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Obnovitev élanstva v strokovnem drustvu MIDEM in iz tega
izhajajoc¢e ugodnosti in obveznosti

Spostovani,

V svojem ved& desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo priviaéno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecali
tudi vi in se odlodili, da se v drustvo vclanite. Zivljenske poti, zaposlitev in strok-
ovno zanimanije pa se z leti spreminjajo, najrazli¢nejsi dogodki, izzivi in odlocitve
so vas morda usmerili v povsem druga podrocija in vas interes za delovanje ali
¢lanstvo v drustvu se je z leti moéno spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu $e vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam c¢lanstva postal dolg, ocitno pa je, da mnogi nekdanji Clani ni-
majo ved interesa za sodelovanje v drustvu, se je Izvrsilni odbor drustva odlocil,
da stanje ¢lanstva uredi in vas zato prosi, da izpolnite in nam posljete
obrazec priloZen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vadega Clanstva. Kot
¢lan strokovnega drustva prejemate revijo »Informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali srecate stare znance in nove, povabljene predavatelje s po-
drogja, ki vas zanima. O svojih dosezkih in problemih lahko poroc¢ate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

Vasa obveza je placilo ¢lanarine 25 EUR na leto. Clanarino lahko placate na
transakcijski racun drustva pri A-banki : 051008010631192. Pri nakazilu ne
pozabite navesti svojega imenal

Upamo, da vas delovanje drustva $e vedno zanima in da boste Clanstvo ob-
novili. Zal pa bomo morali dosedanje ¢lane, ki ¢lanstva ne boste obnovili do
konca leta 2009, brisati iz seznama ¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, september 2009
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MERILNIK TEMPERATURE NA OSNOVI FLUORESCENCE
OKSIDNIH SINTENTICNIH MONOKRISTALOV

J. Krizan', |. Bajsi¢? in J. Mozina?
'AMI d. 0. 0., Ptuj, Slovenija
°Univerza v Ljubljani, Fakulteta za strojnistvo, Ljubljana, Slovenija

Kju€ne besede: opti¢na temperaturna zaznavala, fluorescenca, sinteticni oksidni monokristali,

Izvieek: V prispevku so prikazani rezultati razvoja nove generacije temperaturnih merilnih zaznaval, ki delujejo na osnovi fluorescence sinteticnih oksid-
nih monokristalov. Raziskane so nekatere termo-opti¢ne lastnosti sintetiénih oksidnih monokristalov na osnovi Al,Og, kakor so CrS*MgAlgo4 (Cr:8pinel) in
Cr3*Y3A15012 (Cr:YAG) in veé inacic kristalov z dodatki oksidov redkih zemelj. V prispevku je opisan eksperimentalni sistem za merjenje temperature na
osnovi razmerja vrhov fluorescenénega spektra. V ta namen je bila razvita tudi programska oprema za obdelavo merilnih signalov. Prvi od predstavijenih
prototipov merilnega sistema temelji na prenosu merilnega signala po optiénem viaknu, pri drugem pa se dolo¢a temperatura na povrdini merjenca
brezdotikalno. Nakazane so tudi nekatere moznosti prakti¢ne uporabe tovrstnega merjenja temperature.

Thermometer Based on Syntetic Oxide Monocrystals
Fluorescence

Key words: optical temperature sensors, fluorescence, synthetic oxide monocrystals.

Abstract: The article presents some of the results of the development of new generation temperature sensors working on the basis of fluorescent
synthetic oxide monocrystals. Research involved some termo-optical characteristics of synthetic oxide monocrystals with an AlzOs basis such as:
Cr3+MgAI204 (Cr:Spinel), Cr¥*YaAls012(Cr:YAG) and some other variations of crystals doped with rare earth oxides. The experimental system for temper-
ature measurement on the basis of fluorescence spectrum peaks ratios is examined. Computer hardware and software for processing measured signals
is catalogued. The first of the represented measurement systems prototypes is based on the transfer of the measuring signal via the optical fibre, the
second uses non-contact measuring of the object surface temperature. Some possible applications of the discussed temperature measurement are also

indicated.

1. Uvod

Merjenje temperature z opti¢nimi brezdotikalnimi merilniki
ima v nekaterih prakti¢nih primerih prednost pred dotikain-
imi temperaturnimi merilniki ali pa je to celo edina mozna
reSitev za doloCanje temperaturnega stanja merjenca. V
merilni praksi obstaja vrsta razliénih termometrov na os-
novi fluorescence oksidnih monokristalov /1 - 4/.

Obstajata dve temeljni metodi merjenja temperaturnega odzi-
vatermografskega materiala. Pri prvi metodi je uporablien blisk-
ovni svetlobni vir. Po vsakem svetlobnem blisku poteka ek-
sponencialno ugasanje svetlobe, ki jo oddaja kristal. Casov-
na konstanta eksponencialnega ugasanja je temperaturno
odvisna. Vigja ko je temperatura, hitreje kristal ugasa. Casi
ugasanja pri povisani temperaturi so tipi¢no pod 1 ms.

Druga metoda temelji na temperaturni odvisnosti razmerja
dveh spektrainih vrhov fluorescenénega spekira in smo jo
v tem prispevku preizkusili na kristalu $pinela MgAl>0O4 in
kristalu Y3AlsO12 oba dopirana s kromom /11 - 14/.

Brezdotikalna metoda je obcéutljiva na stransko svetlobo v
spektrainem obmocdiju od 600 do 700 nm in jo je zato freba
pred izraCunom razmeria izlociti. Uporaba fosforjev z mo-
dro svetlobo zmanjsa obdéutliivost na stransko svetiobo /5/.
Merilno nacelo, ki temelji na razmerju emisije dveh spek-
trainih ¢rt, znatno zmanj$a negotovost meritve.

2. Eksperimentalni sistem

2.1 Sinteza fluorescentnih monokristalov

V raziskavah uporabljeni kristali so bili izdelani po Verneui-
levem postopku. V ta namen je bila zgrajena posodobijena
verzija laboratorijske pedi za rast monokristalov, ki je poseb-
no primerna predvsem za safirje, rubine in pinele /6/.

Posodobliena verzija Verneuileve pedi za rast monokrista-
lov, ki je prikazana na sliki 1, zagotavlja Siroke moznosti
izdelave sinteticnih monokristalov /7/. Na sliki je prikazan
tudi potek rasti kristala safirja pri 2050 °C od zadetnega
kristala do konénega premera, tako kakor se vidi skozi
kontrolno odprtino. Sintetizirali smo razli¢ne kristale, ki so
primerni za temperaturne meritve. lzdelali smo tudi kristale
YAG in YAP dopirane z redkimi zemljami in veé aluminatnih
kristalov /13,15, 16, 17/. Med njimi so - poleg v prispe-
vku prikazanih - 8e: Cr**:YAIOs - Cr:YAP, Tb®":Y3Al5O12
- Tb:YAG, Pr®*:Y3AlsO12 - Pr:YAG, Tb3 :YAIO; - Tb:YAP,
Yb®": Y3Als012 - Yb:YAG, Eu®*: Y3AlsO12 - EUYAG,
Dy®*:Y3Als042 - Dy:YAG, SrAlO4 : Eu?': Dy?*, CaAl,0.
Eu®*: Nd®*.

Za meritve temperature je mogoce uporabiti tudi kristale v
praskasti obliki. V nekaterih primerih je praskasti material
potreben zaradi nanosa na merjeni objekt.

127



Informacije MIDEM 39(2009)3, str. 127-131

J. Krizan, |. Bajsi¢’ J. Mozina: Merilnik temperature na osnovi

fluorescence oksidnih sintenti¢nih monokristalov

Slika 1: Laboratorijska pe¢ in potek rasti kristala

2.2 Merilna oprema

Osnovni instrument je bil spektrometer OceanQOptics
USB4000, ki omogoca prikljucitev na prenosni rac¢unalnik
brez dodatnega napajanja. Uporabili smo razli¢ne svetlobne
vire, kakor so cenene LED diode razli¢nih valovnih dolzin za
osvetljevanje prek opticnega viakna in diodni laser valovnih
dolzin 405 nm in 532 nm za osvetljevanje pri brezdotikalnem
merjenju. Za dolo¢anje znadilnic kristalov na osnovi fosfor-
jev /8/ smo izdelali grelni blok s primerjalno temperaturno
meritvijo z uporovnim temperaturnim zaznavalom Pt100.
Vkljucili smo tudi opticne komponente razli¢nih izdelovalcev
in profesionalni opti¢ni sistem firme Hamamatsu A10043 z
zrcalom 455 nm. Za snemanje poteka temperaturnih znadil-
nic je bila oprema podprta z National Instruments LabView
platformo in z DAQ merilno opremo NI-USB-6221. Za mer-
jenje teh sprememb potrebujemo detektorje s hitrim
frekvenénim odzivom in fotopomnozevaiko za Sibke vire svet-
lobe /8/. Pri drugem dvobarvnem merilnem nacéelu imamo
stalno ali bliskovno osvetljevanje. Merimo odziv v obliki tem-
peraturno odvisnega razmerja vrhov dveh spektralnih ¢ért, ki
ju oddaja osvetljeni kristal /9/.

V tem prispevku je opisan sistem za merjenje temperature s
Cr dopiranimi kristali in USB spekirometrom. Isto merilno nace-
lo je mogoce uporabiti tudi na drugih termografskih material-
ih, kiimajo lastnost, da je ve¢ spekiralnih ért bolj ali manj tem-
peraturno obcutljivin. Idealno bi bilo, ¢e bi bila ena spektralna
¢rta neobdutliiva na temperaturo. Fluorescencni materiali s
temilastnostmi lahko delujejo kot dvobarvni premazi. Pomem-
bno je, da osvetljujemo z enim virom svetlobe in da je moZzno
preprosto loditi svetlobo dveh emitiranih &rt /10/.

2.3 Programska oprema

Eksperimentalni sistem upravija prenosni racunalnik, ki je
s spekirometrom povezan prek Omni gonilnika. Razvili smo
lastno programsko opremo v okolju SpectraSuite za komu-
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nikacijo merilnega sistema s spekirometrom in linearizaci-
jo, za vrednotenje spekira in za prikaz temperature pa v
programskem okolju Visual Basic. Merilni sistem je univer-
zalen in omogoc¢a obdelavo in vpis kalibracijske krivulie za
razli¢ne tipe kristalov.

Programska oprema je tudi podiaga za izvedbo samosto-
jnega merilnega sistema. 1z prilozenih vezalnih shem je raz-
vidna koncéna verzija temperaturne merilne sonde na nacelu
fluorescence. Vecina merilnih funkcij poteka neposredno
v spektrometru, vkljuéno z obdelavo merilnih signalov. Pri-
lagajanje poteka prek izrac¢una parametrov, ki je del ap-
likacijske programske opreme. Gonilnik spekitrometra
omogodéa uporabo teh funkgij iz razli¢nih programskih okolij,
zato smo lahko preizkusili tudi okolje LabView in program-
sko okolje Visual Basic. V aplikacijski programski opremi
sta izdelana tudi graficni vmesnik in linearizacija izmerjenih
vrednosti z uporabo polinomske funkcije, katere parametri
so potrebni za izvedbo kalibracijskega postopka.

3. Rezultati

3.1 Fluorescenéni spekter izdelanih
monokristalov

Na slikah 2 in 3 sta prikazana fluorescencna spektra dveh
od vecjega stevila izdelanih monokristalov pri 25 sC. Kot
vzbujevalni vir pri brezdotikalnem merjenju smo uporabili
lasersko diodo, ki oddaja stalno modro svetlobo moci 5
mW in z valovno doizino 405 nm, pri merilnem sistemu z
opti¢nim vlaknom pa je uporabljena Sibkejsa 400 nm LED
dioda. Oba kristala imata 4 izrazite vrhove, ki so razlicno
obc&utliivi na temperaturo.
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Slika 2: Spekter Cr:Spinel (Cr:MgAl204), vzbujen s
400 nm LED pri 25 °C

3.2 Temperaturna odvisnost

Iz izmerjenega fluorescencnega spekira je razvidno, daima
Spinel Stiri spekiralne vrhove (slika 2). Vsi intenzitetni vrhovi
s0 odvisni od temperature. Da se izognemo merjenju in
racunanju z absolutnimi vrednostmi, je smotrno uporabiti
razmerja vrsnih intenzitet za razlicne kombinacije vrhov. Za
nas merilni sistem smo uporabili razmerje intenzitetnih vrhov
pri valovnih dolzinah 675 nm in 688 nm, ki je se je pokaza-
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Slika 3: Spekter Cr:YAG (Cr’* YsAlsO12), vzbujen s
400 nm LED pri 25 °C

lo kot najbolj obcutljivo na temperaturne spremembe. Z
LabView razvojnim sistemom smo posneli zvezo med tem-
peraturo kristala in razmerjem intenzivnosti, ki je prikazana
v obliki fo¢k na diagramu na sliki 4. Odvisnost razmerja
fluorescence od temperature je aproksimirana s polinomom
tretje stopnje, kakor je prikazano na sliki 4 z modro krivul-
jo, ki se zelo dobro prilega izmerjenim tockam. Vzbujanje
kristala Spinela je prav tako kakor pri rubinu mozno z ze-
leno svetlobo ali UV svetlobo. Povezavo odvisnosti razmer-
ja intenzitete fluorescence od temperature predstavlja splo-
sSna polinomska funkcija,

T°C =Ko+ Kix+Kox?+ Kz x® (1)
Ko do K3 so koeficienti polinoma, x je razmerje intenzitet
izbranega para spektralnih vrhov.
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Slika 4: Zveza med temperaturo in razmerjem
fluorescencnih vrhov za $pinel

Za vsak tip kristala smo posneli odvisnost razmerja vrhov
od temperature in jo po metodi najmanjsih kvadratov aprok-
simirali s polinomsko funkcijo, katere aproksimacijske koe-
ficiente smo vnesli kot parametre v aplikacijsko program-
sko opremo.

