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Abstrakt — Masivne vyuZivanie digitalneho spracovania signilov vo vSetkych oblastiach techniky,
ale najmi v komunikaénych systémoch vytvara vysoky dopyt po lacnych programovatelnych A/C
prevodnikoch pre spracovanie digitilne modulovanych tzkopiasmovych signilov. Implementicia
prevodnikov na VLSI technolégii umoZiiuje pouZitim najmensSiecho moZného poctu analégovych
funkénych blokov realizovat’ vhodny analégovo Cislicovy prevodni vyuZivajuci vo svojej Struktire
princip SigmaDelta modulacie. Clanok sa zaobera realizicion LA modulatora ako zakladného
stavebného prvku pasmového XA prevodnika na dostupnom programovate’nom obvode System on
Chip (SoC). Pouzity obvod SoC (CY8C27443-24PVI) bol vyvinuty firmou CYPRESS
MICROSYSTEMS.

KUl'ucové slova — analégovo-Cislicovy prevodnik, Sigma-Delta prevodnik, PSoC

I. INTRODUCTION

Analégovo &islicové prevodniky (ACP) predstavuji elektronické bloky, ktoré su zakladom
analogovo digitadlnych rozhrani v sicasnosti mimoriadne Siroko vyuzivanych v réznych
oblastiach techniky napr. v senzorovej technike [1] komunikaénych systémoch [2], [3],
pocitatoch [4] a inde. Problematika ACP je velmi rozsiahla a zloZitd: existuje mnoZstvo
architektir A/C prevodnikov s réznymi vlastnostami a parametrami [5] a mimoriadne zloZitou
otazkou je ich testovanie [6] - [11]. ACP v sGéasnosti prenikajii stile viac aj do
vysokofrekvenénych komunikacnych systémov a zariadeni, ako napr. softvérové radio, kde
vel'mi vyznamna ulohu zohravajii pasmové sigma -delta ACP [2], [3].

Zakladom struktiry pasmového ZA prevodnika (BP XA) sa stala struktira LP £A modulatora
(obr. 1). LP XA modulatore sa sklada z rozdielového zosiliiovaca s dolnopriepustnym filtrom
(integrator), ktory spracovava rozdiel medzi vstupnym signalom a signalom zo spdtnej vazby
tvorenej komparatorom a jednobitovym &islicovo analégovym prevodnikom (CAP). Vnutornti
Struktiru BP XA modulatora a jeho diskrétny model je zobrazeny na obr. 1. Nahrada
dolnopriepustného filtra rezonatorom spdsobi, ze dolnopriepustny moduldtor sa zmeni na
pasmovy.

QUANTIZER
INTEGRATOR (COMPARATOR)

Y.

Obr. 1 LP XA modulator a jeho diskrétny model + transformacia LP XA modulatora na pasmovy
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Rezonator je realizovany ¢asovo diskretizovanou §truktirou v okoli rezonanc¢nej frekvencie,
danou vzorkovacou frekvenciou fs. To predstavuje transformaciu prenosovej funkcie LP

moduldtora v z -oblasti. Transformacia 2 = -2~ je vyhodnd, pretoze vlastnosti LP
modelu, ako stabilita a dynamika, zostavaju zachované. Nevyhodou je, Ze prenosova funkcia
Sumu (NTF) dosahuje minimum na pevne stanovenej frekvencii fs/4 vzhl'adom k vzorkovacej
frekvencii [2].

Binarnym nasobenim vystupu z modulatora binarnym priebehom s frekvenciou 4xfyy dojde
k frekvenénému posunutiu signalu zo vstupu modulatora do pociatku frekvencnej osi. Fazovym
posunutim signalu v ¢islicovom demodulatore sa da ziskat' fazovo posunuta zlozka vstupného
signalu. Po LP ¢&islicove;j filtracii sa ziska Cislicovy tidaj imerny realnej a imaginarnej zlozke
vstupného signalu. Prevodnik sa sprava ako vektorovy A/C prevodnik. Vysledna Struktira
>A A/D prevodnika je na obr. 2.

Pasmovy Sigma-Delta ACP

Q DSPp
LP filter N
I Pasmovy )
SDM
LP filter !
— P

[10-10]

Obr. 2 Vysledny AC prevodnik na dekédovanie 1/Q zlozky harmonického signalu

Hlavnou vyhodou XA prevodnikov z pohladu konverzie je moznost’ priamej konverzie
vstupného analégového signdlu na vektor s dvomi zlozkami (realna a imaginarna) a tiez
moznost’ tvarovania kvantizaéného Sumu. Digitalne XA A/D prevodniky mézu byt vstavané v
roznych digitalnych zariadeniach, ked’Zze su kompatibilné s technologiou VLSI anaviac su
zostavené z minimalneho poctu jednoduchych analégovych prvkov. Z jednoduchej Struktary
vyplyva vysoka linearita prevodu.

Tieto vlastnosti prispeli k tomu, Ze sa stali ve'mi obl'ibenymi v komunika¢nych systémoch
vyuzivajucich technologie ako GSM, WCDMA, UMTS pouzivanych pre mobilné telefony, tiez
pre FM/AM prijimace, pre bezdrotova digitalnu televiziu a mnohé d’alSie podobné aplikacie.
Moznost’ ziskania I a Q zlozky signédlu sa pouziva pri demoduladciach typu QAM, 16QAM,
QPSK, ale da tiez vyuzit' v senzorovej technike [1]. Tu sa ziska signal z dvoj parametrického
senzora, kde jedna veliCina ovplyviiuje realnu zlozku a druha veli¢ina imaginarnu zlozku
vystupnej impedancie pasivneho senzora, alebo moze predstavovat’ diagnostickil informaciu
o funk¢nosti senzora.

II. OBVOD PROGRAMABLE SYSTEM ON CHIP (PSOC)

Obvody Programmable System On Chip (PSoC) firmy Cypress Microsystems [12]
umoznuji integraciu analdogovych CEislicovych programovatelnych blokov do jedného
integrované¢ho obvodu. System On Chip (SoC) pozostava z hardvérovej a softvérovej Casti,
ktora riadi mikroprocesor a periférie. Pouzity obvod CY8C27443-24PVI je vytvoreny SONOS
technologiou. Mikroprocesor nazyvany MS8C je postaveny na 8-bitovej harvardskej
architektare a umoziluje efektivne programovanie v programovacom jazyku nizkej urovne.
Digitalna cast’ pozostdva z programovatelnych blokov usporiadanych v rovinach. Analégova
Cast’ reprezentuju tri typy analdogovych blokov: Continuous Time (CT) poskytujiice v Case
spojité¢ analogové funkcie a Switch Capacitor (SC) typu C a D, poskytujucich analégové
funkcie s vyuzitim techniky spinanych kapacitorov. Bloky st volne programovatelné ¢im
poskytuju Siroku paletu funkcii a st usporiadané do stipcov pricom kazdy ma k dispozicii
nickol'ko vstupov a vystupov, ako to mozno vidiet’ na obr. 3, umoziujicich prepojenie blokov
navzajom, pripojenie pracovnych hodin, referencného napitia a tiez pripojenie ako na vstup tak
aj na vystup obvodu. Analdgové bloky sa pouzivaji pre vyvoj analdogovych elementov, ako st
analogové filtre, komparatory, zosiliiovace a dobre zndme ADC a DAC prevodniky. Pre
konfiguraciu a emuldciu obvodu sluzi integrované grafické vyvojové prostredie PSoC
Designer.
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Obr. 3 Usporiadanie analégovych blokov v obvode PSoC

III. NAVRH BP SD MODULATORA NA OBVODE PSOC

Rezonator LA modulatora je vytvoreny doplnenim dvojitého oneskorovaciecho obvodu
0 zapornu spatnu vizbu a s¢itavacieho obvodu v analégovej casti obvodu PSoC. Oneskorovaci
obvod tvoreny zosiliiovacom s jednotkovym zosilnenim oneskori vstupny signal o jeden
hodinovy takt. Vstupny analéogovy signdl je privedeny na A vstup prvého zosililovaca
nastaveny ako analogovy vstup. Signal potom prechadza dvomi zosiliiova¢mi, ktoré vytvaraji
potrebné dvojité oneskorenie. Prvy blok na vstupe $truktiry rezonatora bol doplneny len pre
Casovu diskretizaciu priebehu a nastavenie pozadovanych vlastnosti rezonatora postaveného na
obvode PSoC. Vystup z tretiecho zosililovaca nastaveny ako analogovy vystup cez zasobnik
predstavuje vystup obvodu dvojitého oneskorenia. Tento vystup je pomocou externého
prepojenia privedeny na invertujuci B vstup prvého zosililovada a predstavuje spatnu vidzbu
rezonatora. Prenosovu charakteristiku vytvoreného rezonatora mozno vidiet’ na obr. 4.

25au (dB)

[\ —+—Uin=1v
0

—&— Uin=0,5V

15

—i— Uin=250mV

10

5 /
f!/:l; 19 21 23 25 27 29 31 33

f(kHz)

Obr. 4 Prenosova charakteristika rezonatora

Komparator je pripojeny k rezonatoru, cez vystup druhého bloku zosiliiovaca. Vystup
komparatora je digitdlnou zbernicou pripojeny na blok zasobnika nachadzajiceho sa digitalnej
Casti obvodu. Vystup predstavuje pin P_2 4, ktory je nastaveny ako GlobalOut (vnitorna
zbernica pre pripajanie blokov k vonkajSiemu okoliu) a v mode Strong (tento mod sa pouziva
pre digitalne vstupy/vystupy). Vystup komparatora je nasledne privedeny na vstup modulatora,
pricom obvod sumatora je realizovany diskrétnymi prvkami (rezistory). Tento spdsob realizacie
suctového obvodu na vstupe bol zvoleny pre nedostatok ako aj nevhodnost’ pouzitia zvy$nych
blokov obvodu, ktoré maji obmedzené moznosti pre vyber vhodnej pracovnej frekvencie ako
aj dodato¢né oneskorenia vznikajuce medzi A a B vstupom. Konfiguracia BP A modulétora
v analoégovej casti obvodu PSoC bola vytvorend v grafickom vyvojovom prostredi PSoC
Designer.

