mapada3sHbIMU UMITYJIbCAMH,
M10/1aBa€MbIMH T10 JIBYM OTJICTHHBIM KaOeJIsiM, COTJIaCOBaHHBIMU Ha KOHIlE. C yuéTomM
TOTO, YTO OKOHYATEJIbHOE 000CTPEHUE UMITYJILCOB BO30YKICHUS TTPOU3BOIUTCS B
HEMOCPEJICTBEHHON OJIM30CTH OT BXOJHBIX KJIIEMM aHTCHHBI C IIOMOIIBIO TUOJA C
HakorieHueM 3apsna (SRD), cxema CY + obocTpuTtens npuodpeTaeT BU/I,
npejacTaBieHHbd Ha Figure 2.a, rae :

Figure 2. CxeMa conpoTHUBIICHU 00OCTPUTEINS, COTIACYIOIIETO YCTPOMCTBA 1
AHTEHHBI (a) W UX SKBHBaJEHT (b )

R, . R, - aepes s1u conporusienus npoussoautcs Hakadka SRD, R, =R, =3
KOm;

R, - mudpdepennnansuoe conporusnenne SRD;

R;. R, - cornacyromue conporusienus, R;=R,=68 Om;

R, - Bxoanoe conporusnenue antennsl, R =188 Om;
[lepepaccuér cxems! ynpomaet €€ Bup (Figure 2.b), u na€r skBUBaJIeHTHOE
CONIPOTHUBIICHHE Re , SIBJISIFOIIEECS HArPY3KOH ISl KaK/I0OM JTMHUU. 3HAYCHHE R .
paBHO
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(R,+R,+R)R, = RR,
o _ "\R,+R, +R,+Rd R,+R,
* p . (RFR +R)R, RR,
R,+R,+R,+R, R,+R,

1

(1
JI1s1 uconb3yeMbIX B AKCIIEPUMEHTAIBHON CXeMe 3HAaUeHUN COMPOTUBICHUI
BbIpaxkeHue (1) ynpoiaercs ¥ NpUHUMAET BUJL:

324R,
+

4+R,
3049+ 2R
324+ R,

3000 49,2

2)

Pabota o6ocTpurens ummynbcoB Ha SRD xapakrepusyercs pe3kuM U3MEHEHHEM
nudPepeHInanTbHOro CONpOTUBIEHHS auoaa R 4 OT HU3KOI'O 3HAYCHHMS (€AMHHIIBI
Om) 110 BeIicoKoro (=20 KOm). Oto6pasum Beipaxkenue (2) B Buae rpaduka

dyuxuun R, =f(R)).

300+
=

i 2501
200+

150+

100+

5I:I 7] T T T T 1
1] 1000 2000 3000 4000 5000 Rd sy

Figure 3. 3aBUCMMOCTb SKBUBAJIEHTHOTO COIPOTUBIICHHUS Re oT
BEJIMYNHBI

nuddepennuranbHoro conporusienus K ;7 SRD

HpI/I HU3KUX 3HAUYCHUAX R , T.C. HpI/I CTpeMJ'IeHI/II/I cro K Hy.HIO, BCIIMYHUHA
R = R1R2R0
e R R
(R, +R)(R, +—22)
2 0 1 R +
2 0

Om. OT10 03HauaeT, YTO B NHTEPBAJIE BPEMEHU KOI'/1a MpoucXoauT Hakauka SRD u B
Ha4daJie 3ayCKAaIIEr0 UMITYJIbCa, KOT/Ia JUOJ €€ HE IEPEKITIOUNIICA, IMHUN
COorjiaCoBaHbI U HGpGOTpa)KeHI/IH HC HpOI/ICXO,Z[I/IT.

,ueen R ?7 Ry, R,? Ry, 10 R ~R,=50

IIpu BeICOKHX 3Ha4YeHusaX R, T.e. mpu cTpemienuu ero k 20 KOm u 6onee,
R(R,+R,+R,+R))
R +R,+R, +R,+R,
conporusnenuii, R —>328 Om