Za kristal spinela, ki je dopiran z 0,5 wt % Cr>0g3, in za
razmerje vrhov pri 675 nm in 688 nm smo dobili nasledn-
jo polinomsko povezavo:

T°C = -184,8 +(905,96)-x + (-1002,1)-x> + (611) x*> (2)

Kristal 8pinela je primeren za uporabo v meritvi tempera-
ture po dvobarvnem merilnem nacelu. Pri njem je primer-
no vzbujanje s svetlobo valovne dolzine blizu 400 nm alis
cenejsim virom svetlobe 530 nm.

Tudi kristal YAG dopiran z 0,5 wt % CroQ3 ima $tiri spek-
tralne vrhove (slika 3).

V tem primeru smo za razmerje vrhov pri 724 nm in 707
nm dobili naslednji polinom:

T°C=-250,2 +(941,7) x + (-1020,4) X° + (840,76) x°> (3)

Povezava med razmerjem fiuorescendénih vrhov in temper-
aturo je prikazana na sliki 5. in je bila posneta na enak
nacin kot pri $pinelu.
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Slika 5: Zveza med temperaturo in razmerjem
fluorescencénih vrhov za YAG

S kromom dopirani YAG kristal je primeren za uporabo v
meritvi temperature po dvobarvnem merilnem nacelu. Pri
njem je primerno vzbujanje s svetlobo valovne dolzine bli-
zu 400 nm. Sprememba razmerja intenzitete fluorescence
je dovolj velika, da omogoda obdéutljivost meritve 0,1 K na
obmociju od 20 °C do 200 °C.

3.3 Prototipa merilnega sistema

Izdelana sta dva prototipa merilnega sistema, ki imata zelo
podobno merilno opremo (sliki 6 in 7). Pri prvi merilni ver-
igi je vzbujevalni Zarek usmerjen prek kolimatorske lede v
opti¢no viakno. Na drugem koncu vlakna je merilni kristal v
obliki meriinega zaznavala /4/. Med kristalom in opti¢nim
viaknom mora biti optiéna in mehanska povezava, to pa je
mogoce zagotoviti z lepljenjem kristala ali dopiranjem kon-
ice viakna. Ker so opti¢na viakna navadno iz silicijevega
oksida SiO3, je dopiranje mogoce le pri silikatnem krista-
lu. Leplienje je mogode le s transparentnimi lepili, ki so
tudi temperaturno in UV obstojna. Zaradi razli¢nih termiénih
raztezkov SiO» vlakna in kerami¢nega kristala so taks$ni spoji
tezko izvedljivi in zahtevajo posebna lepila. Tedaj je svet-
lobni vir lahko tudi LED dioda, saj zadod¢a manjsa jakost
svetlobe. Vsako merilno zaznavalo je treba umeriti. Koefi-
cienti polinoma in fluorescenéni vrhovi karakterizirajo mer-
iini kristal. Valovna dolzina osvetljevanja je odvisna od tipa
kristala in od njegovega podrocja najvecje absorpcije vz-
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bujalne svetiobe. Optiéna povezava med kristalom in via-
knom /4/ je bila izvedena s povezavo kristala in enega
opticnega viakna, po katerem se prenasa vzbujanje in is-
toc¢asno odziv.

OPTIKA

Optitag vioknas

SPEKTROMETER Kotimitor

MERILNA
SONDA

PREMOSNIK 8
PROGRAMSKO
OPREMO

USB port

Slika 6: Merilni sistem z opti¢nim viaknom

V drugi merilni verigi za brezdotikalno meritev je kontinuirni
laserski vir, ki omogoca vzbujanje iz razdalje nekaj metrov.
Svetloba, ki jo fluorescira kristal, se zbira s sistemom leé in
usmerja prek kolimatorja v opti¢no viakno spektrometra. S
to merilno opremo je mogoc&e brezdotikalno meriti temper-
aturo in je kot takSna uporabna za meritve fluorescencénih
ognjevarnih premazov, pri katerih se skusamo izogniti di-
rektnemu kontaktu ali pa ta sploh ni mogoé. Pri izbiri filtrov
je treba upostevati spektraini profil ozadja v razli¢nih mer-
ilnih situacijah. Vsekakor je ugodneje, &e je spekter emis-
ije kristala pomaknjen proti modremu podroé&ju, kjer infrar-
dedi spekter ozadja lahko preprosto izlodimo. V nasem
primeru so spektralne &rte v rdedem podrodju, to pa je
bilo dovolj dobro za razvoj meriine metode. Kristali, kakor
je BAM BaMgAl100+7.Eu ali YAG:Dy (ima emisijo pri 455
nm in 497 nm), so zelo primerni tudi s tega stali$da /5/.
Programska oprema omogoéa preprosto prilagoditev na
razlicne fluorescenéne materiale. Parametri so valovne
dolzine vrhov fluorescence, katerih razmerje se izraduna-
va, in polinomski koeficienti ter nekateri parametri, pove-
zani z delovanjem in obdutljivostjo spektrometra. Program-
ska oprema omogoca tudi hkratno zapisovanje merjenih
vrednosti v spremenljivem rastru v datoteko, ki jo je mozno
obdelovati s klasi¢no programsko opremo ali prikazati v
grafikonu.

Na sliki 8 je prikazan merilni sistem za brezdotikalno mer-
jenje temperature. Vidni so opti¢ni blok z diodnim laser-
skim modulom na stojalu pred elektriéno pedjo, spektrom-
eter in prenosni ra¢unalnik z grafiénim vmesnikom.
Spektrometer ima dovoij veliko opti¢no obdutljivost, tako
da smo v veéini primerov lahko izvajali meritve s &asom
vzorc¢enja 100 ms in krajse. Merilni sistem s pedjo je priprav-
lien za brezdotikalno merjenje v temperaturnem obmogiju
do 1400 °C - z njim bomo v nadaljnjih raziskavah testirali
uporabo tudi drugih kristalov. Zato je konstrukcija pedi pri-
lagojena potrebam testnega merilnega sistema. Tako je
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Slika 7: Brezdotikalna meritev temperature

vgrajen primerjalni termopar PtRh-Pt, ki se dotika merilnega
kristala, zalitega v kerami¢nem nosilcu, in programska opre-
ma za snemanje in prikaz merilnih podatkov in za njihovo
analizo. Pri meritvah do 400 °C pa je predvidena primerjal-
na meritev s Pt100 uporovnim zaznavalom in s pripada-
jocim merilnim pretvornikom.

Slika 8: Sistem za brezdotikalno merjenje temperature

V obmodju do 400 °C je mogoce uporabljati s kromom
dopirane kristale. Na sliki 9 so prikazani razliéni kristali,
zaliti v kerami¢nem nosilcu in pripravljeni za testiranje.

V temperaturnem razponu od 25 °C do 200 °C je toénost
merilnega sistema boljSa od + 0,4 °C. Pri tem je najvedji
del izmerjenega odstopanja zaradi zakasnitve pri primer-
jalni meritvi temperature oksidnega kristala s Pt100 zazna-
valom, ki ima tudi svojo termiéno vztrajnost. Za vigje tem-
perature so primerni kristali, dopirani z redkimi zemljami,
na primer z Dy dopirani YAG. Do nedavnega je bil disprozij
edini poznani aktivator iz druzine redkih zemelj, ki kaze odziv
v obliki razmerja intenzivnosti fluorescence pri visokih tem-
peraturah /10/. Merilni sistem omogod&a uporabo razli¢nih
merilnih oksidnih kristalov - z lastnostjo temperaturno odvis-
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Slika 9: Razliéni kristali v kerami¢nem nosilcu

nega razmerja vrhov fluorescence - za razlicna temper-
aturna obmodja. Nadaljnji koraki zacetih raziskav bodo
usmerjeni v razvoj nanofluorescenénih materialov, ki se
potencialno lahko uporabljajo kot temperaturni fluorescenc-
ni premazi ali kot inteligentni ognjevarni premazi /10/,
/18/ in pri razvoju merilne opreme za dolo¢anje temper-
aturnega stanja v razli¢nih industrijskih aplikacijah .

4. Sklepi

Rezultati opravijenih raziskav so pomembni za nadaljnji raz-
voj merilne opreme za merjenje temperature na temelju
fluorescence oksidnih monokristalov. Nacértovana in izde-
lana je univerzalna cenovno ugodna prenosna meriina opre-
ma, ki omogoc¢a preprosto prilagoditev na razliéne tipe dvo-
barvnih merilnih fosforjev. S tem lahko optimalno prilagodi-
mo merilni sistem na zahtevano aplikacijo in merilno po-
drocje temperatur od kriogenskega do visokih temperatur.
Pri iskanju primernih fluorescenénih materialov je bil ob-
delan sirok spekter dosegliive novejse strokovne literature
s podrocia lastnosti oksidnih kristalov in spremijajoce pat-
entne dokumentacije. Izdelani so bili eksperimentaini ok-
sidni monokristali na lastni fehnoloski opremi, in to po Ver-
neuilevem postopku. Pri izdelavi merilne opreme je poteka-
lo razvojno delo nadrino od izbire najbolj temeljnih ses-
tavnih elementov do konfiguriranja konénega merilnega
sistema, ki omogoca snemanje temperaturnih karakteris-
tik oksidnega monokristala, doloc¢anje korekcijskih funkcij
ter shranjevanje in obdelavo izmerjenih signalov. Meriina
oprema je primerna tudi za uporabo na fluorescenénih tem-
peraturnih premazih, na primer v nanotermometriji /19/.
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Abstract: Side illuminated waveguide photodetectors (WGPDs) are suitable choice for monolithic optoelectronic integrated circuits (OEICs) since the
structure of a WGPD is similar to that of laser structure. However, the main disadvantage of a WGPD is the poor coupling efficiency which leads to a low
value of external quantum efficiency. The simple way to increase the coupling efficiency is to increase the thickness of the absorption or active layer of a
WGPD. In this paper, the effect of active layer thickness on quantum efficiencies (i.e. external and internal quantum efficiencies) of WGPDs is examined
experimentally.

Vpliv debeline absorpcijske plasti na kvantno
ucinkovitost fotodetektorja z valovodom

Kjuéne besede: valovodni fotodetektor, kvantna ucinkovitost, fotodetekcija, fotodioda s pn-spojem

lzvie€ek: Valovodni fotodetektorji s stransko osvetlitvijo (WGPDs) so primerni za uporabo v optoelektronskih integriranih vezjih (OEICSs), ker je njihova
struktura podobna laserski strukturi. Glavna slabost WGPD je slaba sklopitvena u¢inkovitost, kar vodi do nizke vrednosti zunanje kvantne uéinkovitosti,
Najlazja pot do povecanija sklopitvene ucinkovitosti je povecéati debelino absorbcijske ali aktivne plasti WGPD. V tem &lanku eksperimentalno ugotavljamo

vpliv debeline aktivne piasti na kvantno ucéinkovitost WGPD.

1. Introduction

Through monolithic integration, OEICs are expected to
bring higher complexity and new functionality in addition
to other advantages usually associated with monolithic in-
tegration. It is also expected that the largest application of
OEICs would be in the fields of telecommunication and
signal processing. Optical detector is an essential compo-
nent of an OEIC as it ultimately limits the overall system
performance. Major trends in photodetectors development
are the achievement of higher efficiencies and larger band-
widths /1/. A waveguide photodetector is very attractive
device for achieving these goals. Furthermore, these de-
vices have advantage of packaging technology, since
waveguide structure, which is similar to laser structure, is
suitable for monolithic OEICs. However, as mentioned
earlier, efficient optical coupling between the input optical
field and the optical field at the input facet of WGPD is a
technological challenge because the diameter of an input
optical beam falling on the input facet of a WGPD, even
focused with a sophisticated lens system, is much higher
than the thickness of the active layer of a WGPD. The poor
coupling efficiency leads to low value of measured or ex-
ternal quantum efficiency (Text) in @ WGPD and the low
value of nex is often taken as actual conversion efficiency
of a WGPD. However, as a matter of fact, 7ex: is the exter-
nal conversion efficiency and it does not represent the in-
ternal conversion efficiency of the device.