Spracovanie ziskanej digitalnej informacie bolo realizované pouzitim meracej karty NI USB-
6521 a aplikacného programu vytvoren¢ho pre tento ucel vo vyvojovom prostredi LabView.
Meracia karta spolocne s vytvorenym aplikanym programom umoziuje nacitavanie
digitalneho signalu a jeho nasobenie binarnym sledom, nasledné spracovanie, vyhodnotenie
a zobrazenie vysledkov v Ciselnej aj grafickej forme.

IV. EXPERIMENTALNE VYSLEDKY

Meranie vytvorenej Struktury BP XA modulatora bolo v oboch pripadoch vykonavané
sucasne osciloskopom aj meracou kartou DAQ a programom pre registraciu bindrnych udajov
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z modulatora vytvoreného v LabView. Namerany priebeh z BP XA modulatora pri jednej
hodnote vstupného napitia Uin=0,5V je ukazany na osciloskopickom zazname obr. 5
(oranzovy priebeh je vystupom zrezonatora, fialovy priebeh je vystup komparatora
pripojeného na rezonator a modrym vysledny priebeh modulatora) kym vysledny binarny sled
ziskany DAQ kartou a aplikaénym programom je na obr. 6.

Tek S ® Stop i Pos: 0,000s MEASURE
-

ik, . jlin, . o

| N 1 ) O 1 O O

CH2 2,00V b4 100 s “H2 7 4.00%
CH3 100V 2-Apr—03 21:01 10Hz

Obr. 5 Priebeh z osciloskopu na vystupe BP AX modulatora pre amplitidu vstupného signalu Uin=0,5V

Obr. 6 Priebeh a ¢iselné vyhodnotenie z programu pre registraciu binarnych udajov na vystupe BP LA modulatora pre
amplitddu vstupného signalu Uin = 0,5V

Po bindrnom nasobeni, ktorému odpoveda posun signalu do nuly frekvencnej osi, je
vysledny signal filtrovany dolnofrekvencnym filtrom typu FIR. Rozsah, kedy sa hodnota na
vystupe modulatora meni priamo imerne amplitude vstupného signalu, je obmedzeny. Strmost’
prevodovej charakteristiky a teda aj rozsah amplitud vstupného signalu je mozne ovplyvnit’
zmenou odporu v spitnej vizbe komparatora. Prevodovu charakteristiku ako aj chovanie sa
navrhnutého prevodnika zmenou spétnovizobného odporu mézeme vidiet' na obr. 7.

Vystup moduldtora( - )
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»
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.
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08 _<
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Obr. 7 Prevodova charakteristika finalneho BP SD modulatora

Jednou z vyznamnych vlastnosti tohto prevodnika je citlivost’ na fazu vstupného signalu, ¢o
sa prejavi zmenou hodnoty 1 aQ zlozky ziskanej spracovanim bindrnej informacie
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z modulatora. Na obr. 8 mdézeme vidiet namerant zavislost 1a Q zlozky v zavislosti od
pociatocnej fazy prevadzaného analdgového signalu.

M~ //

>
- RN

L ——I (sin}

Hodnotal,Q ()

N/
/

—+—Q(cos)

o 10 20 20 40 80 &0 70 20 90
Pociatoéna faza(°)

Obr. 8 Zavislost I a Q zlozky od pociatocnej fazy prevadzaného analogového signalu

V. ZAVER

Sigma -Delta (XA) modulacia poskytuje vela vyhod medzi ktoré patri hlavne jednoducha
realizovatelnost’ a tiez fakt, Ze je vhodna pre programovatel'né komunika¢né rozhrania. Pouzity
programovatelny obvod PSoC patriaci do kategdrie System on Chip obvodov umoziuje
jednoduchy névrh uplného systému na spracovanie zmieSanych signalov za pomoci jedného
integrovaného obvodu. Hlavnym nedostatkom tohto rieSenia je maly rozsah linearity
prevodovej charakteristiky. Tento je spdsobeny nutnym posunutim nuly prevodnika za pomoci
jednosmerného predpétia na uroven 2,5V. Okrem obmedzenia rozkmitu spracovavaného
signdlu problémom bolo aj tepelny drift blokov obvodu. Vyhodou implementacie na SoC
obvode je aj moznost’ ¢islicovej filtracie z vystupu modulatora na tom istom ¢ipe.
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Abstract — This paper describes new approach for measurement of the static characteristic of
Digital-to-Analog Converters (DACs) under dynamic conditions. The main principle of proposed
method is conversion of the DAC analog output voltage to time interval corresponding the equality
of DAC output voltage to the reference by using a fast comparator. The main advantage of this
approach is that time can be measured in the electronic domain much more accurately than
amplitude. Time interval is measured by the registration of the input DAC code. From the obtained
information a Personal Computer (PC) evaluates functional parameters Integral-nonlinearity (INL)
and Differential-nonlinearity (DNL).

Keywords — analog-to-digital converter, comparator, differential and integral-nonlinearity

I. INTRODUCTION

Nowadays, electronic devices based on digital signal processing integrate more and more
features, each of them presenting higher requirements for the further increase of the volume of
processed data, speed but also their accuracy and quality. Despite a significant increase in
performance and accuracy of today's digital electronic devices, most signals in the natural
environment are analog, and therefore there is a need for equipment to enable the transfer of
signal from digital to analog form. Digital to analog conversion requires the use of highly
accurate, fast and linear DAC converters. The implementation of high quality DAC converters
can be achieved by using suitable DAC architectures with their associated properties and
technology used in production.

An important question arises for testing and measuring static and dynamic characteristics of
such high quality converters when it is necessary, because their accuracy and speed has been
higher than ADC converters. In literature, many suggestions have been proposed for measuring
DACs characteristics ([1], [2] [3], - [9]), but most of them have been analyzed only from a
theoretical point of view in simulations and their experimental implementation is often difficult.
This paper proposes a method based on the conversion of the output voltage DAC tested level
into a time interval. The time interval is measurable with higher precision than dynamic output
voltage.

Il. THE PROPOSED METHOD TO MEASURE DAC CONVERTERS

The principle of the proposed methods is based on conversion of DAC analog output voltage
corresponding tested quantization level to time using a fast comparator. The time instant when
the DAC output signal achieves the chosen quantization level on its output carries information
about nonlinearity of transfer characteristics of tested DAC. Time interval will be estimated
with a high precision by using fast voltage comparators, precision DC voltage sources and
further auxiliary circuits. Moreover, the output of the comparator is not directly represented as a
time, which will be subsequently measured, but the output of the comparator will be used for
setting the conditions for the entry digital code value of the input buffer memory. Adding
dithering voltage increases the resolving power of the method distinguishes error bellow 1LSB.
It is necessary to synchronize the entire measurement system, and also to remove possible error
sources in the testing stand and look for ways how to improve precision.
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I1l. METHOD OF GENERATION AND MEASUREMENT OF PULSES

Digital code word k on input tested DAC introduces one digital input code of the digital
sawtooth generated by the counter, which counts clock impulses. The output of the counter is
connected to the input of the test converter and the buffering memory. The analog output
voltage Upac from tested DAC is then connected to the input of the fast comparator, which
compares it with sum of reference DC voltage U, and auxiliary dithering voltage Upty. The
reference voltage shall be adjusted as the decision-making level for the test quantization level,
and can be generated precisely calibrate source or simply by using DC source and measure
analog output value by using an accurate digital voltmeter. The required amplitude of dithering
voltage is achieved by using an appropriate resistive divider connected to the output of the
generator of dithering voltage. Triangular dithering voltage is used ass dithering voltage with
the peak value of the amplitude Upth max = 1LSB and the period for which applies that ratio of
the period of dithering voltage to the period of saw is an integer. The block diagram of the
proposed method, which was described above, can be seen in Fig. 1.

DAC
under test

Synclwoniztion

GPIB
oC
-

Fig. 1 Block diagram of the method of generation and measurement pulse

The output of the comparator is not directly represented as a time which will be subsequently
measured, but the output of the comparator will be used for setting the conditions for entry code
value of the input buffer memory. Buffering memory is used for storing values of code words
when the condition (1) is met that the test voltage output DAC converter is greater than the
sum of the DC voltage and dithering voltage:

Upp 2(Uy +Uppy )=k (@h)

where the value £ is the value of digital input code of the test DAC, when the analog output
voltage Upac reaches the set reference level U,. The recorded sequence of value k for
individual quantization level is than loaded from buffer memory into the PC, where will be
processed. The main mentioned signals of proposed method Upac, Ua, Upity along with
obtained sequence of k value and a detail view of DAC real transfer characteristics along with
mentioned signal for the third quantization level are for better understanding shown in
following figure (Fig. 2)
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Fig. 2 Waveform of particular signals Upac, U, Upitn along with sequence of the obtained value k and detail view
signals of method of generation and measurements of pulses for DAC real transfer characteristics for the third
quantization level

The increase of the measurement accuracy will be achieved by the repeated measurements of
one value and thus a sequence of k value for a certain quantization level will be obtained, which
will then be averaged.
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The average value of registered digital codes will be equal to a digital linear interpolated
value T} between discrete value k and (k-1). Further processing results in obtaining the value of
variations output voltage of the corresponding tested quantization level from the value of the
ideal transfer characteristics. Value T; multiplied by ideal quantization step O can be interpreted
as a linearly interpolated value of the analog output voltage of DAC under test for the tested
quantization level, which can be expressed by the following statement:

U vier (Tk):TK *O & Uppy (k):k*Q (3)

The difference between the linearly interpolated value of the analogue output voltage Uz (T))
and exact value of DC voltage U, represent integral nonlinearity according to:
U 7.)-U,
INL(T;{) — IDEAL ( k) ak (4)
0
Assuming that the integral non linearity in the quantization step changing at least, we can write
the following statement:

INL(T, )= INL(k) ®)

Proposed methods have been simulated in LabView environment and have not been yet fully
implemented experimentally.