BEJINYHHA Re - , WJIA TIPH TIOJICTAHOBKE 3HAYCHU I

9T0 03Ha4YacT, 4TO MMPU NCPCKIOUCHUN JUOJa TPOUCXOAUT PACCOITIaCOBAHUC JIMHUN
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C BBITEKAIOLIMMH U3 3TOr0 HOCIEACTBHAMU: Ko3(GpumenT crosueii Bomasl SWR
=6,6; K03 IUIIUECHT OTpAKESHUS 1" =0,74; Return Loss = 2,7 dB. DTu BeIHIAHBI
COXPAaHSIIOTCS 7151 CPOPMUPOBAHHOTO KPYTOro (PpOHTA 3aIyCKAIOLIEro UMIYJbca U
ocTtaBlIeiics ero yacT. [IporcxoauT norepst 4aCTH MOLTHOCTH 3aIyCKArOIIETO
UMITyJIbCa U NepeoTpakeHue. U, eciau BbIX0J reHepaTopa He coryiacoBaH ¢ kabesem,
TO OTpaKEHHBIN UMITYJIBC Y€PEe3 MHTEPBaJ, SKBUBAIICHTHBIN JJIMHE 3TOTO Kales
oOpaTtHo Bo3BparmiaeTcs Ha SRD u nmpu 10CTaTOYHOM €ro aMIUTHTY/IE TTOBTOPHO €T0
3anmyckaeT. Bee aTu nepeoTpakeHust IpUBOAAT K IIIyMY, HE JIal0IIEMy BO3MOKHOCTHU
IIPaBUJILHO OLIEHUTH MOJIE3HBIN CUTHAL.

Kak 6p1u10 CKa3aHO BBIIIE, COTTIACOBAHUE aHTEHHBI OCYIIECTBIISETCS

COIIPOTUBJICHUSIMU R3 u R4 . BCHGI[CTBI/IG TOIr0, YTO Ha AHTCHHY MOAAar0TCA KaK

(GpOHT BO30YKIAIOIIET0 UMITYJIbCA TAK U UMITYJIBC, CPOPMUPOBAHHBIN C MOMOIIIBIO
SRD u 06a BHOCST BKJIaJl B U3JIYYCHHE, TO BEIOOP 3HAYEHU ITUX COMTPOTHUBIICHHS

sBIsIeTCs KoMIpomuccoM. Jlst cornacosanns B cyqae R, —> 0 neo6xomumo Gpats
R,=R,=94 Om; [lns cornacoBaums B cinydae R, —> 20 Kom HeoGxoxumo 6paTs
R,=R,=450m

KomnpomuccHbIM 3HaueHHEM BBIOpaHO 3HaUeHHe paBHoe 68 Om u mojcTpanBaeTcs
IIPY YKCIIEPUMEHTUPOBAHUH Il JOCTHKEHHSI HAMITYUIlIUX PE3yIbTaTOB.

A ,//\ | .

a

. j\ /\TL_ 1ns |

Figure 4. ®opma curnaia, COOTBETCTBYIOIIAsI IPSIMOMY
IPOXO0XKJCHUIO U3 AHTEHHBI B
aHTEHHY : a) IepeJarolas aHTEHHA HE COIIacoBaHa; b)

nepearonas
dHTCHHa COoIJlaCOBaHa.
Corunacyrolue ycTpoicTBa NpuéEMHOr0 TpaKTa.

Ha nepenatonieil cropoHe BIUSHHUE PacCOrTIOCOBaHUS MOKHO MUHUMHM3UPOBATh
MyTéM BPEMEHHOTO pasiesaeHns. Ha mpuéMHO# cTOpOHe JaHHbI MPHEM He OIXO/UT.
Bce napasuTtHble nepeoTpaxeHus, oNnaaaoliyue BO BpEMEHHOE OKHO I0JIE3HOTO
CUTHAaJIa, MACKUPYIOT €T0, 3aTPYAHSI JanbHEHIy0 00padboTky. [Tloatomy as1 CY Ha
npuéMHON CTOPOHE MPEIBSBIAIOTCS MOBBIICHHbIE TpeOoBaHus. [1o cymecTBy oHI
JIOJKHBI BBITOJIHATE T€ K€ (YHKIMH, YTO U 7S Iepeatoliell CTOPOHbI, @ UMEHHO :
1) MakcMMH3UPOBATh NEpeaady MOIIHOCTH CUTHANA ¢ IPUEMHOM aHTEHHBI HAa BXOJ{
IIEPBUYHOTO MPeoOpa3zoBaTes; 2) yCTpaHITh Napa3uTHbIE IEPEOTPAKEHNUS,
MacCKUPYIOIUE TOJIE3HbIN CUTHAIT; 3) B CIy4ae HECOBIAACHUSI CHMMETPUH TPUEMHOMN
aHTEHHBI U IEPBUYHOrO IpeoOpa3oBaresis, IPOU3BOJUTh UX CUMMETPUPOBAHUE.
Amnanornusslie TpeOOBaHUs U 10 mHpokomosocHoctu CY.