132

2. internal quantum effieciency of
WGPD

A semiconductor laser diode under reverse bias or zero
bias conditions can act as a WGPD and the active layer
can work as depletion or absorption region. Photocurrent
of a WGPD can be obtained as:

[ph :SinEn (1)
where Sj, is the internal sensitivity of WGPD and P;, is the
input power coupled into the active layer of a WGPD. In

the case of a waveguide photodetector, the actual sensi-
tivity (i.e. the internal sensitivity) can be given as /2/:

S

S‘ = ext
2 C(I—R) (2)

where Sex is the external sensitivity of the detector, zis the
coupling efficiency of optical radiation and R is the facet
reflectivity. Sexs can be defined as:

_MNew@h
ext hC

and the coupling efficiency can be calculated as /3/:

(3)

(= N

(1~ R)(1—e " )

where ¢ is the speed of light in vacuum, A is the Plank’s
constant, A is the wavelength of the incident radiation, e is
the charge on an electron, nex is the external differential
quantum efficiency, o is the interband absorption, T is

(4)
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the confinement factor and L is the length of the device.
The internal quantum efficiency, ni» is given as /4/:

_ Sinhc 1 aa
U =Y o (5)

here o represents the residual waveguide losses absorp-
tion and « represent the total absorption inside the active
layer of a WGPD. o can be calculated as:

o =o,+lo, (6)

3. Experimental procedure

In order to demonstrate the validity of the proposed tech-
nique, three different stripe geometry A. R. coated laser like
devices were investigated while a 5 um wide stripe laser
was used as the source laser throughout the work reported
in this paper. Structural parameters of the various devices
used during the work reported in this paper are listed in
fable-1. Device-1, 2 and 4 were essentially made from the
same GaAs/AlGaAs material and for these devices, o, was
measured as 24/cm using the conventional cutback loss
measurement technique /5/. Whereas device-3 had an
active layer thickness of 0.5 um and o, was expected to be
the approximately same since o, depends upon length of
the device. The length of all devices was 250 um. This length
was quite sufficient for complete absorption of optical radia-
tion coming from the source.

Table -1. Structural parameter of different devices used
during the work reported in this paper.

DEVICE |STRIPE WIDTH, W| ACTIVE LAYER R, R,
NUMBER (Lm) THICKNESS (Um) | (%) (%)
1 25 0.15 4 4
2 5 0.15 4 4
3 5 0.5 4 4
4 5 0.15 30 30
(Source laser)

All the devices were mounted on separate copper heat sink
blocks. Temperatures of the device being tested and of the
source laser were controlled independently using thermoe-
lectric Peltier devices and a multi-channel temperature con-
troller. Throughout the work reported in this paper, the test
devices were subjected to pulsed input from the source la-
ser which was operated under pulse conditions using a
HP8082A pulse generator to avoid overheating in order to
achieve more reliable results. The width of current pulses
was kept constant at 200ns with a repetition frequency of
10 KHz. This proportion between the pulse width and puise
repetition frequency was sufficient to isolate the transient
temperature effects caused by one pulse from other puls-
es. Along with an optical lens system, a pre-calibrated large
area Si detector (LAD) and WGPD (being investigated) were
used to measure light output. An infrared camera was used
to for alignment of LD and WGPD in place of WGPD and
LAD as and when required. The source laser and WGPD
were aligned using a free-space alignment technique /6/.

IR
Camera

=

WGPD -

X

— N

D
LD Lens 1 Optical Lens 2

X20 Isolator X20
NA 45 NA 45
XY Sample &
Hold
Plotter Oscilloscope

Fig. 1. Schematic representation of experimental set-
up used.

Results were plotted using a Tektronix sample & hold oscil-
loscope and an X-Y plotter. Figure 1 shows the schematic
of experimental set-up used during the work reported here.

4. Results and discussion

4.1. Response of WGPD

After achieving the maximum alignment between the source
laser and WGPD, the response of WGPD was analyzed by
measuring I-L. characteristic of the source laser using the de-
vice-1 as a WGPD. Also I-L characteristic of the source laser
was measured by placing a LAD just after lens-2 (in place of
WGPD). Results of both measurements are given in fig. 2. It
can be seen from fig. 2 that the response of a pre-calibrated
Si LAD and the GaAs WGPD are similar to each other except
the sensitivity. This indicates that there was a perfect align-
ment between the source laser and WGPD.

The same experimental procedure was repeated using a
5um wide stripe device (device-2) instead of device-1 as
an WGPD. The response of both WGPDs (i.e. device 1 &
2) as a function of stripe width is plotted in fig. 3. It can be
seen from fig. 3 that the change in the stripe width does
not have much effect on the response of GaAs WGPD.
This was expected because the minimum achievable spot
size achieved by lens-2 was around 1.165um at A=860nm
and was smalier than the stripe width of 2.5um. From fig.

7
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Fig. 2. IL characteristics of the source laser measured
using LAD and GaAs WGPD.
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Fig. 3. Response of WGPDs with active layer thickness
of 0.15 um as a function of stripe width.

3, the external sensitivity, Sex: of GaAs WGPD was calcu-
lated as around 0.22A/W. This value does satisfy the re-
ported values of refs. 3 and 7. Using eq. (3), the external
guantum efficiency was estimated as 31. 8%. For the typ-
ical values of Text = 31.8%, R1= R2= 4%, L = 250 um and
I" = 48%, ap=200/cm /2/, { was calculated as 35.26%
and Sj, was calculated as 0.63 A/W. Finally, nin for the
devices being investigated was estimated as around 72%
by substituting all required values in eq. (5).

4.2. Effect of active layer thickness on the
response of WGPD

Generally, the coupling efficiency and hence 1ex of a detec-
tor can be improved by increasing the thickness of the intrin-
sic layer. In order to look at the effect of intrinsic layer thick-
ness on the response of the GaAs WGPD, the device-3 was
used as an WGPD. This device had a 0.5 um thick active
layer. Figure 4 shows the response of device-1, 2 and 3as a
function of the active layer thickness. Increase in external
sensitivity of the GaAs WGPD with an increase in the active
layer thickness is in agreement with theoretical and experi-
mental predictions. Figure 4 gives an external sensitivity val-
ue of 0.33 A/W for device-3 which corresponds to an exter-
nal quantum efficiency of 48%. For the typical values of Nex =
48%, Ry = R2=4%, L = 250um and I"= 90%, o= 200/cm
/2/, { was calculated as 50.6% and Six was calculated as
0.64 A/W. Finally, 1i» for the devices being investigated was
estimated as 74%. Estimated value of Siys and 1, are nearly
the same in the case of device-1, 2 and 3 because Sin Nin are
independent of active layer thickness.

Conclusion

In conclusion we can say that a WGPD with thick absorp-
tion or active layer has higher 7ex:. However, nex is the
external conversion efficiency and it does not represent
the internal conversion efficiency of the device. Hence in-
crease in active layer thickness does not affect the inter-
nal quantum efficiency. i, of WGPDs made from the same
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Fig. 4. Response of WGPDs as a function active layer
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material with different active layer thickness would be more
or less same provided incoming light is fully decayed in
waveguide.
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DOLOCANJE RADIJSKE VIDLJIVOSTI UPORABNIKOV AIR
STORITEV S POMOCJO SIMULACIJSKEGA ORODJA OPNET
MODELER IN MODULA 3DNV

Sasa Klampfer, Joze Mohorko, Peter Planinsi¢, Zarko Cucej

Univerza v Mariboru, Fakulteta za elektrotehniko, racunalnistvo in informatiko,
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Kjuéne besede: OPNET Modeler, radijska vidljivost, model Sirjenja radijskih valov, TIREM4, karakteristika slablienja, brezzi¢ne storitve, 3DNV, vidinska
kartografija, virtualni teren.

lzvieek: Ideja za strokovni prispevek je nastala na podlagi vse vedje razirienosti brezziénih AIR storitev, katere delujejo na izredno visokih frekvencnih
pasovih, le ti pa pogojujejo direktno radijsko vidljivost uporabniske opreme na posamezen oddajnik. Clanek opisuje enega izmed moznih nadinov prever-
janja radijske vidljivosti uporabnikov AIR storitev z uporabo simulacijskega orodja OPNET in virtuaine visinske kartografije DTED za podrodje Maribora z
okolico. Pritem smo se omejili na gradnike, ki jih AIR sistem vsebuje. V prvem delu ¢lanka smo se omejili predvsem na posamezne gradnike, ki se morajo
skladati z gradniki realnega sistema, tukaj imamo v mislih predvsem oddajno mo¢ in ostale karakteristike oddajnika, obd&utljivost sprejemnih enot,
modulacije, model irjenja radijskih valov, ki se mora tembolj prilegati realnemu razsirjanju radijskega valovanja v odprtem prostoru, natanénost virtualnega
terena v simulaciji itd. Opisali smo tri razlicne principe s pomogjo katerih lahko ugotavijamo ustreznost radijske vidljivosti, kamor spada analiza statistik
oddanega in sprejetega prometa (oddajnik posilja poizvedovalne pakete (ping)), analiza slablienja oddane modi v odvisnosti od reliefa terena, prevodnosti
prenosnega medija in v odvisnosti od oddalienosti, ter direktna analiza posameznih radijskih povezav na virtuainem 3D terenu, z grafiénim prikazom
radijske vidljivosti. Da bi bili rezuitati simulacij ¢imbolj verodostojni podajamo v nadaljevanju $e rezultate simulacij pri katerih je upostevana prevodnost
prenosnega kanala po zraku, ki vkljuéuje razliéne vremenske motnje (deZ, sneg,...). Vremenske vplive smo upostevali v modelu $irjenja radijskih valov,
kamor smo vnasali poznane vrednosti prevodnosti zraka, kier se le te spreminjajo od koli¢ine viaznosti v zraku, vegjih delcev v zraku itd.

Defining Radio Visibility of AIR Users with OPNET Modeler
Simulation Tool and 3DNV Module

Key words: OPNET Modeler, radio visibility, radio propagation model, TIREM4, line attenuation characteristic, wireless services, 3DNV, DTED maps,
virtual terrain.

Abstract: The main idea is concerned with today well spread wireless AIR services which work on high frequencies and frequency bandwidths, and this
is the main reason, why users need direct radio visibility that their AIR equipment can be connected on radio transmitter. In this paper is described one of
the many possible radio visibility check approaches where aiso belongs OPNET Modeler simulation tool with virtual DTED maps of Maribor with neighbor-
hood. At the beginning of this paper we introduce main parts of AIR system which plays important part when defining radio visibility between user
equipment and radio transmitter. Those main parts must have similar as possible characteristics as real elements have in real systems. Here we are
concentrated on transmitting power, modulations, receiver station density, free space radio propagation model, virtual terrain preciseness etc. During this
introduction we give detail description of three possible methods which could give us some conclusions about radio visibility. These three approaches
are; received traffic (ping) statistic analysis on the receiver side, line attenuation characteristic analysis considering cross terrain intersection and air
interface conductivity, and direct radio visibility analyze on virtual 3D terrain with graphical path loss illustration. To obtain precise as possible results is
important to consider weather conditions especially air conductivity (rain, snow, storms...), because such communication occurs on high frequencies (5
GHz upstream and 12 GHz downstream). Such weather conditions are included as appoint parameters in radio propagation model TIREM4.

nikov, pa vendarle Se venomer ostaja veliko taksnih, ki do
sedaj iz razli¢nih razlogov niso imeli dostopa do sodobnih

1. Uvod

Sodobni nacini telekomunikacijskih infrastruktur, ki smo jih
do sedaj poznali samo v tujini, prodirajo z veliko hitrostjo
tudi na nase irzis¢e. Glede na pestro razgibanost relief-
nega terena Republike Slovenije se je pojavila ideja o
postavitvi brezzi¢nih sistemov, s katerimi bi lahko zagotav-
liali sodobne storitve, tako imenovane trojcke (internet, tele-
vizija, telefonija), ki jih uporabniki na opti¢nih povezavah in
lokacijah blizu lokalnih central ze dije ¢asa poznajo. Ideja
se je tako uresnicila, za to pa je zasluzno podijetje GlobTel,
ki je razvilo ustrezno opremo za zagotavljanje sodobnih
brezzi¢nih storitev. Zaradi narave delovanja sistema na vi-
sokih frekvencah je s tem pogojena tudi direktna radijska
vidljivost na glavni oddajnik v kolikor uporabniki zelijo sprem-
liati AIR storitve. To sicer zozi nabor potencialnih uporab-

internetnih storitev. Pogoj radijske vidljivosti pa je takoj
ponudil idejo o analizi le-te s pomocjo simulacijskih orodij
s katerimi razpolagamo. Iz tega razloga smo opravili studi-
jo analize radijske vidljiivosti s pomodjo simulacijskega orod-
ja OPNET Modeler in modula 3DNV. Orodije vkijuc¢uje kva-
liteten model Sirjenja radijskih valov, imenovan TIREM4,
kateremu je mozno spreminjati Stevilne parametre, ki opis-
ujejo vremenske pogoje (prevodnost zraka ipd.). Model
TIREM4 uporablja prav tako ameriska vojska za modeliranje
svojih komunikacijskih radijskih povezav na virtualnem ter-
enu. V orodju fahko modeliramo oddajnike (oddajna mog,
viSina antene, polarizacija antene, modulacija, frekven&no
podrodije itd.) kakor tudi sprejemnike (uporabnika opre-
ma). Tekom opravijene studije smo uspesnost radijske
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vidljivosti s pomocjo orodja OPNET lahko preverili na tri ra-
Zliéne nacdine, le te pa bomo podrobneje predstavili v nada-
lievanju. Studija je namenjena potencialnim ponudnikom AIR
storitev, kateri Se nimajo dorecenih modelov preverjanja
vidljivosti, in jim je lahko nas pristop v veliko pomo¢ pri prever-
janju dostopnosti na njihovo brezziéno omrezje.