IV. CONCLUSION

This paper describes a new method of measuring functional characteristics of D/A converter,
based on the conversion of voltage to time, which is precisely than measurement of amplitude.

The advantage of the proposed method in addition to the converting amplitude of analog
voltage to time is a relative simplicity and low demands for the used laboratory equipment.
Using the speed memory, whose contents is loaded into a PC where it will run processing of
data and in that case we do not need any fast counters or quick scopes. The addition of
dithering voltage allows more accurate measurement of small errors. Dithering voltage added to
DC voltage suppresses the systematic error in the digital interval measurement caused by the
synchronism of stating instant. On the other hand, the weak point of the method is a fast
comparator, which causes a measurement error due to its own delays. Assuming that this delay
is still the same, it is possible to correct this error by appropriate techniques.
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Abstrakt — This paper presents modelling of the non-ideal analogue-to-digital converter with
hysteresis in its transfer characteristics. The phenomenon of hysteresis is not very well explored in
practice as well as its effect on test methods of ADC. The proposed model of nonlinear ADC with
hysteresis enables simple and fast evaluation of newly developed non standardized ADC test method
by simulations. The model was developed in LabVIEW and realized as a library with a variety of
signal processing and ADC modelling functions.

Keywords — ADC tests, hysteresis, model of ADC, LabVIEW

1. INTRODUCTION

Nowadays, the advantage of digital signal processing along with the rapid development of
semiconductors caused, that almost everything is processed digitally. There is a tendency to get
a continuous analogue signal from the physical environment to the digital form in the shortest
possible way. The devices that perform conversion of the analogue signal to the sequence of
digital codes are the analogue-to-digital converters (ADC). There are a lot of different
structures of ADCs with different quality and properties. The error analysis of ADCs by means
of models is becoming more and more popular.

The objective of this work is to create a model of ADC with non-ideal properties
(nonlinearity) including hysteresis. Functions of ADC individual characteristics such as
nonlinearity and hysteresis errors were developed so that they are similar to a real ADC. The
model of converter changes the input waveform to the output code sequence. In conclusion, the
developed model was tested. The created model will enable to perform different tests from the
area of ADC measurement. Comparing the test results with the known simulated properties it
will be able to determine the efficiency of examined method.

II. ANALOG-TO-DIGITAL CONVERTERS AND THEIR PROPERTIES

ADC is a device which converts the natural continuing input waveform from the physical
environment to the discrete output values in accordance with the corresponding transfer
characteristic. After the conversion all input analog values are represented by the definite
number of digital codes while each code represents a part from the input range [1].

The transfer characteristic maps ADC input values from the certain range of Vgg to the
definite number K of code words k which create the definite set of all possible output code
words. The transfer characteristic is definite by plotting where the x axis is divided into a set of
contiguous not overlapping intervals and each of them has a certain co-ordinate output code on
the y axis [1].

Code bin (k) is a digital output that corresponds to a particular set of input values [2]. Code
transition level T[k] is the value of the converter -input parameter at the transition point
between two given adjacent code bins. The transition point is defined as the input value that
causes 50% of the output codes to be greater than or equal to the upper code of the transition,
and 50% to be less than the upper code of the transition. It is level of output code, where the
probability of occurrence of neighboring code words on ADC output is the same [1].

The difference of the code transition levels, T [k+1] and T [k], that delimit the k-th bin, that
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we can write following formula (1) [2] is code bin width (W[k]),
WIk]=T[k +1]-T[k] @)

Gain and offset are the values by which the input values are multiplied and then to which the
input values are added, respectively, to cause the deviations from the output values to be zero at
the terminal points, that is, at the first and last codes [2]. It is the deviation of actual width of
code bin with W[K], from its nominal width, usually refers to its nominal value and is usually
expressed in LSB. (2).

DNL[k] = —W[k] Woo

WI"IOIT] (2)

Before determining of DNL[k] it is important to make correction of gain error. Sometimes is
instead of all DNL[k] function expressed only absolute value of DNL [2]. It is the deviation of
actual transition level T[k] from its nominal value, usually refers to nominal quantization step
and is expressed in LSB units (3).

T[k]-T,,[K]
Wnom (3)

Before determining of INL[K] it is important to make correction of gain and offset error. In
that case are the end points of INL[k] function equal to zero and the non-linearity of ADC
makes felt by nonzero values of internal points. There is relation between INL[k] and DNL[k]
parameters, which can by expressed by formula (4).

INL[K] =

k-1
INL[k]= INL[k —1]+ DNL[k —1] = Z DNLTi]

(4)
where k=2,3, ..., 2¥ — 1, whereby is assumed a correction INL[1]=0 [2].

III. OBJECTIVE ANALYSIS

ADC hysteresis is described as an effect of the ADC transfer curve that it depends on the
direction by which the transfer curve is traversed (i.e., increasing or decreasing signal). The
reported hysteresis of the ADC, if any, is the maximum of such differences. In other words, it is
a deviation between the transition levels Typ[k] measured by the rising waveform and Tgown[K]
measured by the falling waveform on the ADC input. Only a maximum is usually expressed on
the given ADC.

In practice, a smaller emphasis is put on this phenomenon compared to other errors of ADC.
We decided to verify the sensitivity of actual test methods used for ADCs on hysteresis effect
using the model of ADC which allows us to simulate hysteresis along with other error
properties. Here we are able to perform standard test methods on the output codes of the model
and compare the properties of ADC obtained from the tests with the known properties set up in
the model.

Simulation of ADC was created in the development environment LabVIEW and consists of
two main parts. The first one serves to create the desired transfer characteristic, the second one
uses the created transfer characteristic and converts a simulated waveform on a sequence of
codes. These two parts are not connected directly. The transfer characteristic modelled by the
first part of the model can be saved to the memory. The saved transfer characteristic can be
loaded from the memory in the second part of the model and used for conversion of a
waveform in this part. On the output of ADC model, we added the functions designed to
histogram testing to evaluate the developed model. The all parts of the model will be described
in the following chapter.

IV. DESIGN OF ADC MODEL

As mentioned above, created model of ADC consist of two parts, the model of the ADC
transfer characteristic and the model of the converter in action.

Designed model of transfer characteristic has a few options to set the ADC resolution, the
magnitude and shape of nonlinearity and the magnitude and shape of hysteresis. The transfer
characteristic is simulated by means of its INL because such an approach allows us to see
simulated nonlinearity and hysteresis on the transfer characteristic directly. The disadvantage of
this approach lies in modelling of gain and offset errors because these are not manifested in
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INL. In this case we had to add these errors to the simulation later after the basic transfer
characteristic was modelled by adding the real value of transition levels. Simulator of transfer
characteristic has option to set two different shapes of nonlinearity, the first one is one period of
sine, and the second one half period of sine. In simulation of hysteresis a possibility of the
adjustment of other magnitudes of nonlinear transfer characteristic for a rising and a falling
waveform was involved.

Both the modelled hysteresis and the modelled nonlinearity directly present the ADC transfer
characteristic and after their addition a final transfer characteristic originates. We would like to
emphasize that we will finally create two different transfer characteristic that is caused by
hysteresis. The first one is given for rising waveform conversion and the second one is given
for falling waveform conversion.

The simulated transfer characteristic may be written to the memory, which allows us to
simulate and save more different transfer characteristic under optional names to the memory. In
the second part of the model we programmed a function to upload the transfer characteristic
from the memory by means of a dialog box. After the transfer characteristic is read from the
memory, its INL expression is changed to quantization levels T[k] and gain and offset errors
are added to the quantization levels.

The second part of the model allows conversion of the transfer characteristic from INL to
T[k], a simulation of some basic types of a waveform and modelling of the analogue-to-digital
converter. The model of ADC converts simulated waveform by means of the created transfer
characteristic to the sequence of codes. There was created waveform simulator which simulates
a sine wave, a triangle, a sawtooth and a square signal with optional amplitude, offset,
frequency and a phase and besides a sampling frequency and a number of samples per a record.
Moreover, there is possibility to add Gaussian noise to the simulated signal in the waveform
simulator. The output of the waveform simulator as well as the transfer characteristic for a
rising and falling signal is connected to the inputs of ADC simulator. The simulator decides
about each input sample of the waveform if that sample will be converted by the transfer
characteristic for a rising or falling signal. The decision is performed by means of internal logic
which compares each particular input sample with the last previous input sample. According to
the fact if the particular sample is greater, smaller or equal to the previous sample, the logic
chooses appropriate transfer characteristic. The output code of a converted sample is from the
interval 0—(2"-1). The code represents the serial number of a transition level from the transfer
characteristic at which the value of a converted sample occurs. After the conversion, the
sequence of codes is displayed on the graph. Data flow in the final model is shown on
following block diagram (Fig. 1).

generator
transfer
characteristic
ML
LU save load to T[k] tests
LFC I|
I}:—*' y - M * JJJJ_* -*-
r writs IML road INL ]_|.|.|.|.|J.|
'—I‘E‘ converter
hyrecror,

Fig. I The data flow in the final model; grey icons are the first part of the model, where the nonlinearity (LFC) and
hysteresis create the transfer characteristic which could by saved to memory by means of “write INL”; orange icons are
the second part of the model, where “read INL” uploads the transfer characteristic from memory, then the transfer
characteristic is changed from INL expression to quantization levels T[k]. The T[k] enters to “converter” as well as a
waveform which is simulated by means of “generator”. The waveform is converted according to the T[k] into a code
sequence inside the “converter”; green icon manifests the tests executed on output code sequence.