HccnenoBanus NpoBOAUINCH KaK Ui CHMMETPAYHBIX, TaK U JUIS
HECUMMETPUYHBIX aHTEHH. [Ipu gomnyiieHny, 4To Mbl HCTIONIb3YyEM
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CBEPXILIMPOKOIOJOCHYIO NIEPEJAIOLIYI0 aHTEHHY, OTPAXXEHHBIN OT L€ CUTHAJ TAKXKE
SBJISIETCS] CBEPXIITHUPOKOMNOIOCHBIM U MPEICTABISET COO0N PaTuOUMITYIIBC C OOIBIINM

JAUKPCMCHTOM 3aTyXaHUs 5 - 12 , COOTBCTCTBYIOIIIUM HU3KOM I[O6pOTHOCTI/I
cuctemsl (Q <1). B nyumem ciyuae 310 paguoumiyise ¢ 1,5+ 3 nepuogamu

KoJIeOaHus Ha LieHTpanbHOU yacTtore. KoadhuimeHT mmupokonoaoCHOCTH TaKOTo
CHUTHaJa, ONPEAEIIEMBIN, HAIPUMED 10 BEIPAKCHUIO

fmax _fmin

N =-——"———/06onbue 0,25. IIpuHATH TaKO} CUTHAJ BO3MOHO JHIIb C

f max + f mi
MTOMOIIIBIO CHIEIUATBHBIX CBEPXIIUPOKOIOIOCHBIX aHTeHH. [locnenHne MoryT OBbITh
KaK CI/IMMeTpI/I‘IHBIMI/I TaK U HET C BBIXOJHBIM COHpOTI/IBJIeHI/ICM B OGH.IGM OTJIMYHBIM
oT ctangaptHoro 3HadeHus S0 (75) Om. [ToaToMy ju1s mepeayu curHaiga OT aHTEHHBI
K BXOJly IEPBUYHOTO MIpeodpazoBarens npuMeHeHue CY 00s3aTenbHo.

Bri6op CVY nns npuéMHOM aHTeHHBI TUIIA «bOW-tie»

HccenenoBanus MpOBOJUIUCEH ¢ IPUEMHOM AaHTCHHOW aHAJIOTHYHOM IEpEelatoIen U eé
onmcanue npuseaeHo Boie. KauectBo CY 1 ero npurogHoCTs A1 padoThI
OIICHUBAJIUCH 110 KOCBEHHBIM MIPU3HAKAM : a) IIUPOKOIOJIOCHOCTh — MO aHAJIU3Y
CIIEKTpa CUTHaa; b) coraacoBaHue COMPOTUBICHUHN — 11O TIO HATUYHUIO
NEPEOTPAXKEHUI B OKHE IIOJIE3HOI'O CUTHAJA.

1. CV - oughghepenyuanvuovui cuun ycunumens. Hanbomnee uaearbHbIM BApUAHTOM
COTJIACOBaHUS SBISIETCS MCIOIB30BaHMEe cil AU PepeHIInaNbHOTO YCUITUTENS C
OOJIBIINM BXOJIHBIM COIIPOTUBIICHUEM, TOJIKIIOYEHHBIM HEMIOCPEICTBEHHO K KJIeMMaM
npuémHoi anTeHHBI. OH paboTaeT Kak uaeaabHbI BOJILTMETP, 0€3 UCKaKECHUS
M3MEPSAIONIUHN HanpshKeHUe Ha kiemMMax aHTeHHbI. C 50-OMHOTro BbIXO/a YCHIIUTEIS
HanpsDKeHUe TogaéTes Mo kadelnto Ha BXoJ ocuuiuiorpaga. Cxema Takoro
noJKJItoueHus npuseneHa Ha Figure 5. B kauecTBe ycuiauTens uCnoib30Bajcs
akTtuBHBIN poOHuK P7360 ¢ monocoit 6 GHz ot ocuuiuiorpada peaassHOro BpeMeH!
Tetronix DPO 70604.