V drugem poglavju predstavijamo osrednjo problematiko,
iz katere se je razvila nasa ideja o preverjanju radijske
vidljivosti s pomogjo simulacije. V okviru istega poglavia
bomo na kratko podali $e kratek pregled nad AIR siste-
mom, ki je postavljen na Pohorju. V tretjiem poglaviju opisu-
jemo glavne gradnike, ki smo jih modelirali v simulaciji in
kateri so potrebni pri analizi radijske vidljivosti. V ¢etrtem
poglavju smo predstavili uporabljen model Sirjenja radijskih
valov TIREM4, ter njegove lastnosti, medtem ko v petem
poglaviju podajamo kratko predstavitev simulacijskega orod-
ja OPNET Modeler. Sesto poglavie prikazuje testni simu-
lacijski scenarij z uporablieno DTED visinsko kartografijo,
katerega smo uporabljali za dolodanje radijske vidljivosti. V
sedmem poglavju so predstavijeni rezultati in vsi trije mozni
nacini opazovanja radijske vidljivosti med oddajnikom in
posamezno uporabnisko enoto. Clanek zakljuéujemo s
sklepnim osmim poglaviem.

2. Osnovna problematika in ideja

S pojavom in uspesno implementacijo brezziéne tehnolog-
ije AIR storitev na mariborskem Pohorju, se nam je takoj
porodila ideja o preuCevanju radijske vidljivosti glede na
frekvenéno naravo delovanja samega sistema. Ker gre za
frekvencno podrodje nad 5GHz, je vidljivost uporabnika
na oddajnik kiju¢nega pomena. V razpoloZljivem simulacij-
skem orodju, s katerim razpolagamo, smo uvideli, da lahko
radijsko vidljivost ocenimo na tri razlicne nadine, ter hkrati
simulacijski sistem modeliramo v potankosti, da se le-ta
¢imbolj sklada z realnim sistemom. Kot bomo spoznali v
nadaljevanju, lahko v orodju modeliramo polarizacijo odd-
ajnika, sevalni kot oddajnika, visino, frekvencéni pas, mod-
ulacijo..., ter na uporabnikovi strani obdutljivost uporabni-
sSke opreme, frekvenéni pas, v katerem naj sprejemnik de-
luje, nacin modulacije itd. Vsi omenjeni parametri vplivajo
na natanénost modeliranja, te-to pa bo pogojeno tudi z na-
tancnostjo visinske kartografije, ko jo vkljuéimo v simulac-
ijsko orodje. Cimbolj natanéna je kartografija, tembolj na-
tan¢en bo simulacijski model. Ideja kako opazovati vidljivost
v simulacijskem okolju je sila preprosta; ¢e upostevamo,
da smo vse gradnike modelirali dovolj natan¢no, imamo
na voljo za preverjanje, ali vidljivost obstaja ali ne, sledece
moznosti: preverimo karakteristiko slabljenja signala med
oddajnikom in sprejemnikom v odvisnosti od vpliva terena,
pri ¢emer oddajamo nek simbolni promet (npr. ping). Ce
le-ta na doloceni oddaljenosti (pozicija) pade pod dolodeno
mejo, je to za nas znak, da se uporabniska enota in oddaj-
nik med seboj ne vidita oziroma v nasprotnem primeru ka-
rakieristika slabljenja signala ostane v celotnem cbsegu
nad pred-definirano mejo (ang. threshold). V drugem
primeru lahko opazujem statistiko oddanega in sprejetega
prometa. V kolikor med postajama ne obstaja direktna
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vidijivost, bo oddajnik promet oddajal, sprejemnik pa le tega
ne bo sprejemal. Zadnja moznost pa se navezuje na inter-
aktivno spremljanje dogajanja v 3DNV paketu, kjer doga-
janje prikazujemo na virtuainem 3D terenu (Slika 1). Ob
vsaki enoti se izpisujejo parametri o stanju povezave do
oddajnika, iz katerih lahko sklepamo o radijski vidljivosti.
Ta nacin tudi uporabnika obvesca o sami vidljivosti z barvo
ozna¢enih povezav. Ce je povezava do oddajnika oznace-
na z rdeco, to simbolizira, da le-ta ne more eksistirati. Vse
do sedaj nastete moznosti preucevanja radijske vidljivosti
bomo predstavili v obliki rezultatov v sedmem poglavju.
Tekom studije smo prisli do zakljucka, da lahko z nasim
predlaganim sistemom preverjanja radijske vidljivosti v simu-
laciji operater preveri, veé razli¢nih scenarijev, na katero
geografsko pozicijo se mu bolj izplacda postaviti oddajnik,
da bo pokril ¢im vedji geografski del, na katerem se na-
hajajo morebitni potencialni uporabniki njegovih storitev.

Slika 1: ViSinska karta v 3D prikazu (3DNV)

3. Osnovni gradniki, kot osnovni
sestavni del za preverjanje radijske
vidljivosti v simulaciji

Med osnovne gradnike, od katerih zavisi natan¢nost rezul-
tata simulacije spadajo oddajnik, viSina antene, frekvenéni
pas oddajanja, modulacija, oddajna mo¢, geografska po-
zicija, natancnost virtualne viSinske kartografije in obc¢ut-
ljiivost ter viSina antene sprejemne enote /2/.

Oddajnik: Veltockovni oddajnik sprejme signale iz osnovne
postaje. Signal se nato pretvori v visoke oddajne frekvence,
ki se najprej filtrirajo in ojadijo. Pasovna $irina je ekviva-
lentna tisti, ki jo oddajnik prejme od osnovne enote (ang.
main station). Signal se nato distribuira ¢ez omni sektor-
izirane antene s tipicnim ojac¢enjem 10dB. Da bo simulac-
ijski model ¢im bolj precizen, najprej oddajni anteni defin-
iramo njeno visino, ki se sklada z viSino, na kateri je
namescena reaina antena in tudi sama geografska pozici-
ja v simulacijski strukturi se mora ujemati z geografsko
pozicijo realnega oddajnika. Le-to dolo¢imo v simulaciji z
vnosom koordinat. Tako zadovoljimo kriterij ujemanja.
Klju¢en pomen pri kvaliteti prenosa ima modulacija. Le-ta
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se izbira glede na potrebe robustnosti, v najvedji meri pa
se uporablja kvadraturna amplitudna modulacija QAM-16
/4/ . lztegarazioga podajamo v nadaljevanju e kratek opis
omenjene modulacije, ki predstavlja pomemben gradnik
prenosa radijskega valovanja.

QAM modulacija: Kvadraturna amplitudna moduiacija je
osnovni predstavnik digitalninh modulacij, kjer se hkrati
spreminjata amplituda in faza nosilnega signala. Za lazjo
predstavo prikazujemo na sliki 2 blokovno shemo modula-
{orja na strani oddajnika.

impulse

bsl  HL(f

generator i

( ) flow COS 2 s(r)
splitter —sin 2/t C ) >

L_’ impulse || H(f

generator

Slika 2: Blokovna shema modulatorja na strani
oddajnika

V prvi fazi se bitni tok, ki se prenasa, porazdeli v dva ekviv-
alentna dela, kar zagotavlja dva neodvisna signala, ki se
prenasata. Oba signala se nato individualno kodirata. Po
postopku kodiranja se en kanal (tisti, ki je v fazi) pomnozi s
kosinusno funkcijo, medtem ko je preostali kanal (preosta-
li pravokoten, ang. quadrature) pomnozen s sinusno funk-
cijo. V taksnem primeru je med obema kanaloma 90°
faznega zamika. Oba signala se nato zdruzita in podlieta
preko prenosnega medija. Na prejemnikovi strani se sku-
pen signal demodulira po principu, ki je prikazan na sliki 3.

o HEH I

Slika 3: Blokovna shema demodulatorja na strani
sprejemnika

cos 27fid
—sin 2rtfr

flow
merger

Na strani sprejemnika ob pogoju poznanih nosilcev nap-
rava najprej skupen sprejeti signal razdruzi na 90° fazno
zamaknjena signala, ki smo ju spoznali pri modulaciji, nato
se izvede A/D pretvorba, bitna kvantizacija, kjer Sele nato,
po bitni kvantizaciji, ob zdruzitvi obeh bitnih tokov, dobimo
skupen bitni tok podatkov, ki jih prenasamo. Demodulacija
predstavlja inverzni postopek modulaciji. Ker je QAM nadin
modulacije najpogosteje uporablien v AIR sistemu (odvis-
no od zahtev) in ker ima le ta kljué¢no vlogo pri natanénosti
modeliranja, smo na kratko podali njen opis /4/.

Frekvenéni pas /2/: Kot smo ze v uvodu omenili, deluje
AIR sistem na precej visokih frekvencah (nekaj GHz). Iz
tega razloga je tudi natan¢nost modela odvisna od natancéno
definiranega frekvenénega pasu. Le ta pa se v Sloveniji za
razlicne regije razlikuje (glej APEK) /6/. To pomeni, da
moramo v simulaciji izbrati takéno opremo, ki omogoda
nastavitve frekvenénega pasu, modulacije, oddajne modi
itd. Omenjene parametre vkljucujejo tako MANET, kot tudi

Wireless modeli v simulacijskem okolju. Iz tega razloga
lahko s pravilno izbiro simulacijskih elementov zadostimo
Stevilnim kriterijem, ki smo si jih pred modeliranjem siste-
ma postavili. Kriterije, ki morajo biti izpolnjeni, pa smo v
predhodnem poglaviju e spoznali.

Geografska pozicija in natancnost visinske kartografije:
Z poznavanjem geografskih koordinat na katerih se nahaja
realna oprema, lahko identi¢ne koordinate vnesemo v simu-
lacijsko strukturo. S tem zagotovimo usklajenost pozicij enot
na virtuainem terenu s pozicijami enot na realnem terenu.
Za doloc¢anje realnih koordinat si lahko pomagamo z GPS
sistemom. Na ta nacin lahko dolo¢amo geografske pozic-
ije uporabniske opreme (sprejemne antene), kakor tudi
pozicije obstojecih oddajnikov. Usklajenost pozicij enot na
virtualnem in realnem terenu ima prav tako kljuden vpliv na
natancnost simulacijskega modela.

Oddajna moc, visina antene in obéutljivost: Do tovrstnih
parametrov lahko pridemo bodisi z meritvami (mislieni vsi
nasteti parametri) ali s prebiranjem podatkovnih listov proiz-
vajalcev posameznih komponent (oddajna mod¢ in obdut-
ljivost). Ker smo Ze na zacetku zadostili pogoju, ki se nave-
zuje na izbiro taksne simulacijske enote, katera omogoda
vnos vseh Kiju¢nih parametrov, nam preostane zgolj e vnos
pridoblienih parametrov v simulacijske postaje.

4. Model sirjenja radijskih valov
TIREM4

TIREM je kratica izpeljana iz angleske besede Terrain in-
tegrated Rough Earth Model, kar v prevodu pomeni in-
tegriran razgiban teren zemije. TIREM vkljuéuje dva mode-
la TIREM3 in TIREM4, ki se v najvedji meri uporabljata pri
modeliranju brezzi¢nih povezav. TIREM3 izhaja iz oddelka
za obrambo Zdruzenih drzav Amerike, le tega pa je v zadn-
jih letih nadomestil izbolj$ani in natanc¢nejsi mode! razsir-
janja radijskih valov, ki ponuja hitrej§i izradun izgube poti
(ang. path loss), Se posebej v primerih ko gre za v detajle
dodelan 3D teren. TIREM je sposoben predvideti izgubo
raz$irjanja radijskega valovanja (RF) za frekvenéna podrodja
od 1MHz pa vse do 40 GHz, tako za podrodja kopnega
kot tudi za podrocja na morju. V modelu lahko dolodimo
parametre prevodnosti tal (ang. ground conductivity), rela-
tivno permeabilnost (ang. relative permittivity), viaznost (ang.
humidity), lomijenje valov na povrsini (ang. surface refrac-
tivity) in resolucijo, t.j. razdaljo med izohipsami na viginski
karti /7/, /8/, /9/.