V. MODEL EVALUATION

The created model of ADC has been evaluated by means of some standard tests. For the
reason, were used already prepared standardised test functions of a sine wave and ramp
histogram test methods. The principle of the histogram test method is in building of the code
histogram from the output codes of ADC that is then compared with an ideal one ([2]). With a
quite long record it is assumed that a number of occurrences of individual code words in a
record is directly proportional to corresponding code bin width. It is important to set up the
actuating signal in a way that its frequency and the sampling frequency will correspond to the
coherency condition (5)
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M=J.f /f
AT 6))

where M is a number of samples per a record, J is an integral number of periods of a waveform,
fs is a sampling frequency and f; is the frequency of the actuating signal. It is essential that the
amplitude of the actuating signal is equal to the full scale range of ADC.

We simulated 10-bits ADC with nonlinearity of the transfer function in the form of one
period of sine and with the hysteresis modelled by means of a window function in tests. The
maximum of both errors is 1 LSB. At first we simulated a ramp actuating signal and then a
sine-wave actuating signal on the model input of the converter, both of them with frequency
3Hz, sampling frequency 100 kHz and with 100.000 samples per a record. We tested the output
codes by means of an appropriate test method (sine and ramp histogram tests). INL of
originally simulated transfer characteristic is shown on following Fig. 2.

% b0 1% e 2o 3 o 4k 4k o s el o w0 Th s sl ok adb 1w 1%

Fig. 2 Simulated INL of transfer characteristic of 10-bits ADC with nonlinearity and hysteresis. The black curve is the
transfer characteristic for conversion of a rising waveform; the red curve is the transfer characteristic for conversion of a
falling waveform.

The transfer characteristic shown on the picture above was uploaded into the model of the
converter and the ramp waveform was simulated on the input of the converter. The output code
sequence was tested by means of a ramp histogram test method. The INL measured from the
output codes of ADC is shown on Fig. 3. Finally was compared the measured INL with both
simulated INLs in a way that the measured INL was subtracted from the first one modelled INL
and also subtracted the measured INL from the second modelled INL. The results are shown
pictures Fig. 4 and Fig. 5.
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Fig. 3 INL of ADC measured by a ramp histogram method

9 s o 1% o o o 1o o b s s e e 0 7o s s w0 90 w0 0w
Code

Fig. 4 The difference between INL of ADC measured by a ramp histogram method and the simulated INL for a rising
signal
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Fig. 5 The difference between INL of ADC measured by a ramp histogram method and the simulated INL for a falling
signal

Similar measurement was performed by means of a sine waveform on the input of ADC.
There was used the same transfer characteristic like in the previous measurement (Fig. 2). This
time was tested the output codes by a sine-wave histogram test method and result was
compared again. The measured INL by this method is on Fig. 6 and the comparison of the
measured INL with both modelled INLs is on Fig. 7, and Fig. 8.
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Fig. 6 INL of ADC measured by a sine-wave histogram method
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Fig. 7 The difference between INL of ADC measured by a sine-wave histogram method and the simulated INL for a
rising signal
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Fig. 8 The difference between INL of ADC measured by a sine-wave histogram method and the simulated INL for a
falling signal
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The advantage of the ramp histogram is obvious. The difference between INL measured by
the ramp histogram and INL simulated for the conversion of a rising signal is relatively small,
in a range from -0,006 LSB to 0,016 LSB. We suppose that it is possible to measure INL for
the conversion of a falling signal when we use a ramp histogram method and a code sequence
created from the decreasing ramp waveform. A sine-wave histogram method proved to be
improper to find hysteresis on ADC. The measured INL by a sine-wave histogram method
occurs among the modelled INLs for a rising and falling signal. In conclusion, when we tried to
discover hysteresis of ADC, the ramp histogram test is more suitable than the sine-wave
histogram test.

VI. CONCLUSION

A model of non-ideal ADC with hysteresis was developed. It allows finding out the
efficiency of various ADC test methods on condition that hysteresis is on ADC. This model
was tested by using histogram test. The ramp histogram method was successful and revealed
hysteresis on ADC while the sine-wave histogram method failed.

The created model of ADC can be set up according to the needs of a user thanks to the fact
that the individual functions of the model are inserted into the independent function.

ACKNOWLEDGMENT

This work is the result of the project implementation Center of Information and
Communication Technologies for Knowledge Systems (project number: 26220120020)
supported by the Research & Development Operational Program funded by the ERDF (50%).

This work is also the result of the project implementation Development of the Center of
Information and Communication Technologies for Knowledge Systems (project number:
26220120030) supported by the Research & Development Operational Program funded by the
ERDF (50%).

REFERENCES

[1]1 SALIGA J.,"Metédy testovania analégovo-&islicovych prevodnikov”, Habilitaéna praca, Kosice 2001, KEMT,
FEITU.

[2] IEEE Std. 1241 — 1998,”IEEE Standard for Terminology and Test Methods forAnalogue-to-Digital Converters”,
Institute of Electrical and Electronics Engineers,Inc. New York, USA 1998.

ISBN 978-80-553-0611-7 © 2011 FEI TUKE 14



Electrical Engineering and Informatics Il
Proceeding of the Faculty of Electrical Engineering and Informatics of the Technical University of KoSice

Experimentalny systém FSO
pre 625nm RONJA

Pavol MISENCIK, Jan TURAN, Lubos OVSENIK

Katedra elektroniky a multimedialnych telekomunikéacii, Fakulta elektrotechniky
a informatiky, Technicka univerzita v KoSiciach, Slovenska republika

pavol.misencik@tuke.sk, jan.turan@tuke.sk, lubos.ovsenik@tuke.sk

Abstrakt — Tato publikacia sa podrobne zaobera experimentilnym systémom FSO pre 625 nm
RONJA, ktory aplikujeme do praxe. V ¢lanku je uvedeny popis tohto systému, jeho vlastnosti
a pripojenie k sieti.

KPucové slova — FSO, free space optics, RONJA, Reasonable Optical Near Joint Access

I. Uvop

V dnesnej modernej dobe vel'mi rychlo vzrasta ako dopyt po informaciach, tak aj rychlost,
s ktorou sa informacie mozu dostat’ od poskytovatel’a ku uzivatel'ovi. Nadviazat’ spojenie nikdy
nebolo také T'ahké ako v dne$nej dobe. Vel'mi oblibenymi sa stavaju optické komunikacné
systémy vol'nym prostredim (FSO — Free Space Optics). RieSenia, tzv. poslednej mile je mozné
vyrie$it' vramci niekol’kych hodin ato bez akejkol'vek nutnej administrativy, ukladania
kabelaze do zeme alebo zlepSenia infrastruktary. Lasery v sucasnej dobe su natol’ko vykonné,
ze umoziuju vysielat signal spoza skla okna, ¢im sa zvdc¢Suji moznosti umiestnenia
a zabezpeCenia FSO systémov. V tomto c¢lanku sa budeme zaoberat experimentdlnym
systtmom RONJA implementovanym na KEMT FEI TUKE, jeho technickymi parametrami
a moznym vyuzitim [3].

II. POPIS SYSTEMU A JEHO ZAKLADNE PARAMETRE

RONIJA je nazov optického zariadenia, ktoré umoznuje optické bezvlaknové pripojenie
dvoch bodov pocitacovej siete az na vzdialenost 1300 metrov pri zachovani konStantnej
prenosovej rychlosti 10 Mb/s. Pripaja sa do eternetovej karty alebo switch-u pomocou
konektora RJ-45. Technoldgia je vol'ne dostupné bez nutnosti licencie, a bola vyvinuta na MFF
Karlovej univerzity v Prahe. Nazov je skratka z anglickych slov ,,Reasonable Optical Near
Joint Access®, ¢o je vo vol'nom preklade ,,dostupné optické prepojenie na kratku vzdialenost™.

Komunikaény prenosovy systém RONJA sa sklada z dvoch tplne rovnakych zariadeni,
pricom kazdé znich pozostdva zrozhrania (interface), vysielaca a prijimaca. Ako je vidiet’
z obr. 1, interface je umiestneny ned’aleko pocitaca a jeho ulohou je transformovat’ napédtové
urovne a generovat signal. Vysiela¢ a prijima¢ st umiestnené v ochrannych rarach (obr. 2),
ktoré sa pripeviujii na streche budov aich ulohou je prenasat’ Iu¢ svetla atmosferickym
prenosovym prostredim (APP). Co sa tyka prepojenia jednotlivych &asti systému RONJA, tak
medzi pocitaom a interfacem sa vyuziva na komunikaciu UTP vodi¢ a k vysielacu a prijimacu
vedie koaxialny vodic [1,2,3,4].