Differantial

Oscilfoscope _S:_
armalifiar

Cable

Antenna

Figure 5. Cxema nonkimodenus AuddepeHnanbHOro yCUuanTess B
kauectBe CY

Cursan 1 COOTBETCTBYIOIUN €My CIEKTP IPU TAaKOM COTJIACOBAHUHU IIPEICTABIICHBI
Ha Figure 6.
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Figure 6. Cornacytomee ycTpoicTBo — nuddepeHImanbHbIA
YCHIIUTENb. a — (hopMa MPUHIMAEMOT0 CUTHAJA; b — MOAYJb CIIEKTPATbHON
TUIOTHOCTH IPUHUMAEMOTO CUTHAJIA.
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Kak cnenyer U3 aHanu3a CUTHaia U €ro CIeKTpa :
—IIeHTpasIbHas yacToTa paBHa 1,25 GHz;
—KOJIMYECTBO MEPHOJIOB B curxaie — 1,5;
—HaJIn4Ke nepeoTpaxkeHuil B padbouem okue (20ns) — OTCYTCTBYIOT
—IIMPHUHA MOJOCHI ciekTpa curHaia Ha yposue 0,7 — 1,1 GHz
—KO03(pGUIMEHT IUPOKOMOIOCHOCTH curHana — 0,4
Kak cnenyer u3 npuBei€HHBIX JaHHBIX, CY MOJHOCTHIO YAOBIETBOPSET
BBIILICONMCAHHBIM KPUTEPHUSM, IOATOMY IpuMeM 310 CV 3a 3TasnoH.

2. CY — mpancgopmamop — onunnas aunus. 1llupoxononocuem CY sgBisieTcs Tak
Ha3biBaeMbIl TpaHchopmaTop-ammHHas uaus (TJT). On npeacrasmsier coboit
HECKOJIBKO JUIMHHBIX JIMHUH, JUTsI KOMIIAKTHOCTH PACHOJIOXKEHHBIX Ha (heppuTOBOM
kosblle. KonnuecTBo JMHUI, UX BOJTHOBOE CONMPOTUBIECHUE U CXeMa B3aUMHOTO
BKJTIOYEHUSI BBIOMPAIOTCS UCXOS UX JKellaeMoro ko3 duumenta Tpanchopmanuu
BXOJIHOTO U BBIXOJHOT'O CONPOTUBIIEHUH U BHJ1a CHAMMETPUHU BXOJ1a/BbIX0/1A.
[IpumMeHUTENBPHO K CHMMETPUYHOM aHTEHHE THUIa «bow-tie», BXOAHOE
COTMpOTHUBIIEHHE KoTopoi paBHO 188 Om, Tpedbyercs Takoe CY, KOTOPOE MO3BOJISIET
NEPEUTH OT CUMMETPUUYHOTrO conpoTuBieHus 188 Om k HecummeTpuuHoMy 50 Om.
BonHoBoe conmpotuBienne nuHuid TpancdopmaTopa Ay takoro CY HaxoauTes 1Mo

dopmyne R, =,/S0R, ~100 Om. PeanusopanHas u ucciesyemas cxema

noaktoueHust Takoro TJIJI npencraBnena Ha Figure 7.

Cable

Qeriffoscons

Ealun
Antenna

Figure 7. Cxema noakiroueHus TpanchopmaTopa JJIMHHAS TUHUS B
kauectBe CY
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Curnan u cOOTBETCTBYIOIIUI eMy cnekTp npu cornacoanuu T/IJI npencraBieHs! Ha
Figura 8.
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Figure 8. Cornacytoiee ycTpoicTBO —TpaHchopMaTop JIMHHAS JTHHUS.
a — (hopMa MPUHUMAEMOTO CUTHaNa; b — MOIYJIb CIIEKTPAITBHOHN TIOTHOCTH
NPUHUMAEMOTO CUTHAJIA.

Kak cienyer u3 aHam3a CUTHaJIa ¥ €70 CIIEKTpa :
—IIeHTpasIbHasA yacTtoTa paBHa 1,25 GHz;
—KOJIMYECTBO MEPUOJIOB B CUTHAJIE — 2,5;
—HaIM4ue rnepeoTpakeHui B paboueM okue (20ns) — 10% ot makcumyma
—IIMpPHHA [TOJIOCHI crieKTpa curHaina Ha yposHe 0,7 — 0,58 GHz
—K03(h(PUIMEHT MHUPOKOMOJIOCHOCTH curHaina — 0,24
Kak cnenyer u3 npusenénnbix qanusix CY Ha TJUI yerynaer o cBoum
XapakTepUCTHKaM JU(PPepeHIINaTbHOMY YCUIUTENIO, 8 UMEHHO :
—B paboyeM OKHE CUTHAJIa MOSIBIIIMCh HE3HAYUTEIbHbIE IEPEOTPAKEHUS;