Model Siriera radjsiih valov
Oatctoka z informacyami o lerenu S mREM 4, TIREM3, Longloy Rice
y
OPNET dlvation datlska

Slika 4: Povezava kartografije in modela razsirjanja
radijskih valov z brezzi¢nim omreZjem
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5. Simulacijsko orodje OPNET
Modeler

OPNET Modeler je vodilno simulacijsko okolje v komunikagcij-
ski industriji. Omogoca konstruiranje in studije telekomu-
nikacijskih infrastrukiur, posameznih naprav, protokolov,
aplikacij ipd. Orodje stremi k objektno orientiranemu mod-
eliranju. Ustvarjeni modeli predstavljajo zrcalo strukture
dejanskih omrezij in omreznih komponent. Prisotna je pod-
pora za vse tipe komunikacijskih mrez z naprednimi teh-
nologijami kot so fast ethernet, WiFi, UMTS, GSM, itd.
Simulacijski jezik bazira na seriji hierarhi¢nih urejevalnik-
ov, ki vzporedno ponazorijo strukturo protokolov, opreme,
mreze. Omogocena je tudi animacija dogajanja v omrezjih,
kar Se dodatno poenostavi razumevanje delovanja
posameznega elementa. Nudi moznost ustvarjanja povsem
novih enot oziroma preurejanja ze obstojedih. Preureditev
ze obstojece enote je mozna celo na kodnem nivoju, ki je
izveden s C/C++ programskim jezikom. Orodje omogoca
tudi simulacije na virtualnem terenu z uporabo visinskih
DTED kart, ki jih lahko prikazemo v 3D obliki z modulom
3DNYV. Z natanc¢nostjo visinske kartografije je pogojen re-
alisti¢en prikaz na 3D virtuainem terenu. Da bi 3D relief
¢imbolj ustrezal realnemu, kjer imamo v mislih predvsem
ceste in kijuéne objekte, lahko le te v obliki ustreznih slik
po plasteh uvozimo na zeleno kartografijo. V zadnjem ¢asu
se v OPNET orodju zelo uveljavlja modul SITL, ki omogocda
povezavo simuliranih omrezii, elementov, naprav, z zunan-
jimi realnimi omreZzji, elementi oziroma napravami. To pome-
ni, da nam v simulaciji ni ve¢ potrebno modelirati prometa,
temvec lahko le tega zajamemo iz realnega omrezja, ele-
menta, naprave, in ga preto¢imo ¢ez simulirano omrezje,
nato pa ga vrnemo nazaj v realno omrezje. Na ta nadin
nam orodje omogod¢a opazovanje stanjav omrezju, ¢e nanj
na primer »virtualno« v simulaciji priklju¢imo dodatne upo-
rabnike itd. Zadnja razli¢ica simulacijskega orodja vsebuje
Se zelo natanéen model razsirjanja radijskih valov imeno-
van TIREM4, ki velja za enega izmen najbolj natanénih
modelov in ga v simulacijah uporablja celo ameriSka voj-
ska. Omenjen model smo pri analizi radijske vidijivosti s
pridom izkoristili tudi mi /1/, /3/, /5/.

6. Simulacijska struktura preverjanja
radijske vidljivosti

V simulacijsko strukturo smo vkljudili vse do sedaj omen-
jene kljuéne elemente, ki vplivajo na potek komunikacije
med oddajnikom in sprejemnikom (slika 5).

V prvem scenariju smo na virtualni teren nakljuéno postavi-
li sprejemne enote, le-te pa se nahajajo na razliénih ge-
ografskih pozicijah (hribi, doline...) in na razlicnih odd-
aljenostin. Namen tega scenarija je pokazati konénemu
uporabniku, kako lahko predvidi podrocje pokritosti s sig-
nalom. Testni promet, ki smo ga pretakali ¢ez omrezZje za-
gotavija http streznik, kiv kratkih ¢asovnih intervalih posilja
testni promet do konénih uporabnikov, seveda tistih, ki so
v dosegu oddajnika in imajo direktno radijsko vidljivost. Z
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Slika 5: Scenarij postavitve enot na virtualnem terenu z
visSinsko DTED karfografijo z enim oddajnikom

blokom ‘Applications’ definiramo aplikacije za katere
zelimo, da so prisotne v simuliranem omrezju (za nas prim-
er samo http), medtem ko z biokom ‘Profiles’ dolo¢imo
uporabniske profile, ki jih nato priredimo uporabnikom.
Streznik in oddajnik sta med seboj povezana z 100BaseT
ozi¢eno povezavo. Rezultati simulacij, ki jih bomo spoznali
v sedmem poglaviu bodo nazorno prikazali pomanjkljivosti
takSnega scenarija, saj bo vecina enot izven radijske
vidljivosti. iz tega razloga smo ustvarili Se drugi scenarij, v
katerem smo dodali $e en dodaten oddajnik, ki pokriva JV
sektor (slika 8), s ¢imer pokrijemo $e dodatna podrocia,
katera prej niso imela direkine radijske vidljivosti. Kijub
temu, pa tudi na ta nacin ne moremo zagotoviti vidljivosti
vsem uporabnikom, saj je narava razgibanosti terena v Slov-
eniji preve¢ pestra.

Slika 6: Scenarij postavitve enot na virtualnem terenu z
visinsko DTED kartografijo z dvema
oddajnikoma

V drugem scenariju povezavo razdelimo na dva dela s po-
mocjo omreznega stikala, kjer vsako izmed obeh povezav
priklju¢imo na posamezen oddajnik. Drugi scenarij je prav
tako pripravljen na tako imenovane ‘roaming’ eksperimente,
ki bi prisli v postev v primeru uporabe mobilnih postaj z
definiranimi trajektorijami na terenu. Za oba scenarija so
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enote, ki predstavijajo uporabnisko opremo fiksne. Pred-
stavijeni rezultati drugega scenarija v sedmem poglaviu
bodo nazorno pokazali, da smo z JV oddajnikom pokrili
dodatne postaje.

7. Simulacijski rezultati in mozni
nacini preverjanja vidljivosti

Simulacijsko orodje omogoca ve¢ moznih nacinov prever-
janja radijske vidljivosti. Prvi in tudi najenostavnejsi nacin
se navezuje na analizo karakteristike slabljenja oddanega
signala v odvisnosti od razdalje in v odvisnosti od oblike
terena. Pri vseh nacdinih analiz je bil v simulaciji uporabljen
TIREM4 model razsirianja radijskih valov, ki je opisan v
Cetrtem poglavju. Analiza slablienja oddanega signala v
odvisnosti od terena je prikazana na sliki 7. Gre za anal-
iti¢no orodje, ki v pre¢nem prerezu predstavi obliko terena
med oddajnikom in sprejemnikom (vrhovi, doline, ovire) in
v navezi z reliefom izracuna mode! slabljenja signala. Tako
imamo na sliki 7 prikazan prec¢ni prerez terena, ki se na-
haja med oddajnikom (‘Repetitor’ na sliki 5) in sprejemnikom
(‘Node 15’ na sliki 5). Iz pre¢nega prereza lahko direktno
opazimo, da komunicirajoci enoti nimata med seboj radi-
jske vidljivosti, saj se med njima nahajajo vmesne ovire. S
Stevilnimi empiriénimi poizkusi smo tudi dolodili mejno ob-
mocije slablienja, kjer komunikacija pade. To mejno ob-
mocje znada -95dB. Zgornji graf na sliki 6 prikazuje karak-
teristiko slabljenja oddanega signala v odvisnosti od tere-
na za dve raziicni frekvenéni podrociji. Zgornja krivulja pri-
kazuje slabljenje za frekvenco 1MHz in pasovno Sirino
100kHz, medtem ko spodnja krivulja ponazaria frekvenco
12GHz in pasovno Sirino 296MHz. 1z prvega rezultata je
lepo opazna vecja obdutljivost visokofrekvenénega signa-
la v odvisnosti od terena v primerjavi z manj$o obdéutljivost-
jo nizje frekven¢nega signala. Za obe frekvenéni podrodiji
pavtem scenariju ne moremo zagotoviti radijske vidljivos-
ti, saj se med komunicirajo¢ima enotama nahajajo vmesne
ovire. Iz karakteristike slabljenja vidimo, da je slabljenje med
-100in-200dB, kar avtomatsko pomeni, da je taksna vred-
nost pod mejo -95dB, to pa pomeni, da komunikacija pri
takdnem slabljenju ne more eksistirati. Z navpic¢no ¢rtkano
¢rto je oznacen polozaj enote na terenu, ki hkrati doloca
Se vrednost slabljenja za to pozicijo. Vmesnik nam ponudi
Se Stevilne druge prametre, ki jih lahko spreminjamo, sem
pa spadajo lega oddajnika in sprejemnika po zemljepisni
dolzini in zemljepisni Sirini, viSina oddajne antene, visina
sprejemne antene, nastavitev centralne frekvence, nas-
tavitev pasovne Sirine in izbira modela Sirjenja radijskih val-
ov (Longley-Rice, TIREM3, TIREM4...). V modefu smo
nastavili vi§ino oddajne antene na 10 metrov, sprejemne
pa 1 meter.

Zavse vnesene podatke se izvrSi izracun karakteristike sla-
blienja. V kolikor Zzelimo prestaviti sprejemno enoto na dru-
go geografsko pozicijo, vnesemo nove vrednosti zem-
liepisne dolzine in Sirine ter poZzenemo analizo, ki nam
nakaze, ali ima nova pozicija radijsko vidljivost ali ne, pri
c¢emer se tudi avtomati¢no osvezi prerez terena. Podobno
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Slika 7: Karakteristika slabljenja signala v odvisnosti od
terena in oddaljenosti za scenarij na sliki 5.

lahko spremlijamo karakteristiko slabijenja za vsak
posamezen parameter, ki ga spremenimo. Ob spremembi
parametra in opravljeni analizi se nova karakteristika sla-
blienja doda na isti graf, s &imerimamo omogodéeno sprem-
lianje morebitnih izboljsav/poslabsanj glede na predhodne
nastavitve.

Podobno analizo smo izvedli $e za drugi scenarij na sliki 6,
Kier smo zagotovili dodatno pokritost s signalom z dodat-
nim oddajnikom. S taksnim scenarijem smo pokrili vedji
del JV sektorja (glej sliko 6) in s tem tudi enoto ‘Node 15, ki
v prvem scenariju ni imela radijske vidljivosti. S taks$no
postavitvijo oddajnika imajo enote v JV sektorju, vkijuéno z
‘Node 15’ direktno radijsko vidljivost na ta oddajnik, kar je
tudi razvidno iz pre¢nega prereza terena na sliki 8.
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Slika 8: Karakteristika slabljenja signala v odvisnosti od
terena med oddajnikom in enoto ‘Node 15’ za
scenarij na sliki 6.

V tem primeru je iz karakteristike slabljenja razvidno, da
ima uporabnikova enota za obe frekvencéni podrodiji na tocki
kier se nahaja (navpi¢na ¢rtkana ¢rta) zadovoljiv signal, saj
slabljenje ne pade pod mejo -95dB.

Na enak nacin lahko preverimo vidljivost za vse ostale enote.
Geografsko pozicijo lahko spreminjamo kar v vmesniku,
ali pa dejansko prestavimo enoto na virtualni kartografiji na
drugo pozicijo.
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Kot smo Ze uvodoma omenili je to eden izmed stevilnih
nacinov ugotavljanja radijske vidljivosti v simulaciji ni pa
edini, zato bomo v nadaljevanju predstavili $e dva nadina.
Prviizmed njiju je opazovanje karakteristike sprejetega pro-
meta. To pomeni, da iz streznika na oddajnik posiljamo test-
ni minimalni promet (ang. ping), ki sluzi zgolj za indikacijo
dosega/nedosega uporabniskih postaj, pri tem pa mini-
malno vpliva na zasedenost prenosnih kanalov. Na osnovi
analize statistike sprejetega prometa lahko skiepamo, kat-
era postaja je v vidnem dosegu oddajnika in katera ne. Da
bi se prepri¢ali v verodostojnost analize rezultata sprejete-
ga prometa, smo vpeljali e dodaten ukrep analize bitnih
napak, t.i. BER (ang. Bit Error Rate). Znano je dejstvo, da
v primeru odpovedi sprejemne enote, ali da le-ta ni v radij-
skem dosegu, se karakteristika bitne napake strmo pov-
zpne, saj sprejemnik ne sprejema ACK potrjevalnih okvir-
jev, okvirji, ki pa so poslani pa ne prispejo na cilj, kar je
povod, da se zavrzejo, nekateri popacijo, BER pa zadne
strmo narascéati.