1| Vysielat H Prijimac |-
~{ Prijimag H Vysielaé |-+

m UTP vodic @ Koaxialny prenos m LED prenos

Obr. 1 Blokova schéma RONJA [2]
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A. Zdkladné casti systému RONJA

Interface:

Ulohou tohto interface je upravit’ signalova uroveii a impedancie pre opticky prenos. Je to
koncové zariadenie pre pripojenie k PC pomocou konektora RJ45. Taktiez generuje pridavny
signal potrebny pre bezchybovu funkciu zariadenia s okolitymi rusivymi vplyvmi. Na zariadeni
je nainstalovana ststava LED diod, ktoré indikuju funkénost’ datového spojenia [3].

Vysiela¢:

Modul optického vysielaca je zlozeny zo stabilizatora napdtia z 12V na 5V ato kvoli
pouzitiu logickych obvodov. Dal§iu &ast’ tvori vstupny zosiliiovaé, ktory impedanéne
prispdsobuje signal na vstupe z koaxialneho vedenia. Poslednu ¢ast’ tvori digitalny zosiliiovac.
Vysielacia didda je rychla LED didda s vysokym jasom, pretoze sluzi k prenosu dat cez APP
(takéto vysoko svietivé diddy sa pouzivaju napriklad v zadnych svetlaich niektorych
automobilov). LED pri prenose dat blika na 10MHz [2]. Celé zariadenie, ktoré je zobrazené na
obr. 2a, sa umiestni do rury so SoSovkou, ktora svetelny kuzel usmerni do kuzela svetla
s minimalnym rozptylom obr. 2b, c.

a) b) ¢)
Obr. 2 Vysiela¢ systému RONJA [1]

Prijimac:

Ulohou prijimada je zosilnit' a upravit' signal z vysielada. Je umiestneny v ochrannej rire
rovnako d’aleko ako vysiela¢. Sosovka v tomto pripade zaostruje prichadzajuce svetlo do bodu,
ktory svieti priamo na prijimaciu diédu. Tymto mechanickym rieSenim sa zvysi G¢innost
prenosu dat. Prijimac je najviac citlivy na Sum a okolité rusenie, ako aj na silné slnecné svetlo
(vysoka jednosmerna zlozka signalu). Je napajany 12 V napétim, priCom napajanie je filtrované
a blokované niekol’kymi kondenzatormi, aby sa modul mohol napajat’ z d’alSicho vodi¢a. Ako
prijimaci prvok v zapojeni je pouzitd PIN fotodidda [2]. Je zapojena do série s odporom
pomocou ktoré¢ho nastavujeme pracovny bod a prepitie pre fotodiddu. Modul prijimaca je
zobrazeny na obr. 3.

Obr. 3 Prijima¢ systému RONJA [1]

B. Technické parametre komunikacného systému RONJA:

e Rychlost’ prenosu: 10 Mbit/s, full-duplex;

e Maximalna pracovna vzdialenost: 700 m s 90 mm SoSovkou (1300 m so 130 mm
SoSovkou);

e Minimalna pracovna vzdialenost: 1/15 maximalnej pracovnej vzdialenosti;

e Datové rozhranie: prepojovacie rozhranie 10BaseT (UTP);
Prikon: 260 mA, 12 V (3,1 W) z PC zdroja;

ISBN 978-80-553-0611-7 © 2011 FEI TUKE 16



Electrical Engineering and Informatics Il
Proceeding of the Faculty of Electrical Engineering and Informatics of the Technical University of KoSice

Operacna vinova dizka: viditelnd, 625 nm, 100 nm §irka spektra (¢ervena farba);
Odhadovany opticky vykon: 12 mW

Rozptyl svetelného kuzel’a - polovica uhlu: 1,9 mrad;

Operacna vlhkost: 100 % s vyhrievacim vykonom SoSoviek 1 W;

Viditel'nost: musi byt k dispozicii priama opticka viditeInost’.

C. Vytazenie prenosového systému RONJA

Z grafickych priebehov je zrejmé, Ze takto vytvoreny spoj ma stale dostato¢nu Sirku pasma
pre pristup do internetu aj v ase zat'azenia tohto spoja. To dokumentuje aj fakt, Ze pri vytazeni
prikazom ping rychlost’ prenosu z internetu takmer neklesla, stile tam bola prevadzka priblizne
100 kB/s. Dalej na grafe vytaZenia optického spoja (obr. 4) vyplyva, Ze spoj je skutoéne
realizovany v plne duplexnom rezime, teda max. 10 Mbit/s na strane vysielania a max.
10 Mbit/s na strane prijmu. Pri merani bolo dosiahnuté 1206,3 kB/s v smere vysielania a 1137,5
kB/s v smere prijmu, spolu v obdivoch smeroch to tvori 2343,8 kB/s, co je 18,75 Mbit/s.
Takyto vysledok je mozny vd’aka pouzitiu full-duplex sietovych kariet, pri pouziti sietovych
kariet half-duplex by stéet prevadzky vysielaca a prijima¢a mohol byt nanajvys 10 Mbit/s (¢o
je stale takmer dvojnasobne viac oproti Wireless LAN spojeniam, ktoré si kompatibilné so
Standardom IEEE 802.11b a pracuji na nelicencovanej frekvencii 2,4 GHz).
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Obr. 4 Graf vyt'aZenia na strane optického spoja (zelenou farbou je prijem, modrou farbou je vysielanie)
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Obr. 5 Graf vytazenia na strane pripojenia na internet (zelenou farbou je prijem, modrou farbou je vysielanie)

III. ZAVER

RONJA komunikuje s dvoma pocitaémi pomocou optického dvojbodového datového
spojenia na velkl vzdialenost. Maximalny dosah tohto spojenia je az 1300 m ato za
podmienky priamej viditelnosti. RONJA dokéaze prenasat’ data konStantnou rychlostou 10
Mb/s v plne duplexnom rezime. V sucasnej dobe je to asi najlacnejsie zariadenie pre optickl
komunikaciu atmosferickym prenosovym prostredim (APP) dvoch poéitacov s takou velkou
priepustnost'ou. Je kompatibilna k pripojeniu so switch-om alebo ethernetovou kartou s RJ45
konektorom. Prenos je tazko odpoctvat’ alebo rusit’ pretoze vysiela velmi uzky luc svetla.
Najvicsou nevyhodou je, Ze prenos nefunguje za vel'mi zlého pocasia ako je hmla, vel'mi husty
dazd’ alebo silné snezenie.
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Abstrakt — Tato publikacia sa podrobne zaobera experimentalnym systémom FSO pre 850nm
LightPointe Fligh Strata 155E, ktory je implementovany na KEMT FEI TUKE. Venujeme sa popisu
tohto systému, analyze jeho vlastnosti a pripojeniu K sieti.
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I. Uvop

FSO je plne duplexna opticka linka, ktorda vyuZziva opticki nosni vinu na prenos dat
atmosférickym prenosovym prostredim (APP). Opticky vykon je sustredeny do jedného alebo
viacerych tizkych optickych lucov. FSO systémy predstavuju dobru alternativu k optickym
vlaknovym systémom a to hlavne vd’aka jednoduchosti implementécie. Tento systém je vel'mi
uzitoény v pripade, ked’ uloZenie optickych vlakien do zeme je nevyhovujuce (doCasné
vyuzivanie, nepriaznivy terén, atd’.) [1].

FSO prenosové linky st ovplyvitované APP (poc€asim), Co moze znizit' dostupnost’ a moézu
nastat’ chyby prenosu, ktoré sa nevyskytuju pri vlaknovom prenose.

Tento Clanok opisuje experimentalny systém FSO implementovany na KEMT FEI TUKE
pracujici na vlnovej dizke 850nm, t.j. systém LightPointe Flight Strata 155E, jeho moZné
vyuzitie a pripojenie k sieti.

II. LIGHTPOINTE SYSTEM

FlightStrata 155E je jediny produkt na trhu ktory kombinuje smerova stabilitu so
Stvorli¢ovym systémom. Tento model s osvedCenou technoldgiu viacnasobnych lucov dal
LightPointe na dalSiu Groven tym, ako zabezpecit najvys$Siu moznu dostupnost’ a vykon
samostatného optického bezdrotového riesenia. Objektiv prijimaca kombinuje tvarovanie
optického laca (OBS - Optical Beam Shaping) s automatickou kontrolou vykonu (APC —
Automatic Power Control) a zameriava zmeny APP a pohyb budov.

LightPointe FSO systém komunikuje pomocou viacnasobného infracerveného luca, ktory je
neviditelny pre 'udské oko. Obidve hlavice tohto FSO systému vyzaduji priamu viditel'nost
medzi sebou, takzvané line-of-sight. Systémy pracuju s vlnovymi dizkami, pre ktoré nie je
potrebna radiofrekvencna licencia ani licencia pre spektrum [2].

Na obr. 1 je znazorneny FSO systém LightPointe Fligh Strata 155E. Hlavica vysiela $tyri
infraCervené luce svetla, ktoré prenasaji data zo siete. Hlavica na opacnej strane prijme luce na
Styri prijimace, odfiltruje ich na filtroch optického signalu a vysle ich do optického vlakna,
ktoré spaja hlavicu so sietou. Systém vzdy pracuje v rezime plny duplex preto obidve hlavice
vysielaju a prijimaju cely tok dat sucasne v oboch smeroch.

Typické moznosti aplikacie systému:

e Podnikové LAN a rozsirenic PABX;
e Metropolitné siete;

e Mobilna bezvlaknova siet’.