—TI10JI0Cca CUTHaJA cy3uiack B 1,9 pa3s;
—1II0 KPUTEPHUIO CBEPXIIMPOKOIIOIIOCHOCTH CUTHaI 061130k K ero rpanuue (0,25)

3. CV —wupoxononocuvii mparcgopmamop. Hanbonee mpocTeiM BapuaHTOM
cornacoBanus BxogHoro R, u Beixomsoro R = conporusienuit ssmsiercs

UCIIONIb30BaHue TpaHchopMaTopa Ha PeppUTOBOM CEpICUHUKE, COXPAHSIONIEM CBOU
MarHuTHBIC CBOMCTBA JI0 THrarepia u Beie. [logdrupas KOJTu4ecTBO BUTKOB

NEPBHYHOM 71, M BTOPUHHO# 71, 06moTok no popmyne R, / R == n12 / n22 MOKHO
TOOUTHCS YIOBIETBOPUTEIHLHOTO corjacoBanus. Hannuue mapasutHeIx EMKOCTEH
nmpeBpaiiaet TpanchopmMaTop B J1Ba CBI3aHHBIX KOHTYPA, 001 IAI0ONTUX
pe30oHaHCHBIMU cBOMcTBaMU. OHAKO KOHCTPYKIIHS CHEUAIBHBIX TPAaHCPOPMATOPOB
BBITIOJTHSETCS TaK, YTOOBI MOHU3UTH TOOPOTHOCTH 3TUX KOHTYPOB. OTHUM U3
TakoBbIX siBNsieTcsa Tpanchopmatop ADTI-1WT. Cxema noakimrodeHus
TpaHnchopmaropa npezacrasieHa Ha Figura 9.

Cable

Tr
Oeciffoscopes

1, 4¥ 1, Antenna
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Figure 9. Cxema noakIIt0YeHUs MHUPOKOIIOIOCHOTO TpaHchopMaTopa B

kauectBe CY
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Figure 8. Cormacytomiee yCTpoHCTBO —IIIMPOKOITOJIOCHBII
Tparcopmarop. a — popma MpUHUMAEMOTO CUTHATIA; b — MOAYJh CIIEKTPATBHOM

IIJIOTHOCTHU ITPUHUMAEMOT'O CUT'HAJIA.

W3 ananu3a curuaina U ero ClekTpa Cieayer :

—IIeHTpaslbHas yacTtoTa paBHa 1,2 GHz;

—KOJIMYECTBO MEPHOJIOB B CUTHAJIE — 3;

—HaNnuyme nepeorpaxkeHuil B padbouem okue (20ns) — 20% ot makcumyma
—IIMPUHA MTOJIOCH CieKTpa curHaia Ha ypoBae 0,7 — 0,36 GHz

—KO03(pUIMEHT MUPOKONONIOCHOCTH curHana — 0,154

N3 npuBen€HHBIX TaHHBIX cieayeT, uTo CY Ha MMPOKOMOIOCHOM

TpaHchopMaTope 3HAUUTEIBHO YCTYIAET 110 CBOUM XapaKTEePUCTHUKAM
nudepeHInaATbHOMY YCHIIUTEIIO, 8 UMEHHO :

—B paboyeM OKHE CHUTHAJIa MOSIBIIIUCH MEPEOTPaKEHUS;

—I10JI0Ca CUTHAJIA CY3UJIach B 3 pasa;

—T10 KPUTEPUIO CBEPXIIMPOKOIIOJOCHOCTH CUTHAII HE OTHOCHUTCA K TakoBoMmy (0,154

npotus 0,25)

4. CY —nonyeonnosoe KonieHo ONUHHOU JUHUU.
W3nayanbHO U3 onpeaeneHus BBITEKAET, 4YTO TAKOE CorlacoBaHue He OyneT

CBEPXILIMPOKOMOJIOCHBIM TaK KaK JUIMHA KOJICHA BEIOUPACTCS U3 paccuyéra JAITMHbBI
BOJIHBI Ha LIEHTPAJILHOM 4acTOTE Anamna3oHa. Takoe coriacoBaHue UaeanbHO
NOAXOIUT [ mepexoja cuMMeTpuuHoi 200 OMHOM aHTEHHBI HA HECUMMETPUYHBIN

50 — oMHBINA Kalenb.

Antenna
Oscilioscope

12 wavelenght delay section

Figure 9. Cxema noakmtoueHus CY Ha OCHOBE MOJIYBOJTHOBOTO
xonena (A / 2 elbow)
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Figure 10. Cornacyroiee ycTpoiHCTBO —TOTyBOJTHOBOE KOJICHO. a — popma
NPUHUMAEMOTO CUTHAJA; b — MOAYJIb CIIEKTPAIBHOM MIIOTHOCTH IPHHUMAEMOTO
CUTHAJA.