B Ohject: Modets
(HTTPPraofile I HTTPApplication)

Client Hitp Tratfic Received (bytes/a

m
{1
Pl

B Object Noda21
(HTTPProfite / HTTRARplication)
Client Hitp Traffic Received (bytesfzen)

&0

Slika 9: Analiza karakteristik sprejetega prometa enot
‘Node 15’ in ‘Node21’ za prvi scenarij na sliki 5

V prvi fazi predstavljamo zgolj analizo sprejetega prometa
prvega scenarija z enim oddajnikom, kjer opazujemo enoti
‘Node21" in ‘Node15' v dveh razli¢nih sektorijih (glej sliko
5). Kot smo ze iz prve metode ugotovili ‘Node 15’ ni v vid-
nem polju oddajnika zato prometa ne more sprejemati (sli-
ka 9, gornji graf) in je iz tega razloga tudi karakteristika
sprejetega prometa venomer na vrednosti 0. Obratno je z
enoto ‘Node21’, katera se nahaja v vidnem polju oddajni-
ka in skladno s tem tudi lahko sprejema promet (slika 9,
spodnji graf). V prvem scenariju je ostal celoten JV sektor
brez direktne vidijivosti. Da bi lahko pokazali $e primer pokri-
tosti podrodij z ve¢ oddajniki, smo v drugi scenarij vkljudi
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dodatno oddajno enoto (slika 6). Z dodatnim oddajnikom
smo dosegli Se dodatno obmocje pokritosti, vendar se je
potrebno zavedati, da tudi z ve& deset oddajniki, ne more-
mo zagotoviti 100% pokritosti. |z grafov na sliki 11 za
‘Node15'in ‘Node21’ se lepo vidi, da je tokrat tudi ‘Node 15’
v obsegu vidijivosti drugega oddajnika, in lahko promet
sprejema, za razliko od prvega scenarija. Pri uporabi dveh
oddajnikov smo uporabili sektorske antene, saj smo stem
zagotovili sevalne kote, ki se med seboj ne pokrivajo, ob
tem pa se izognemo raznim interferencam in drugim po-
javom, ki lahko vplivajo na kakovost komunikacije. Orodje
omogoca celo modeliranje anten in antenskih sistemov, ki
iih lahko nato uporabimo na ze obstojecih elementih na-
menjenih brezzi¢ni komunikaciji ipd. Na ta na¢in smo mod-
elirali anteno z 270° kotom pokritosti. Sevaini diagram se
lahko v 3D prikazu spremija ze med samo fazo nadrtovan-
ja, kar je nacrtovalcu v veliko pomo¢. Kot pokritosti in ka-
rakteristika sevanja sta se dodatno prikazani v posebnem
grafu, ki je prikazan na sliki 10.

Slika 10:Modeliranje antene in prikaz sevalnega
diagrama v 2D in 3D pogledu

V drugem scenariju smo tekom testiranj preizkusili tudi mo-
bilne enote z definiranimi trajektorijami. Ker gre za dva odda-
inika (dve bazni postaji}, smo v simulacijo vpeljali tako imeno-
vani ‘roaming’ ali gostovanje. S tem pristopom omogod¢imo
prehajanje enot iz sektoria ene bazne postaje v sektor druge
bazne postaje. Pristop nakazuje, da lahko preizkusamo tudi
varante mobilnosti, doloGamo trajektorije poti oziroma odseke,
kier ima uporabnigka oprema vidno polje na oddajnik itd., prav
tako smo preizkusili scenarij, kjer je lahko posamezna upo-
rabniska postaja z direktno vidljivostjo zastopana kot dostop-
natocka, preko katere se okoliske enote v njeni vidljivosti pre-
ko nje povezujejo na glavni oddajnik, vendar je to ze obstran-
ska tematika, ki se ne navezuje na ta Glanek.

Da bi bila informacija o nezadostni radijski vidljivosti tem
bolj to¢na smo k vzporedni analizi vkljucili $e analizo para-
metra BER. Z dodatno informacijo BER bomo lahko z ve-
liko gotovostjo potrdili sklep iz predhodne metode. Rezul-
tati vzporedne analize karakteristike sprejetega prometa in
karakteristike BER za enoti ‘Node 15’ in ‘Node21’ prvega
scenatrija so prikazani na sliki 12.
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Slika 11:Analiza karakteristik sprejetega prometa enot

‘Node 15’ in ‘Node21’ za drugi scenarif na sliki 6.
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Slika 12:Prikaz vzporedne analize karakteristik BER in
sprejetega prometa za enoti ‘Node 15’ in
‘Node21’ prvega scenarija.

Prvi in drugi graf na sliki 12 (od zgoraj navzdol) prikazujeta
sprejeti promet in BER na enoti ‘Node 15’, medtem ko pre-
ostala dva (tretji in Cetrti) prikazujeta identiéni karakteristiki
za enoto ‘Node21’. Kot smo zZe v uvodu tega poglavia za
prvi scenarij spoznali, ‘Node15' nima vidnosti na oddajnik
zato ne more sprejemati nobene prometa. Tej enoti je odd-
ajnik namenil v dolo¢enem simulacijskem intervalu,
dolo¢eno stevilo paketov. Ker enota ne vidi oddajnika teh
paketov ne more sprejeti, in ker jih ne more sprejeti tudine
more odgovoriti z ACK potrditvenimi okvirii. Ko se obdobje
obstoja paketa izte¢e TTL (ang. Time-To-Live), se le ta
zavrze in zabelezi kot izgubljen, v veliko primerih pa se
deformira zaradi ¢esar, ga ve¢ ni mo¢ prepoznati, kar se
smatra kot bitna napaka. Iz drugega grafa na sliki 12 opa-
zimo, da se v dolo¢enih primerih BER sunkovito poveéa
{konice), kar ob pogoju ni¢ sprejetih podatkov iz prvega
grafa na sliki 12 jasno nakazuje na problemati¢nost direktne
vidljivosti na oddajnik. Kot smo Ze zgoraj omenili, enota
‘Node21’ sprejema promet, kar iz prvega pogoja nakazuje
na direktno vidijivost. Da je taksen sklep tem bolj popoin
se vto prepriCamo $e z analizo Cetrtega grafa na sliki 12, ki
prikazuje tekom celotne simulacije prakti¢no ni¢elno vred-
nost bitne napake. Na osnovi vzporedne analize lahko z
veliko verjetnostjo potrdimo, da se opazovani postaji med
seboj vidita. S tem smo opisali drugo metodo analize kjer
smo z vzporedno analizo povedali verjetnost veljavnosti izra-
za, da se doloéeni komunicirajodi postaji vidita med seboj.
Obe do sedaj predstavijeni metodi z opisanimi rezultati sta
dokaj hitri in enostavni za uporabo.

Tretja moznost analize s pomocjo modula 3DNV in prikaza
vidljivosti na 3D virtualnem terenu je nekoliko zahtevnejsa
kar se ti¢e priprave, rezultati pa so prikazani vizualno s
pomodjo barvnih povezav in njim pripadajodih parametrov.
Za simboliziranje povezave se uporablja pet osnovnih barv
(¢rna, modra, rdeca, zelena in rumena). Za nas je pomem-
bna predvsem rdeca barva povezave, ki simbolizira, da je
s komunikacijo nekaj narobe. Metoda ima $tevilne pred-
nosti, saj si lahko v 3D nacinu iz razli¢ni perspektiv ogleda-
mo polozaj posameznih enot, reliefno pozicijo, okolico
enote itd. Eden izmed moznih prikazov perspektive opa-
zovanja enote je prikazan na siiki 13.

V tem nacinu, lahko za vsako encto pogledamo njene par-
ametre, kot so visinska pozicija, koordinate, ime enote in
nenazadnje, Ce gre za mobilno enoto $e njeno hitrost premi-
kanja po terenu. Na sliki 14 imamo prikazane vse mozne
poti komuniciranja, tudi med uporabniskimi enotami direkt-
no med seboj, pri upostevanju parametrov oddajne modi,
sprejemne modi, ob&utljivosti, modulacije itd., ki smo jih
za vsako enoto posebej nastavili v simulaciji. Z rdeéo pov-
ezavo so prikazane vse relacije med katerimi komunikacija
ne more obstajati, bodisi zaradi oddaljenosti, bodisi zaradi
vmesnih ovir na terenu. Z modro, ¢érno in zeleno so prika-
zani zadovoljivi komunikacijski pogoji, medtem ko rumena
barva ponazarja mejno-kritiéne povezave. V primeru tako
imenovanega ‘online’ opazovanja dogajanja na virtualnem
3D terenu med samo simulacijo, se na vsaki barvni oznace-
ni povezavi izpiSejo Se karakteristike same povezave, ki jih
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Slika 13:Prikaz poloZaja enote ‘Node 15’ na virtualni 3D
visinski kartografiji

lahko spremljamo tako, da se prestavimo v detajini pogled
posamezne enote, t.j. v perspektivo kot je prikazana na
sliki 13.

Slika 14:Prikaz vseh moZnih povezayv ki lahko ali pa ne
morejo eksistirati za vse moZne kombinacije
med postajami

Zaradi laZje preglednosti smo prilozili sliko 15, na kateri so
vizualizirane komunikacijske poti do oddajnika in med obe-
ma opazovanima enotama ‘Node15' in ‘Node21’, s pogle-

142

dom iz pti¢je perspektive. V osnovi gre za enak prikaz kot
na sliki 14, vendar samo s tremi opazovanimi enotami.

Slika 15:Prikaz enot ‘Repetitor’, ‘Node 15’ in ‘Node21’
prvega scenarija na virtualnem 3D terenu

Tudi na virtualnem terenu z opazovanjem stanja povezav
pridemo do enakih zaklju¢kov, kot smo prisli z obema pred-
hodnima metodama. Ker se slika 15 navezuje na prvi sce-
narij, je iz slike lepo opazno, da se enota ‘Node 15’ ne vidi
z oddajnikom, komunikacija torej ne eksistira, prav tako pa
ne more eksistirati komunikacija med enotama ‘Node15’
in ‘Node21’. Obe komunikacijski povezavi sta na sliki 14
oznadeni z rde¢o barvo. Komunikacijska pot, ki pa lahko
obstaja, in je bila tudi potriena z cbema predhodno pred-
stavljenima metodama, pa je pot med oddajnikom in enoto
‘Node21’. V kolikor bi se s perspektivo prestavili v polozaj
enote, kot je prikazan na sliki 13, bi se ob vsaki enoti prika-
zali povezavi, kot jih vidimo na sliki 15, od katerih bi vsaka
imela izpisane svoje parametre slabljenja linije, ki smo jih
spoznali Ze pri prvi metodi.

8. Sklep

Tekom ¢lanka smo predstavili studijo analize radijske
vidijivosti s pomocjo simulacijskega okolja OPNET Model-
er, modula 3DNV in visinske kartografije DTED. S tak$nim
pristopom lahko dovolj natanéno ocenimo parameter radi-
jske vidljivosti do posamezne uporabniske enote, brez, da
bi se fizicno podajali na teren in opravljali meritve vidljivos-
ti. Natan¢nost modela vsekakor zavisi od natanénosti mod-
eliranja gradnikov, ki smo jih spoznali v predhodnih
poglavjih, vendarle, pa je modeliranje ob pogoju poznanih
parametrov enostavno in hitro. Da je vizualizacija na 3D
terenu bolj pristna se lahko v orodje uvozijo Se Stevilne
kartografije s cestami in objekti. UvaZzanje poteka v ve¢ plas-
teh, kjer lahko eno izmed plasti predstavijajo ceste, drugo
plast npr. objekti itd. Rezultati, ki smo jih prejeli so zado-
voljivi, in pridobljeni na hiter ter predvsem enostaven nadin.
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Kjuéne besede: televizijski kanalni pretvornik, analogna prizemeljska televizija, digitalna prizemeljska televizija, propagacijski modeli, zaznava televizijske-
ga signala.

lzvle€ek: Prehod oddajanja analognega prizemeliskega televizijskega signala v oddajanje digitalnega televizijskega signala poteka v veéini evropskih
drzav in tudi v drzavah izven evropske unije. V prvi fazi izgradnje oddajniSkega omrezia se obidajno postavijo oddajniki z vedjo oddajno mogjo, ki pokrijejo
s televizijskim signalom vedji del prebivalstva. V nasledniji fazi sledi pokrivanje s signalom na obmodjih, ki zaradi oddaljenosti, naravnih ali umetnih ovir e
niso zadovoljivo pokrita s signalom. Pri analognih televizijskih omrezjih se v takénih primerih obi¢ajno uporabliajo kanalni pretvorniki. Analogna televiziiska
omrezja so v osnovi vecfrekvencna. To pomeni, da so oddajniki in kanalni pretvorniki na razliénih frekvenénih kanalih. Digitalna televizijska omrezja so
lahko vecfrekvencna, enofrekvencéna ali kombinacija obeh. Oddajanje sosednijih oddajnikov na enaki frekvenci omogoca tehnologija ortogonalnega
frekvenénega multipleksiranja (OFDM - Orthogonal Frequency-Division Multiplexing). Zaradi uporabe OFDM so tehniéne zahteve za kanalni pretvornik za
digitaino televizijsko omreZje druga¢ne kot za analogno. Spremembe so na lokalnem oscilatorju, detekcijskih vezjih, frekvenénem pretvorniku navzdol,
frekvenénem pretvorniku navzgor in ostalih sklopih.