ISBN 978-80-553-0611-7 © 2011 FEI TUKE 18



Electrical Engineering and Informatics Il
Proceeding of the Faculty of Electrical Engineering and Informatics of the Technical University of KoSice

\— Hlavica

\ Sledovacia a nastavovacia zostava

e rchind konzola

(50 aleho 62 5) alebo SM optické spojovacie vedenia —\

p—

Opticky prijima
od 1270 do 1350 nm

Router £ Mux / Switch / korvertor médii =
/_ 5 prispdsobenym optickym vysielacom .
% e tandardné napajanie

- —

T P

50 - 240%AC alebo * 48YDC
napajanie

Obr. 1 FSO systém [3]

UK aer  um

A. Princip prenosu
Systém FlightStrata vyuziva Styri vysielacie luce a Styri prijimacie SoSovky ako zobrazuje
obr. 2. Kazdy vysielaci Iu¢ je plne zatazeny a poskytuje ochranu zlyhania linky voci

blokovaniu preletom vtakov, APP a d’al§imi vplyvmi.
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Digitalny opticky
wvstup
Rézne redundantné
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Obr. 2 Blokovy diagram $tvor lacového prenosového FSO systému [3]

B. Vysielacie komponenty

Optické signaly z datovej siete su prijaté na datovy vysiela¢ a prevedené na Styri rovnaké
datové toky. Styri VCSEL lasery konvertuju elektrické signaly na optické, ktoré sii prenasané

ako Styri infraervené lice vo vol'nom prostredi [3].

C. Prijimacie komponenty
Prijimaci zosilfiova¢ prevadza infracervené signaly prichadzajice z vol'ného prostredia na
elektricky signal, ktory riadi opticky vysiela¢- prijima¢ (transceiver) posielajici povodny signal

do datovej siete na vzdialenom konci.
D.Geometria objektivu

Vysielacie (malé, priemer 2,5 cm) a prijimacie (vel'ké, priemer 8 cm) SoSovky (zobrazené na
obr. 3) st dokonale umiestnené a musia byt centrované pre zladenie medzi vysiclaCom

a prijimacom na vSetky vzdialenosti.
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Dalekohlad na Vysielacia
ziskanie stiososti ) i So5ovka

Prijimacia
SoSovka

Obr. 3 Orientacia SoSoviek na hlavici [3]

E. Pripojenie k sieti

Pristroje Lightpointe FlightStrata 155 s protokolovo transparentné a mézu podporovat
hociaky bod siet'ovej architektiry. Vstupna poziadavka je digitalny signal privedeny na hlavicu
cez jedno modove alebo viac modové vldkno (v zdvislosti od zakapeného systému) vyuzivajici
Standardné SC opticky spojovacie vlakna [2].

Moznosti pre Local Area Network (LAN):

e 10/100 Ethernet;

e FDDIL

Moznosti pre ATM/SONET Network:

e STM-1, SDH;

e OC-1, OC-3, SONET.

Moznosti pre TI/E1 (Single/Multiple T1/E1):

e PABX, Mobilné¢ Wireless, Digitalne Video.

III. ZAVER

Zakladnymi vyhodami Lightpointe FlightStrata 155 technoldgie su relativne malé naklady,
vysoka bezpecnost’ a dobrd prenosova rychlost, ktord je od 1,5 do 155 Mbps. RF prenosovy
systém v porovnani s FSO Lightpointe FlightStrata systémom trpi interferenciami, je malo
odolnd voc¢i ruSeniu, aje casto licencovana. LightPointe optické systémy vyuzivaju
polovodi¢ové lasery ako vysielacie zdroje. Pri vyuzivani tohto systému musime brat’ na
vedomie prislusné predpisy o bezpe€nosti laserového zariadenia a prijat’ potrebné opatrenia,
aby nedosSlo k priamemu vystaveniu o¢i laserovym lacom. Infracerveny laserovy luc je
neviditelny a ma potencial preniknit’ na sietnicu a spdsobit’ tepelné poskodenie. FlightStrata
opticky laserovy komunikaény systém vyuziva laser triedy M v sulade s medzinarodnymi
laserovymi bezpec¢nostnymi normamy [EC / EN 60825-1 A2:2001.
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Abstrakt — Tento ¢lanok sa zaobera experimentilnym systtmom FSO pre 1550nm Fsona
SONAbeam™ 155-E, implementovany na KEMT FEI TUKE. Venujeme sa popisu tohto systému,
analyze jeho vlastnosti a pripojeniu k sieti.

KPicové slovi — FSO, free space optics, Fsona SONAbeam systém, Fsona SONAbeam™ 155-E

I. Uvop

FSO (Free Space Optics) je bezvlaknova, laserom riadend technoldgia, ktora podporuje
vysokorychlostni komunikéciu a velka Sirku pasma s jednoduchou instalaciou. Tieto systémy
preto zacinaju ziskavat’ prioritu na sikromnom trhu, ako rychle a vyhodné rieSenia schopné
nahradit’ drahé optické vlaknové systémy [1,5].

FSO je Casto implementovani na predizenie existujucej Sirokopasmovej siete, kde iné
technologie maju problémy ako st Cas, naklady, licencné alebo infrastruktralne obmedzenia.
SONAbeam™ FSO systémy su kompatibilné so vietkymi sietami a protokolmi — Ethernet, Fast
Ethernet, Gigabit Ethernet, SONET/SDS, ATM, FDDI siete apod. Tento transparentny
protokolovy pristup je dolezity rys pre zakaznikov. Poskytuje ovela vicsiu flexibilitu
nasadenia, ktora udrzZuje nizke naklady a umozniuje organicky rast siete.

Tento &lanok opisuje experimentalny systém FSO pre 1550nm Fsona SONAbeam™ 155-E
implementovany na KEMT FEI TUKE, jeho mozné vyuzitie a pripojenie k sieti.

II. SONABEAM™ sysSTEM

Produktova rada SONAbeam zahina niekol’ko modelov rozlisenych podl'a bitovej rychlosti a
prevadzkovym rozsahom. Linky mo6zu byt navrhnuté tak, aby ich dostupnost’ bola 99,999 % v
rozsahu od 50m do 5000m. SONAbeam ponuka prenosové rychlosti od 1,5 Mb/s az do
2,5 Gb/s. Medzi hlavné vyhody technolégie SONAbeam oproti konkurenénym produktom
patria:

Oku bezpeéna vinova dizka 1550 nm, t.j. tieto systémy st tplne bezpeéné pre Tudské oko,
pretoze pouzivaju laser s 1550 nm technologiou. To umoziuje zvysit’ vystupny opticky vykon
az 50 krat viac, ako je to povolené pre vinova dizku 850nm.

Vys§i vystupny vykon lasera umoziuje navrhnit systémy pre prevadzku na vicSie
vzdialenosti, lepsi prienik luc¢a cez hustejSiu hmlu, vacsiu dostupnost’ a samozrejme vysSie
prenosové rychlosti.

Skalovatelnost’ - vzhl'adom na to, Ze vinovéa dizka 1550 nm je najcastejsie stanovena pre
pozemné optické vlaknové komunikécie, podporujica technicka infrastruktira pre tento
spektralny rozsah je obrovska a rychlo rastie vdaka kazdoro¢nym investicidm do komponentov
a podsystémov.

Vysoka spolahlivost v nadvédznosti na bohaté skusenosti firmy fSONA v oblasti
komunika¢nych systémov pre vojenské laserové a kozmické aplikacie, su vSetky podsystémy
vyrobené z vysoko spolahlivych komponentov. Spol'ahlivost’ je zabezpeCovana aj testovanim
systémov pre rdzne podmienky prevadzky v extrémnom rozmedzi od -50°C az do +75°C.

A. SONAbeam systém serie ,,E*

SONAbeam série ,,E“ je velmi univerzdlny a kompaktny systém aj napriek svojmu
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robustnému hlinikovému telu, ktoré ho predurCuje aj na vyuzivanie v naro¢nych
poveternostnych podmienkach. Je mozné ho I'ahko prepravovat’ a je idedlny pre situacie, ktoré
vyzaduju rychle nasadenie.

Termindl SONAbeam série ,,E“ je vel'mi spolahliva, vysokorychlostna a plne duplexna
opticka linka, ktora vyuziva optick nosni vinu na prenos dat atmosférickym prenosovym
prostredim (APP). Pre komunikéciu vyuziva infracervené, pre zrak bezpecné laserové vysielace
a opticky prijimac s vel'’kou prijimacou apretirou a vstavanym mikroprocesorom. Termindly st
konstruované na prevadzku ako v budovach (in-door), tak aj vo vol'nom prostredi (out-door) za
podmienok priamej viditelnosti medzi dvoma bodmi v sieti. Pracuju na vzdialenost od
niekol’kych metrov az po niekol'ko kilometrov v pripade €istého vzduchu. Systém je navrhnuty
tak, aby akceptoval rozne uzivatel'ské rozhrania a napdjacie moduly. Skuto¢na vyuziteI'na
rychlost’ prenosu dat je zavisla od podmienok prenosu. Terminaly série ,,E“ mézu byt pouzité
na prenosové rychlosti od 1,5 aZ po 160 Mbps a podporuju mnozstvo komunikaénych
Standardov vratane: T1/El, E3/DS3, 10/100 Ethernet, OC-1/STM-0, OC-3/STM-1, rovnako
ako SMTPE a HDTV S$tandardy na prenos videa [2,3,4,5].

S integrovanou spravou siete (INM - Integrated Network Management) mézu byt’ terminaly
pripojené k podnikovym LAN sietam a umoznia nam tym sledovat’ a spravovat’ terminaly z
kancelarskeho pocitaca.