W3 ananuza curnana u ero crekrpa ciaeayer (FigurelO) :

—IeHTpalibHas yacToTa paBHa 0.95 GHz;

—KOJMYECTBO MEPUOIOB B CUTHAJE — 4;

—HaIM4ue nepeoTpakeHui B paboueM okue (20ns) — 30% ot makcuMmyma

—IIMpPHHA [T0JIOCHI crieKTpa curnaina Ha yposHe 0,7 — 0,39 GHz

—K03hPHUIMEHT MUPOKOTOIOCHOCTH curHaia — 0,19

W3 npuBeA€HHBIX JaHHBIX CEeAYeT, uTo AaHHOe CY 3HAYUTENbHO YCTYNAET MO

CBOMM XapakTepucTukam AuddepeHnnaIbHOMy YCUIUTENI0, @ UMEHHO :

—B pabodeM OKHE CUTHaJa 3HAYUTEIHbHOE KOJTMYECTBO MEPEOTPAKEHUM;
—TI10JI0Ca CUTHAJIA Cy3UJach B . 3 pasa;

—T10 KPUTEPHUIO CBEPXIIMPOKOIIOJOCHOCTH CUTHAII HE OTHOCUTCA K TakoBomy (0,19
npotus 0,25)

W3 aHanu3a BBIIEH3I0KEHHBIX UCCIIEIOBAHUN BBITEKAET MPOCTOM BBIBOJ :
HaujIy4llee COoriacoBaHUE JIi CHMMETPUYHON aHTEHHBI JOCTUTAETCS NPU
UCTIONIb30BaHUU AU PEpEeHIINATHHOTO BEICOKOOMHOTO YCHIIUTENSI, TTOIKIFOUEHHOTO
HEIOCPEICTBEHHO K KJIeMMaM aHTE€HHbI. OJTHAKO U3TOTOBJIEHUE TAKOI'O YCUIIMTEIS C
nosiocoit He xyxxe 4 GHz ¢ uaeaibHbIMU COTJIACYIOIIUMH LIETISIMU BHYTPU CaMOT'O
YCUJIUTENA ABJISETCA TPYJOEMKOM U Aoporoi 3agayuei. ClienyrommuM o KauecTBy
cornacoBanus sBasercss CY Ha ocHoBe T/UJI. X0Ts TpyA0EMKOCTB €10 U3rOTOBIEHUS
Y JOPOTOBU3HA 3HAYUTEIBHO HIKE, 4yeM 111 CY Ha OCHOBE yCWIIMTENSA, TEM HE MEHEe
JUTSL XOPOIIIETO COTIIACOBaHUS TPEOYETCs : a) «IOJTOHATh» BXOJAHOE COIPOTHUBICHUE

aHTCHHBI 0] 3HadYeHue, papuoe R K, |

tpanchopmaruu TJIJI, KOTOpEIH HENB3s caenaTh MPOU3BOJIBHON BETUYUHOM; b)
MPAaBHJILHO CKOHCTPYHUPOBAThH JUTMHHYIO JIMHUIO, TIPEICTABIISIONIYI0 CKPYTKY JIBYX
MPOBOJHHUKOB OMPEIEIEHHOTO AUAMETPA U C ONPEACTEHHBIM [IaroM, JUIsl MOJTY4EeHHUS
BOJIHOBOTO COITPOTHUBIICHHSI, COOTBETCTBYIOIIETO BRIOPAHHOMY ISl COTJIACOBAHMS.

CY Ha 0CHOBE IIKMPOKOIIOJIOCHOTO TpaHCcHOopMaTOpa U MOJIYBOJIHOBOTO KOJIEHA
HE TPUTOTHBI JUIS CBEPXIITUPOKOIOIIOCHOTO COTJIACOBAHUS BCIIE/ICTBUE
HEepabOTOCTIOCOOHOCTH B CTOJIb IITMPOKOM MOJIOCE.