V prispevku je predstavijen nadgrajeni televizijski kanalni pretvornik z moznostjo delovanja v analognem in digitalnem naéinu delovanja. Uporaba takSnega
kanalnega pretvornika je zato $e posebej zanimiva na obmodjih, kjer se bo analogna televizija uporabljala $e dlje dasa. V primeru prehoda na digitalno
oddajanje bo kanalni pretvornik presel avtomatsko v digitalni nagin delovanja. Nov nacin prenosa televizijskega signala OFDM prinasa tudi nove moznosti
in izvedbe televizijskih kanalnih pretvornikov. Glede na nacin uporabe lahko fo¢imo kanalne pretvornike za veékanaino omrezje (MFN — multi frequency
network} ali enokanalno omrezje (SFN - single frequency network). V MFN omrezju lahko uporabimo regenerativne in klasiéne kanalne pretvornike. V
SFN omreZju pa se uporabljajo enostavni ojacevalniki signala, klasiéni kanalni pretvornik z enako sprejemno in oddajno frekvenco in enokanalni pretvorniki
z iznievanjem odbojev. Izbira je odvisna od ved faktorjev in glede na posamezne zahteve in omejitve za vsak primer izberemo najbolj primerno resitev. Ce
nastejemo le nekaj faktorjev, kot so nivo in kvaliteta sprejetega signala, velikost obmodja pokrivanja, konfiguracije terena, razpolozljivosti frekvencénega
spekira, cilina cene in ostale specificne pogoje. S pomodjo propagaciiskin modelov in ostalih izradunov za pokrivanje terena s signalom bomo na prak-
ticnih primerih predstavili omejitve in prednosti kanalnega pretvornika.

Upgrade of Television Channel Translator and Possibility of
Usage in Digital Television Network

Key words: television channel translator, analog terrestrial television, digital terrestrial television, propagation models, television signal detection

Abstract: Transition from analog terrestrial television to digital television signal transmission is in progress in many countries. Usually in first phase of
transition transmitting points with higher RF {radio frequency) output power are set. In this way most of the population and area is covered with digital signal
quickly and efficient. Covering areas to far away from main transmitting point or covered with obstacles (natural or artificial) is done in next phase. For
covering such areas in analog television translators are used. Analog television network are multi frequency networks (MFN). This means that neighbor
transmitting cells are using different frequencies. Digital terrestrial television (DVB-T/H Digital Video Broadcasting - Terrestrial/Handheld) are single
frequency networks (SFN), multi frequency network (MFN) or combination of both. Usage of OFDM (Orthogonal Frequency-Division Muitiplexing) is
allowing transmission of digital television signal for two or more neighbor transmitters on same frequency. Demands for translator used in digital terrestrial
television signal are stricter as for analog television. For this reason most current analog translators are not usable for digital television, especially older
ones. Changes are depending on current analog translator performance, but in most cases local oscillator, frequency up and down converter, detection
circuits and other must be improved.

In article upgrade of television translator and advantages of such solution over other concepts is presented. Presented translator is capable operating in
analog or digital television broadcasting network. Depending on monitored input signal, working mode is automatically changed. Because of that usage
of presented translator is also very attractive in areas where analog television is still used. When main analog transmitters are replaced with digital
transmitters presented translator will work forward in digital transmission mode. Digital transmission brings some new possibilities to fill uncovered areas
or holes in coverage. In case of MFN network usually traditional translator concept or regenerative translator is used. In case of SFN network traditional
translator concept (with same input and output frequency), on channel repeater (echo canceller) or simple ampilifier (limited to very small area, usually
buildings) is used. Choice depends on many factors. For example input signal level, quality of received input signal, wanted coverage area, available
frequencies, price and other specific demands. Advantages and possible limits of presented channel translator are shown with usage of propagation
models and calculations for coverage. There are many advantages of proposed translator as lower cost against other solutions, usage in analog or digital
television network (MFN and SFN), automatic change of working mode, reliability and robustness.
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1 Uvod

Prehod oddajanja analognega televizijskega signala na tako
imenovani digitalni televizijski signal prinasa nove zahteve
za televizijske kanalne pretvornike. Nov nadin prenosa tel-
evizijskega signala ortogonalno frekvenéno multipleksiranje
(OFDM - Orthogonal Frequency-Division Multiplexing) pri-
nada tudi nove moznosti in izvedbe televizijskih kanalnih
pretvornikov, ki pri analognih kanalnih pretvornikih niso bili
mozni. Novost so tako imenovana enofrekvenéna omrezja
{single frequency network). Tako se glede na tip upora-
blienega omrezja najbolj pogosto uporabljajo naslednji
modeli kanalnih pretvornikov /1, 2, 3/.

MFN omrezje:
- klasi¢ni kanalni pretvornik (uporaba medfrekvence)
- regenerativni pretvornik

SFN omrezje:
- ojacevalnik signala (samo vhodni filter in ojac¢evalnik)

- klasi¢ni kanalni pretvornik z enako sprejemno in odd-
ajno frekvenco (enokanalni pretvornik)

- enokanaini pretvornik z izloGevanjem odbojev (echo
canceller)

VMFN omrezju je moZno uporabiti klasi¢ni pristop pretvorbe
vhodnega signala na medfrekvenco, filtriranje in oddajanje
na drugi izhodni frekvenci oziroma kanalu. Ker pri pretvor-
bi pride do manjse degradacija koristnega signala je za-
poredno verizenje vel pretvornikov steviléno omejeno.
Enak koncept je mozno uporabiti tudi v primeru SFN
omrezja. Vendar je pri SFN omreZju potrebno upostevati
omejitev, ki jo predstavija izolacija med sprejemno in odd-
ajno anteno, saj oddajamo signal na enaki frekvenci kot ga
sprejemamo. S tem pogojem je omejena tudi najvedja odd-
ajna mo¢ kanalnega pretvornika.

Drugi pristop je regenerativni pretvornik, kjer vhodni signal
najprej demoduliramo in ga potem ponovno moduliramo.
V tem primeru ni degradacije kvalitete koristnega signala
in verizenje pretvornikov ni omejeno. Zaradi ¢asa proce-
siranja pristop ni uporaben v SFN omreZju, saj je ¢as proce-
siranja daljsi od zasc¢itnega intervala znotraj katerega mora
biti simbol ponovno oddan v eter.

Prva resitev ki je omejena samo na SFN omreZje je upora-
ba ojacevalnikov signala. Prednost take resitve je cenovna
ugodnost in enostavna uporaba. Prakticno pa je resitev
omejena s kvaliteto oddajnega signala in izolacijo med an-
tenama na pokrivanje manjsih podrodij, kot so na primer
stavbe (sprejemna antena zunaj stavbe, oddajna znotraj
stavbe). Druga resitev, ki je prav tako omejena na uporabo
v SFN omreZju je pristop s pomodjo izni¢evanja odbojev.
Ta pristop omogodéa visjo oddajno mo¢ oziroma omogoda
manjso izolacijo med sprejemno in oddajno anteno v primer-
javi s klasi¢nim kanalnim pretvornikom.

Qdvisno od tehniénih pogojev, fizi¢nih omejitev in cene se
izbere najbolj primerna metoda za posamezen primer. Ker

imamo v podjetju Ze razvite produkte regenerativnega
pretvornika in pretvornika z izni¢evanjem odbojev je bil
nasledniji korak dopolnitev ponudbe s klasidnim kanalnim
pretvornikom /4/. Klasi¢ni kanalni pretvornik je zelo zani-
miv predvsem zaradi ugodne cene, zanesljivosti, robust-
nosti in moznosti uporabe v razli¢nih situacijah. Tako ga je
mozno uporabiti v vseh kombinacijah (v analognem in v obeh
konceptih digitainega omrezja).

2 Moznosti uporabe nadgrajenega
kanalnega pretvornika

2.1 SFN omrezZje

Na sliki 1 je prikazan primer uporabe kanalnega pretvornika
v SFN omrezju. Ce je kanalni pretvornik uporablien v SFN
omrezju, kot enokanalni pretvornik je treba upostevati, da je
najvecja izhodna mo¢ pretvornika omejena z izolacijo med
sprejemno in oddajno anteno /5/. Minimalno razliko, ki jo
moramo zagotoviti imenujemo varnostna rezerva ojacanja
{(gain margin). Na sliki 2 je vidna povezava med varnostno
rezervo ojacanja in nihanjem v izhodnem OFDM spektru.

Receiving Transmitting
antenna Decoupling antenna
‘ ————————
Gain
Frequency 1
g Y Pin TV Pout
Translator

Slika 1: Uporaba kanalnega pretvornika v SFN omreZju.
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Slika 2: Povezava med varnostno rezervo ojaéenja in
nihanjem v izhodnem spekiru.

Na naslednjem primeru si bomo ogledali relacije med vhod-
nim signalom, izolacijo med antenami in najvedjo dovolieno
izhodno mogjo. Za hipotetiGen antenski sistem imamo po-
dane naslednje vrednosti;

[zolacija med antenami (isolation between antennas); 80 dB
Varnostna rezerva oja¢enja (gain margin); 10 dB

Izgube zaradi kablov na oddajni anteni (antenna cable loss): 2 dB
Gjadenje antenskega sistema (fransmitting antenna gain); 12 dB
Nivo vhodnega signala (input signal level): -40 dBm
Najvecje ojacenje kanalnega pretvornika: (80-10) dB = 70 dB

Najvecja oddajna mo¢ kanalnega pretvornika; -40 dBm +
70dB= 30dBm (1W)
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ERP (Effective Radiated Power): 30 dBm -2 dB+12 dB=
40 dBm (10 W)

Varnostna rezerva ojac¢enja zagotavlja stabilno delovanje
kanalnega pretvornika. Dokler je razlika (izolacija med an-
tenama - ojacenje kanalnega pretvornika) vecja od var-
nostne rezerve, je nihanje (ang. ripple) vizhodnem OFDM
spektru Se sprejemljivo. V primeru, da ta pogoj niizpolnjen
in je razlika manjsa ali negativna, se o odraza na izhod-
nem OFDM spekiru kot preveliko nihanje. Kar lahko privede
do nestabilnega delovanje oziroma oscilacij. Za dani prim-
ervidimo, da je zgornja vrednost oddajne moci kanalnega
pretvornika omejena na 30 dBm. Najvedja oddajna moé
je neposredno odvisna od izolacije med antenama. Ce
zelimo povecati oddajno mo¢ je potrebno povedati izolac-
ijo med antenama. V praksi je mozno v nekaterih primerih
dosedi izolacije tudi do 100 dB (obic¢ajno pa se vrednosti
gibliejo med 75 do 85 dB). Ce izolacije ni mozno povedati
in kljub temu rabimo vecjo oddajno mod¢ lahko kanalni
pretvornik uporabimo, kot kanalni pretvornik z razli¢no
izhodno frekvenco (MFN). Druga moznost pa je uporaba
enofrekvenénega pretvornika z izloéevanjem odbojev, kjer
imamo lahko od 10 do 15 dB vedjo izhodno mod¢ kot pri
pristopu s klasi¢nem kanalnim pretvornikom.