B. Geometria objektivu

Prednéd cast’ hlavice obsahuje dve vysielacie SoSovky, ktoré st umiestnené pod sebou
a obsahuju lasery s vykonom 2 x 160 mW. Objektiv pozostava iba z jednej prijimacej SoSovky
s priemerom 10 cm (obr. 1).

Vysielacia 3odovka

Prijimacia 3odovka

Dalckohlad na

ziskanie stiososti

Obr. 1 Orientécia SoSoviek na hlavici [3]

C. Popis systému a pripojenie k sieti
Na obr.2 su vyobrazené a popisané vsetky porty a svetelné indikatory, ktoré sa nachadzaju
na zadnej strane hlavice FSO systému SONAbeam™ 155-E.

Linkova slucka (LINK LOOPBACK THIS END): LED indikuje konfigurovanie termindlu tak, ze
FSO prijaty signal je priamo vysielany spét’ do d’al§ieho terminalu.

Vstupna sluc¢ka (INPUT LOOPBACK): LED indikuje konfigurovanie terminalu tak, Ze prijaty
vlaknovy signal terminalovym RX portom, je vysielany spat’ priamo do jeho TX portu.

RCV casové blokovanie (RCV CLOK LOCKED): LED indikuje, Ze terminalom prijimany signal
je nastaveny na kryStdlom riadent datovu rychlost, ktord je nastavend pre terminal. (Ak je
terminal nastaveny pre pracu v rezime Bypass alebo int datovu rychlost, tato LED je vzdy
OFF).

Vstupny signal pripraveny (INPU SIGNAL PRESENT): LED indikuje Ze terminal detekuje
vstupny signal zo siete na RX vladkne alebo drétovom vstupe. (vlaknovom alebo drétovom —
zavisi od toho aku kartu terminalového rozhrania vyuzivame).

Systém pripraveny (SYSTEM READY): LED z pociatku blika, pokial’ terminal nedokonéi svoj
systémovy test pripojenia a potom svieti stabilne a indikuje, Ze termindl je pripraveny na
konfiguraciu alebo na pouzivanie.

Vystup z lasera (LASER OUTPUT): LED indikuje, Ze jeden alebo oba lasery su aktivne.

Vnutorné ohrievate SONAbeam E-série (INPUT VOLTAGE): Vnutorné ohrievace SONAbeam
série ,,E* terminalu su kons$truované na prevadzku 24 V alebo 48 V DC zdrojov.
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Optické komunikacné vlakna (OPTICAL Tx a Rx): Rozhranie umoziuje pripojit MM alebo SM
optické vlakna ukoncené SC konektorom pre komunikéciu v sieti. Jedno vlakno pre data
vysielané (Tx) do d’alSieho terminalu v sieti a jedno pre prijem dat (Rx) z terminalu v sieti.

Vypina¢ ohrievaciecho

obvodu PRESS TO RESET

‘@®

RCV SIG OUT
VOLTMETER) RE - RX port i
: (pouzitie v budicnosti)
RF/RE
ur

Kontrolné body pre
prijimany FSO signal

Prepinaé nastavenia ~
vyhrievacieho napiitia

INP

VOLTAGE s Sietova prevadzka
Sériovy RS-232port | o 24y

- I -

pre sprivu terminlu \ [ |2 | Siefové vidknové optické

TERMINAL MGMKT E &£ [| porty: RX/TX = INOUT
Indikatory stavu R
terminalu

Siet'ova prevadzka

i

£
CE

RF - TX port
(pouzitie v budicnosti)

RF
INTE

SYSTEM READY

LASER OUTPUT

a
a
a
INPUT SIGNA L PRESENT .
0
O

v/

RF systémové rozhranie
(pouzitie v budicnosti)

Ethemnetovy port
pre spravu termindlu

E
RF POW

RF hlavny vypinag
(pouzitie v budicnosti)

Obr. 2 Oznacenie portov a indikatorov na hlavici FSO systému SONAbeamTM 155-E [3]

Ethernetové a sériové pripojenie (TERMINAL MGMNT ETHERNET, RS232): Na pripojenie siete
LAN sa vyuziva Ethernetovy vodi¢ CATS s RJ45 koncovkou, ktora sluzi pre pripojenie vodica
do ,,TERMINAL MGMNT ETHERNET* portu na termindle SONAbeam (obr. 2). Pre aplikovanie
sériového pripojenia sa vyuZiva pripojka a koncovka sériového vodica CATS a,,TERMINAL
MGMNT RS232¢ port na SONAbeam terminali. Docasné nastavenie spojenia medzi PC
a SONAbeam je prostrednictvom jednoduchého, troj-vodi¢ového rozhrania. Toto rozhranie sa
pripaja na COM1 PC port a na ,,TERMINAL MGMNT RS232“ SONAbeam (obr. 3).

{ SOMNAbeam Terminal

[ PC (=2 STC =oftvérom)

Obr. 3 Pripojenie PC k terminalu SONAbeam [3]
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D. Technicka Specifikacia

e Prenosové rychlosti: Fast Ethernet: 125 Mb/s obojsmerne,
OC-3/STM-1: 155 Mb/s obojsmerne,
e Prevadzkovy dosah: utlm 3 dB/km pre ¢isty vzduch, dosah 50-3500 m,
utlm 10 dB/km pre extrémny dazd’, dosah 50-1700 m,
e Vystupny vykon lasera: 320 mW $picky 2x160 mW,
e Velkost prijimacej apretary: 10 cm,
e Vinova dizka: 1550 nm,
e Pracovna teplota: od -40°C do +60°C.
III. ZAVER

Komunikacia vyuzivajuca fSONA systém bola zalozena v roku 1997 na poskytovanie
jednoduchych bezvldknovych rieSeni pre dopravcov, poskytovatelov sluzieb a podnikovych
sieti po celom svete. SONAbeam™ vyuZiva nelicencované pasmo a pracuje s rychlostou
prenosu dat az 1,5 Gbps na vzdialenost’ do Skm. Tento systém vyuziva pre vysokorychlostnii
bezdrétova komunikaciu neviditel'né, ale zaroven bezpeéné infracervené optické Ziarenie.

SONAbeam™ Setri naklady na zriadenie spojenia (nie je nutna tvorba optickej vlaknovej
infrastruktary a ziskanie licencie pre radiové frekvencie). Je iminna voci ruSeniu a prenos
informacii je velmi bezpe¢ny. Je to velmi kompaktny a univerzalny systém a aj napriek
robustnému hlinikovému krytu je rovnako vyhodna vonku v naroénych poveternostnych
podmienkach, ako aj v prevadzkach, kde opticky ¢ prechadza cez okno. Systém mdze byt
lahko prepraveny do miesta inStalacie aje idedlny pre situdcie, ktoré vyzaduju rychle
nasadenie.

Kazdy SONAbeam terminal série ,,E“ pouziva viacnasobne vyssi vykon, vacsiu Sirku pasma,
oku bezpecné 1550 nm lasery s patentovanym optickym prijimacim systémom na dosiahnutie
vyssej vykonnosti za vSetkych poveternostnych podmienok.
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Abstrakt — Tato publikiacia sa podrobne zaobera modelovanim optickych komunikacii voI’'nym
prostredim (FSO - Free Space Optics) pomocou programového balika ,,FSO System Simulator®,
ktory bol navrhnuty a implementovany na KEMT FEI TUKE. Simulicia FSO linky ma velPky
vyznam pri navrhovani a pochopeni stvislosti takychto spojov v zavislosti od najroznejsich
parametrov, & uZ technickych alebo neustile sa meniacich parametrov prenosového kanala. Clanok
preto strufne popisuje tento programovy nastroj a popisuje experimenty realizované tymto
systémom a ich vysledky.

Kr'ucové slova — FSO, FSO System Simulator, staticky model FSO, $tatisticky model FSO

I. Uvop

FSO systémy pracuju pri meniacich sa podmienkach, ktoré nedokazeme presne odhadnut
aani sa im vyhnit' — meniace sa pocasie. Preto je vel'mi potrebné poznat spravanie sa FSO
prenosovej linky pri akychkol'vek podmienkach a vediet’ tak zvolit' vhodné parametre na prenos
v konkrétnom prostredi, ¢i uz ide o 200 metrovu linku ponad mestsky park alebo 2 kilometrovy
zalozny spoj. Spravanie sa FSO prenosovej linky v urcitych oblastiach, kde pozname Statistické
parametre atmosférického prenosového prostredia (APP), pocas dostatocného dlhého obdobia,
popisuje tzv. Statisticky model FSO. To na akt vzdialenost’ bude opticky prenosovy systém
fungovat’ s ohl'adom na parametre prijimacich a vysielacich zariadeni, ako st vysielaci vykon,
citlivost prijimaca, priemer vysielacej a prijimacej SoSovky, smerovost’ laserového zvézku,
vzdialenost’ medzi vysielacom a prijimacom nadm popisuje staticky model FSO [1,3].

Pocitacovy program ,,FSO System Simulator” obsahuje vSetky prvky a zariadenia FSO spoja.
Ulohou tohto programu je pomocou vstupnych technickych parametrov zariadeni, vzdialenosti
a podmienok prenosového kandla vypocitat’ dostupnost’, resp. nedostupnost’ linky v danom
prostredi.