KoMripoMuccHBIM penieHreM SBIsIeTCsl BRIOOP aHTEHHEBI, TPEOyIomIei
MUHUMAJBHOTO COTJIacoBaHus. J{J1s1 Takoi aHTEHHBI JOKHBI YAOBIETBOPATHCS
CJeayIolIre YCIOBH: 1) BO3MOXEH HECUMMETPUYHBIN ChEM CUTHANA; 2) BBIXOJIHOE
COTIPOTUBIIEHNE AaHTEHHBI JTOJKHO OBITH OJIM3KO K BOJHOBOMY COIIPOTUBIICHHUIO
Ka0est, M0 KOTOPOMY CUTHAII OT aHTEHHBI TOJIAETCS Ha BXOJHOE YCTPOHUCTBO
npuémuuka. CorjaacoBbIBaTh TaKWe aHTEHHBI WJIM BOOOIIE HE TpedyeTcs, Tudo
HeoOxoauMbl TipocTeie CY, IeTKO peaan3yeMble Ha MPaKTHKE.

Jls mpumepa mpoBOAMIIOCH UCCIIEIOBAaHUE COTJIACOBAHMSI aHTEHHBI TUIIA
«biquad». AHTeHHa npencTaBisieT co00i CBOEOOPa3HYI0 aHTCHHYIO PEIIETKY U3

rje Ktr - peanu3yemblii KOG HUITHEHT
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YeThIpEX BUOPATOPOB, KOHCTPYKTUBHO O(POPMIICHHYIO B BUJIE MOCIIEA0BATEIHHO
COETMHEHHBIX IBYX KBaJpaTHBIX paMoK. Ko huImeHT nepexpoITust 4acToT, paBHbIN

Soax ! fon » cOCTaBISET MOpsinKa 2..2,5. B quanmasone f .+ f  nnarpamma

ax
HaIPaBJICHHOCTH OCTa&TCs MPAKTHUYECKH HEM3MEHHOU. C MOMOIIBIO TPOTPAMMBI
CI/IMy.H}II_II/II/I AHTCHH 61:1)10 paCC‘-II/ITaHO BXOJHOC COHpOTI/IBHGHI/IC AHTCHHEI C I[HHHOﬁ
meya 39 mm, ¢ nueHtTpanbHoil yactoroin 2GHz.

Z .= 50,06 — j100,9 . Peanbnas yacTh paBHa BOJTHOBOMY COMPOTHBIEHHUIO

kabenst. /g KoMIeHcay peakTUBHOM COCTaBIIsIONIEH Herob3oBasin mpocrtoe CY B
Bunie LC nemouku. Cxema nojkitoueHus npeacrasieHa Ha Figure 11.

Cable

C1
Oscilloscope —p—l
L1

Figure 11. Cxema nonkimtouenust CY a1 KOMIEHCAlUU PEAKTUBHON
COCTAaBJISIIONIEH aHTEHHEI.

Antenna

3nauenus L1 u C1 paccuntansl mis neHTpaibHoi yactoTel 2GHz u cocTaBisior
coorsercrenno 0,01 fH wu 0,8 pF

""""" a -t S
Figure 12. Bmusuue cornacyromero ycrpoiictsa (Fifure 11) Ha popmy curnana: a)
6e3 CVY; b) CY-oakIro4YeHo.

Kak crnenyer 3 pucyHka, COriacoBaHUE aHTEHHBI IPUBOIUT K 3HAUYUTEIILHOMY
MOJABJICHUIO MEPEOTPAKEHUI.

Jlnst anteHHb! «biquad» ¢ nenbio ymensienuss KCB aiist BeiOpanHoro pabodero
Jrana3oHa HeoOX0AMMO HCIIOIB30BaTh IPOBOIHUK OoJbLIOro Auamerpa. OQHako npu
ATOM PacTET €€ BXoAHOe conporusieHue. Ecnu oHo gocturaer 75 Om, To
IPUXOIUTCS UCIIONIb30BaTh KaOeb ¢ aHaJOrMYHBIM BOJIHOBBIM COIIPOTHBIIEHUEM. TeM
Oosee, crieranbHble KaOeIH TaKOTo CTaHAapTa UMEIOT MaJIoe 3aTyXaHHe, J0XOAsIIee
1o 0,1 dB/m na wactore 2GHz. Ho, eciu BXogHOE CONPOTUBIIEHHUE MPUEMHUKA
npuBsA3aHo K cragaapty B 50 Om, Bo3HHMKaeT HEOOJBIIOE PACCOTIIACOBAHUE C
ko3¢ puumenTom orpaxenus I pasubiM 0,2 ¢ COOTBETCTBYIOMUM 3HaueHneM Return
Loss = 14dB.