II. FSO SYSTEM SIMULATOR
A. Opis programu

Nami vytvoreny programovy balik ,,FSO System Simulator” je vytvoreny vo vyvojovom
prostredi Microsoft Visual C# 2008 Express Edition, nastroji pre tvorbu grafickych aplikacii. Po
otvoreni programu sa zobrazi grafické okno, ktoré je rozdelené na dve polovice. Lava polovica
okna pozostava z roliet, kde zaddvame a volime parametre prenosu a prava polovica okna sluzi
na zobrazenie vypocitanych vysledkov. Na obr. 1 je uvodné okno, ktoré sa objavi pri spusteni
programu. Velkost' okna je 800 x 600 o.p. (obrazovych prvkov), ¢o je optimalne pre dané
mnozstvo ovladacich prvkov ataktiez kvoli dostupnosti zobrazenia na vSetkych typoch
monitorov. Co sa tyka manipulécie s oknom, ta je klasicka, ako pri ostatnych oknovych
aplikaciach, ale moznost maximalizacie alebo zmeny velkosti okna je zakazana z dévodu
zachovania konzistentnosti a CitateI'nosti programu [2,4].

Graficky, ale aj tematicky je program rozdeleny na dve Casti a to: Staticky model (Steady
model) a Statisticky model (Statistical model). Kliknutim na danu zalozku si vyberieme dany
model a s tym stvisiace grafické prvky, vstupy a vystupy programu.
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E FSO system simulator
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Obr. 1 Uvodné grafické okno programu ,,FSO System Simulator*

Lavu stranu okna (obr. 1) tvoria polia pre zadavanie vstupov uzivatelom. Prvé pole je pole
,Device properties”, sluziace na zadanie parametrov vysielacicho zariadenia (program
predpoklada, Ze prijimacie zariadenie ma rovnaké parametre) a to: stredna hodnota vysielacieho
vykonu lasera, citlivost’ prijimaca, priemer prijimacej SoSovky, smerovost’ laserového zviazku a
vlnova dizka pouzitého lasera. Vietky textové okienka pri prekro¢eni povoleného rozsahu
prislusnej veli¢iny zobrazia chybové hlasenia, v ktorych upozoriiuju uzivatela na interval, z
ktorého je potrebné dany parameter zadat’.

Dalsim polom v oblasti zadavania vstupov je pole ,,Channel properties®, kde ma uZivatel
moznost zadat’® podmienky prenosového kanala, t.j. APP: vzdialenost medzi vysielacom
a prijimatom, moznost volby vypoctu aditivneho Utlmu spdsobeného zhorSenymi
atmosférickymi podmienkami, hodnotu tutlmu, ktora vyberie zMedzinarodnej tabulky
viditel'nosti ,,Show tab“ (obr. 2) [2], d’alej ma uzivatel moznost’ voI'by modelu potrebného pri
vypocte utlmu spdsobeného rozptylom a moznost volby urittho modelu turbulentnosti
atmosféry.

Attenuation
Weather conditions Precipitation Visibility (dB/km)
mm/hod at A="T785nm
Dense fog 0m 350
Thick fog 50 m 339.6
200 m 84,9
Modesate fog 500 m 34,0
Light fog Storm 100 770m 200
Very light fog I km 14,2
Snow | Strong rain 25 1,9 km 7,1
' ! ) 2 km 6,7
Light mist Average rain | 12,5 2.8 km 4.6
4 km 30
Very light mist Light rain 2,5 5,9 km 1.8
10 km 1,1
Clear air | Drizzle 0,25 18,1 km 0.6
20 km 0,53
Very clear air 23 km 0.46
50 km 0,21

Obr. 2 Medzinarodna tabul’ka viditelnosti

Pravu Cast’ okna programu tvoria vypocitané a zobrazené vystupy. Nad vystupmi v textovej
podobe je umiestneny obrazok reprezentujuci vysledky programu v grafickej jednoznacnej
podobe.

Pole ,,Attenuations” umiestnené v spodnej Casti reprezentuje hodnoty jednotlivych utlmov
vzniknutych na prenosovej ceste samostatne. Toto pole utlmov je tvorené Ciastkovymi utlmami:
utlm na casticiach, utlm spdsobeny turbulentnostou atmosféry, utlm spdsobeny rozptylom
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zvédzku laserového lu¢a medzi vysielaCom a prijimacom, vysledny utlm spdsobeny Cistou
atmosférou, Gtlm spésobeny rozptylom na ¢asticiach mensich, ako je pouzitd vlnova dizka
(najma utlm spdsobeny hmlou), utlm spoésobeny dazd’'om, Gitlm spdsobeny suchym (Fahkym, nie
mokrym) snehom, utlm spdsobeny mokrym snehom a vysledny atlm sposobeny zhorSenymi
atmosférickymi podmienkami.

Pole ,,Results* umiestnené napravo od pola ,,Attenuations® reprezentuje celkové vysledky
programu a zhodnotenie navrhovaného spoja. Je tvorené: hodnotu bezpe¢nostného okraja, t.j.
hodnotu, aky velky utlm by eSte zvladol navrhnuty prenosovy systém; hodnotu Link Margin
vztiahnuti k pozadovanej vzdialenosti; hodnotou vysledného utlmu spdsobeného zhorSenymi
atmosférickymi podmienkami. ,Link status“ predstavuje zobrazenie vysSSie popisanej
skutocnosti, t.j. ¢i systém so zadanymi vlastnostami bude alebo nebude fungovat’. Tieto stavy
reprezentuju na prvy pohl'ad jednoznacné hesla: ,,.Link OK* a ,,Link DOWN*.

B. Experimenty s ,,FSO System Simulator “

Pomocou simula¢ného programu ,FSO System Simulator bolo vykonanych vela
experimentov spolahlivosti dosahu FSO linky pri zadani rdéznych vstupnych podmienok.
Hlavnou poziadavkou bolo zistenie, ¢i navrhovany FSO prenosovy systém bude v prevadzke
bez obmedzeni a ¢i bude funkény.

Nech vstupné parametre skimaného FSO systému budu:

e Stredna hodnota vysielaného vykonu lasera je 16 mW;

Citlivost prijimaca je -40 dB;

Priemer prijimacej SoSovky je 20 cm;

Smerovost’ laserového zvizku je 4 mrad;

Vinova dizka pouzitého lasera je 850 nm;

Vzdialenost, na ktorti chceme prenos uskutocnit’ je 1000 m;
Viditelnost je 20 km (Cisty vzduch).

Tieto vstupné hodnoty st zadané ako vstupné parametre programu, je zvoleny Kimov
model, turbulentnost’ atmosféry Very Weak a predpokladdme prenos, ktory sa uskutocni bez
dazd’a alebo snehu. Po spusteni programu tlac¢idlom ,,Calculate” Simulator prepocita vsetky
potrebné hodnoty a vysledky zapiSe do jednotlivych okien (Pole utlmov - Attenuation a Pole
vysledkov - Results) obr. 3. Na prvy pohl'ad je zrejmé, Ze tento prenos bude uspesny a to vd’aka
grafickej reprezentacie vysledku v pravej hornej Casti okna (obr. 3). Ako mozeme vidiet' tato
linka bude fungovat’ az na vzdialenost’ 6910 m pri tychto vstupnych podmienkach. Celkové
vysledne okno programu je zobrazené na obr. 5.

E FSO system simulator
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Obr. 3 Stav navrhovanej linky je ,,.Link OK*

V nasledujicom experimente pouzijeme rovnaké parametre FSO systému, ale zmenime
pozadovanii vzdialenost’ prenosu na 1500 m a pridame dazd’ové zrazky. Cize do poli¢ka ,,Rain*
napiSeme hodnotu zrazok a to 20 mm/hod. Takto nastaveny experiment dame otestovat’. Ako
moézeme z vysledkov simulacie vidiet' (obr. 4), redlny prenosovy FSO systém pri takto
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nastavenych podmienkach prenosu zlyhava, a teda nie je schopny udrzat' spojenie na 100 %.
Maximalna vzdialenost’, ktort FSO systém pri takychto podmienkach dokaze prekonat je len
1225 m.

B FSO system simulator gl_—_- E]
File  Tools  Help
Steady model | Statistical model

Device propeities
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Obr. 6 Stav navrhovanej linky je ,,Link DOWN*

III. ZAVER

Optické komunikécie vol'nym prostredim su vyvijajlicou sa technologiou, ktord sa podla
nasho nazoru v blizkej budiicnosti rychlo rozsiri od objektov potrebujucich spolahliva zalohu a
vysokorychlostny datovy prenos (banky, velké riadiace podniky), cez rozne inStitucie
umiestnené v husto obyvanych a zastavanych oblastiach az po internetovych providerov, na
ktorych trh tlaci s potrebou Coraz vacsej priepustnosti datovych liniek.

Pre navrh kvalitnych a efektivnych FSO systémov je potrebné podrobne poznat kazdy
element zariadeni a vidiet’ stivislosti medzi zmenami parametrov zariadeni, zmenami vlastnosti
prenosového kanala a vyslednym efektom. Simuldcia optickych komunikacii volnym
prostredim je preto nevyhnutnou pomockou pri navrhovani alebo experimentovani s takymito
zariadeniami. Pocitaovym simulacnym programom ,FSO System Simulator, je mozné
jednoduchym a intuitivnym spésobom uskutoc¢iiovat’ rézne experimenty zalozené na doterajsich
teoretickych poznatkoch stidia FSO systémov. Uzivatel’ z vysledkov programu vyc¢ita tidaje o
utlmoch podsobiacich v FSO prenosovom kanali a koneény vysledok vratane teoretického
navrhu na maximalnu dosiahnutel'nt vzdialenost’ prenosu FSO systému za danych podmienok.
Jednoduchou zmenou parametrov v programe dokaze uzivatel predpovedat’ teoretické
spravanie sa FSO linky pocas réznych stavov APP, vyskytujtcich sa pocas vsetkych ro¢nych
obdobi (hmla, dazd’, sneh).
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