XO0Tb NOTEPU HE3HAYUTENBHBI, HO IEPEOTPAKEHUS HeXeNaTeNnbHbl. [loaToMy 115
YCTpaHEHMs NaHHOTO PaccoriacoBaHus NpUMeEHsOT CVY B BUAE KOAKCHAIBHOTO
Tpancpopmaropa. OH npeacTaBisieT coOOON TUIaBHBIN (ONTUMAIbHBIN BApHAHT —
SKCTIOHCHIIMAIBHBIN ) TIEPEXO0J] BOJIHOBOTO COMPOTUBIIEHUs Kabeis ¢ 75 Om Ha 50

Om. na nnune L paBHOM ﬂ“o /4 , e —ﬂo LEHTpAJIbHAS JUIMHA BOJIHBI ( 11 YaCTOThI
2GHz

162



/10 / 4 =324 mm st kabes ¢ JTUBJIEKTPUKOM C TUAJIEKTPUYECKON MPOHUIIAEMOCTBIO

1,337). Ha Figure 13. moka3aH yCIIOBHBIN BUJ TpaHChOpMaTopa.
Microwawve
connector
50 Om

Liguid sub

Figure 13. KaokcuansHelii Tpancdopmarop. D, =4,8 mm , L =32,4 mm,

D,=3,7 mm

Kak cka3ano BBIIIC, BIMAHUC paCcCOTIaCOBaHNA HE3HAYUTCIIBHO, HO €TO
MOAKJIIOYEHUE CKa3bIBACTCS HA YMEHBIIICHUH YPOBHs niepeoTpakeHuii. Ha Figura 14.
BU/JIHO HE3HAYUTEIIBHOE YMEHBIIIEHNE YPOBHS 1IyMOB Ipu Hannuuu CY B BUzE
KOaKCHaJIbHOTO TpaHcpopmaropa.
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Figure 14. Bausiaue CVY B BuJe KOaKCHAILHOTO TpaHchopmaTopa
MMPOSABIACTCA YMCHBIICHUCM
mymoB. a)- CY orcyrcrByet; b)- CY BKIIOUEHO

BriBoasl

1) Jns noBbllIeHUs TOTEHIMAIA PaIu0JIOKaTOpa, a UMEHHO ISl YBEJIMUEHUS
W3JIy9aeMON MOIITHOCTH MEePEaTYNKA U TTOBBIIICHHUS YyBCTBUTEILHOCTH TPUEMHUKA
HpI/I MHUHHUMAJIBHBIX UCKAXKCHUAX ITOJIC3HOI'O CUI'HaJ1a O6H33.T€JIBHO HpI/IMeHeHI/Ie
COTJIACYIOIIUX YCTPOUCTB, BKIIOYAEMbIX MEKy aHTCHHOW M aKTUBHOM BBIXOJHOM
(BXO/THOM) CXEMOI.

2) IIpu ucnonbp30BaHMHU B IEPEAATYMKE B KAU€CTBE aKTUBHOT'O JIEMEHTA —
SRD BO3HHUKACT CJIIOKHOCTH COTJIaCOBAHUSI B MOMCHT HepeKmoquI/m anonaa.
[ToaTOoMy 11€71€CO00pa3HO HCTIOIB30BAHUE BpeMeHHdro pazHeceHust (GpoHTA
BO30Y)KIAIOIIET0 aHTEHHY UMITYJIbCa ¥ OKHA MTOJIC3HOTO CUTHAJIA.
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3) Cpenu pazHOOOpa3us COrIacyrOMUX YCTPOUCTB ISl CHMMETPUYHOM
AQHTEHHBI HAWTy4IlINe Pe3yJIbTaThl MOT'YT OBbITh JOCTUTHYTHI IIPU UCIIOJIb30BaHUH
QG epeHIaIbLHOr0 BBICOKOOMHOTO ITUPOKOIIOJIOCHOTO YCUIIUTES, BKIIIOYAeMOTO
HEMOCPEACTBEHHO K KJIeMMaM IPUEMHON aHTEHHBI.

4) C npakTU4YeCKOM TOUKH 3pPEHHUS I COTJIaCOBaHUS CUMMETPUYHON
CBEPXIIIMPOKOIIOJIOCHON aHTEHHBI 11esiecoo0pa3Ho ucnonb3zoBanue TJI.
Hcnonp3oBanue nocneaHux ycrynaer auddepenunansHomy yermutento Ha 40% 1o
KO3(pPULMEHTY UPOKONOJIOCHOCTH, OJJHAKO 3HAYUTENIBHO MPOLIE B U3TOTOBICHUU U
JEILIEBIIE.
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