2.2 Teoretié¢ni izra¢uni pokritosti s
sighalom

Za lazjo predstavo, kaksno podrocje lahko pokrijemo z
dolo¢eno oddajno mocjo, si bomo pogledali Se teoreticni
izradun za pokrivanje s signalom. Sam izracun je odvisen
od mnogo parametrov, zato bomo izbrali parametre, ki se
uporabljajo v Sloveniji oziroma v sosednjih drzavah. Na-
jprej dolocimo potrebno razmerje med modjo nosilca sig-
nala in sumom (C/N carrier to noise ratio) za zadovoljiv
sprejem signala. Zadovoljiv sprejem predstavlja pojavijan-
je bitne napake (Bit Error Rate - BER) z vrednostjo manjso
od 2x107. Za razliéne oddajne parametre lahko podatke
razberemo iz slike 3 oziroma iz tabel zapisanih v ETS] stand-
ardih /6/. Za parametre oddajanja, ki jih uporabljamo v
Sloveniji (kanal 8 MHz, modulacija 64QAM, kodno razmerje
2/3) za digitalno oddajanje in ob predpostavki Ricean kana-
la je vrednost C/N enaka 17,1. Podatke za Ricean kanal
uporabimo v primeru stresne antene, kjer je sprejem sig-
nala mozen neposredno od oddajnika (pretvornika) in

Required CIN for
BER = 2 x 10 after Viterbi Bitrate (Mbiv's}
QEF after Reed
BModu. |Code| Gaussian | Ricean | Rayleigh
lation | rate | channet | channel | channet ATy= T4 | ATy=18 | MTy= 116 | ATy =132
(Fy) #4)
QP 2 3.1 38 5.4 4,98 8,53 5.85 6.03
QP /3 4, 57 8,4 .64 7,37 7,31 804
QP 74 5. X2 10.7 7.46 8,29 878 9,05
QP 6. .0 13,7 8.29 9,22 8.76 10,08
QP g 77 7 16. 871 2.68 10.25 10.56
16-QAM | %1 &8 .6 13, 995 11,06 11.71 12.08
16-QAM 2 11 1.8 4, 13.27. 14,76 15,671 16,02
| 16-QANt 5 12, 13.0 16. 14,93 16,59 17,66 18,10
| 16-0AM i 3. 14.4 9.3 16,59 18,43 19,82 20,11
-QAM | 7H 13 15.Q 22, i7.42 18,35 2049 2711
| E4-QAM ‘. 4. 14.7 16, 74.93 16,5 17.56 8,10
4-QAN % 18, 171 .. 19.91 22, 3.42 413
SQUAT A 18, 186 1. 22,39 24, 6,35 714
4-QAM 19, 20.0 5.3 24,88 27, 9.27 0,16
3-QAM 20.1 21.0 7.9 26,13 29, 0. 74 1,67

Slika 3: Razmerje C/N podano za razlicne oddajne
parametre.

146

posredno preko odbojev signala. Iz slike 4 oziroma ETSI
tehni¢nega porocila lahko razberemo, da je za taksno raz-
merje C/N in 70% lokacijsko verjetnost {location probabil-
ity) pokrivanja potrebna poljska jakost Emeq = 48 dBuV/m
(za 95% lokacijsko verjetnost pa 54 dBuv/m) /7/. Ce vzame-
mo za primerjavo sosednjo Avstrijo (modulacija 16QAM in
kodno razmerje 3/4) je potrebno razmerje C/N=13,0 (ozi-
roma Emed = 44 dBuV/m).

Frequency f{NHz) 800
Minimum CIN required by system {d8B; 2 § 13 20 26
tdin. recelver signal input power Py [dBW) | -128,2 {41202 | <1142 | 1082 | -102.2
Min. equivalent recgiver input voitage, 75 Q2 Uy i (9BRV) 13 19 25 31 37
Feeder loss Ly {08y 3
Anlenna gain relfative to half wave diptle G (d8) 12
[Effective antenna apertuwre Ay 8m?; Bt
Min powsr flux dansity al recening piace S (€8I | -1159 i -109.9 [ -1039 ‘ a7 g ! 919
Min equivalent fisld strength at recenang place E, imy] 30 ] 36 ] 42 I 43 | 54
Allowance for man made noise ¢
Location probability: 78 %
Location correction facior 2,9
Sinimum median power flux density st 10 m 113 107 ~161 25 B89
2.9.1. 50 % of time and 50 % of locations )
Minimum mediai id strength at 10 m [ E 4 (dBuVim)] 33 39 45 51 &7
&.6.1. 50 36 of time and fpcabions
Location probability: 95 %
i actor C;{dB) a
edian power flux density at 10 m S @Bw/m?)| -168.9 | ~100.9 | 949 | -89 | -829
.g.1. 50 % of time and §0 % of locations o
Minimum median equivalent Beld stiangth al 10 m [Eqoq (6B0V/m) | 39 45 51 57 63
2 4.1, 54 % of time and 50 % of jocations )

Slika 4: Poljska jakost Emeq glede na zahtevano razmerje
C/N.

Sedaj, ko poznamo minimalno poljsko jakost za zadovoljivo
pokrivanje s signalom lahko izraGunamo oddajna moc
potrebno za pokrivanje doloéenega terena. Iz naslednjih
enacCb bomo dobili povezavo med poljsko jakostjo, odda-
ino mod¢jo in propagacijskimi izgubami /8/

po(AYE (e VE
" \4n ) 30 \dn*f, ) 30

Enacba v logaritemski obliki in s frekvenco podano v MHz
je sledeca
P =E-20log f+12,782 (v dBW EIRP).
Sprejeto mo¢ P, lahko izrazimo, kot oddano moé P; zman-
j8ano za izgube razsirjanja L,
P=PR-I,
Ob upostevaniju zgornjin enacb dobimo naslednjo enac¢bo.
E(dBV /m)=F +20log f—12,782-L
E(dBWY /m)=F,+20log f +107,218 - L,
Ker za na$ hipoteti¢ni sistem ze poznamo vrednost za
poljsko jakost in najvecjo oddajno moé pretvornika lahko
izraCunamo podroéje pokrivanja s signalom, ¢e uposteva-
mo izgube razsirjanja valov. Pri oddajni modi je potrebno
upostevati, da je mo¢ v formuli podana za izotropni vir EIRP
(effective isotropically radiated power). Pri izracunu odda-
jne moci pretvornika pa imamo vrednost podanoc v ERP.
Vrednosti EIRP, zato pristejemo 2,2 dB. Za obe vrednosti
poliske jakosti izracunamo koliksna je dovoljena izguba
razsirjanja za zagotavljanje zelene poljske jakosti.
L,(za 48dBpV/m) =10+ 2,2+ 2010g800+107,218—
—E=177,48—E =177,48—-48 =129,484dB
L,(za 54 dBpV/m) =177,48 — E=177,48 - 54 = 123,484B

(v W EIRP).
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Sedaj nas zanima kaksno podrocje lahko pokrijemo s sig-
nalom. Pri izra¢unu pokrivanja s signalom je potrebno up-
ostevati ve¢ parametrov, kot so na primer: visina oddajnega
stolpa, viSina sprejemne antene, oddajne frekvence in seve-
da same konfiguracije terena. Trenutno poznamo veliko
razli¢nih modelov in pristopov za doloc¢anje pokrivanja ozi-
roma dolocitev razsirjanja signala. Razdelimo jih lahko v tri
skupine empiricne, deterministicne in semi- determinis-
ticne. Empiri¢ni bazirajo na predhodnih meritvah in statis-
ticnih zakonitostih. Deterministiéni modeli rabijo mnogo
vhodnih geometrijskih podatkov in se izracunavajo za vsak
primer posebej. Semi-deterministicni modeli pa bazirajo
na kombiniranju empiri¢nih in deterministiéne modelov
/9/. Med empiri¢nimi modeli je pogosto uporabljen Oku-
mura-Hata model /10/. Model oziroma izracuni temeljijo
na meritvah pridobljenih v mestu in v okolici Tokia na Japon-
skem. izracun propagacijskih izgub in korekcijski faktoriji
za razli¢na okolja so naslednii:

L, (Urban) = A+Blog, R—E
L, (Suburban) = Lz, (Urban)—C
L, (Open)= L, (Urban)— D
A4=69,55+26,16log,, . —13,82log,, A,
B=499-6,55log,, A,

C =2(log,,(f./28))* + 5.4

D =4,78(log,, £.)* 18,33 log,, £, +40,94
E=32(log,,(11,7554%,))* - 4,97

E=(1log, f. —0,Dh, —(1,56log, 1. —0,8)
velika mesta

(za mestna obmodja)
(za primestna obmocdja)
(za odprta obmocja)

za velika mesta

za srednje

Kjer posamezne oznake predstavljajo naslednje podatke:
R (1-20 km)* - razdaljo med oddajnikom in sprejemno an-
teno (v kilometrih)

fc (150-1500 MHz)* - frekvenca oddajanja (v MHz)

Hp (30-200 m)* - visina oddajnika oziroma oddajne antene
(v metrih)

hm (1-10 m)* - predstavlja visino sprejemne antene (v metrih)
* omejitve posameznih parametrov

Na primeru praktiCnega izracuna si oglejmo rezultate za
vrednosti, ki smo jih doslej izracunali. Za frekvenco bomo
izbrali 800 MHz (za to frekvenco imamo podatek o potreb-
nem razmerju C/N). ViSina oddajne antene naj bo 70 min
sprejemne 8 m (primer stredne antene). Za prvi primer
L, (484BuV /m)=129,484B in mestno okolje dobimo, da je
velikost pokrivanja zadovoljiva znotraj obmodéja 6 km, ozi-
roma za primestno okolje znotraj 12 km. Za drugi primer
L, (54dBuV / m) =123,484B in mestno okolje dobimo, da je
velikost pokrivanja zadovoljiva znotraj obmodja 4 km, ozi-
roma za primestno okolje znotraj 8 km.

2.3 MFN omrezje

Na sliki 5 je prikazan primer uporabe kanalnega pretvorni-
ka v MFN omrezju. Signal iz glavhega oddajnika kanalini
pretvornik sprejme in odda na drugi frekvenci. Pri pretvor-
bi iz ene na drugo frekvenco pride do degradacije korist-
nega signala. Ena izmed prednosti uporabe kanalnega

pretvornika v MFN omrezju je uporaba obstojede infras-
trukture uporablijene pri oddajanja analognega televizijske-
ga signala. V primeru, da uporabljamo kanalni pretvornik,
ki lahko deluje v obeh nacinih delovanja (analognem in
digitalnem), ni potrebno investirati v novo opremo ob pre-
hodu na digitalno oddajanje.

Received signal quality

I —
. Translator

Main degradation

X transmitter TV
Frequency1 Translator Frequency?2

Slika 5: Uporaba kanalnega pretvornika v MFN omreZju.

2.4 Sekundarno SFN omrezje

S pomodjo kanalnih pretvornikov lahko izgradimo tudi
sekundarno SFN omrezje (slika 6). V sekundarnem SFN
omreZzju imamo obiéajno glavni oddajnik z veliko oddajno
mocjo in kanalne pretvornike za pokrivanje obmodij, ki niso
pokrita z glavnim oddajnikom. Prednosti take resitve so v
manijsih stroskih, saj za sekundarno SFN omrezje ne rabi-
mo infrastrukture za distribucijo oddajnega signala do odd-
ajnika kot pri obi¢ajnem SFN omrezja. Uporabimo kar spre-
jeti signal iz glavnega oddajnika. Odpade tudi omejitev
oddajne moci, ki smo ji bili prica pri uporabi enckanalnih
pretvornikov.

Drugi primer smiselnosti izgradnje sekundarnega SFN
omrezja je zagotovitev sprejema signala v stavbah brez zu-
nanje antene (indoor reception). Za sprejemv stavbah brez
zunanje antene rabimo vedjo poljsko jakost signala, kar
lahko zagotovimo s kanalnimi pretvorniki.

SFN cell
Frequency 2

A Translator3

Transtator 1

Main transmitter
Frequency 1

Translator4 A

Translator5

SFN celi
Frequency 2

Slika 6: Uporaba kanalnega pretvornika v sekundarnem
SFN omreZju.

3 Blokovna shema nadgrajenega
kanalnega pretvornika

Nasliki 7 je prikazana blokovna shema nadgrajenega kanal-
nega pretvornika. Nadgrajen kanaini pretvornik se po blok-
ovni shemi bistveno ne razlikuje od doslej uporabljenega.
Razlika je priizvedbi posameznih sklopov in zahtevanih last-
nostih posameznih sklopov. Zaradi stroZjih zahtev je bilo
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potrebno izboljsati lastnosti starih in dodati nove sestavne
sklope pretvornika. Najvecje spremembe so izvedene na
lokalnem oscilatorju, kjer je izbolj$ana frekvenéna lodljivost
in karakteristika faznega Suma /11/. Novost pri izvedbi je
med drugim tudi detekcijsko vezje in logika za avtomatski
preklop delovanja pretvornika.

filter +

Channel
Down

conversion

Up
conversion
+ channel
filter

Bandpass
Output filter
Measure
probe

IF Filter Amplifier

Detection
and control

Oscitlator

' Oscillator |

Slika 7: Blokovna shema kanalnega pretvornika za MFN
omrezje.

Glede na nove moznosti, ki jih ponuja digitalno oddajanje,
je mozno nadgrajeni kanalni pretvornik uporabiti tudi za
enofrekvencéno omrezje. Uporabiti je mozno enak kanalni
pretvornik kot v MFN omreZju. Za uporabo samo v SFN
omrezju lahko kanalni pretvornik Se optimiziramo. Na sliki
8 je prikazana blokovna shema kanalnega pretvornika za
primer SFN omrezja. V tem primeru ni potreben avtomat-
ski preklop in zados¢a en lokalni oscilator, kar dodatno
zmanjsa kompleksnost in ceno samega izdelka. Glede na
nacin delovanja SFN omrezja moramo poskrbeti za
frekvencno sinhronizacijo oziroma toénost oddajne frek-
vence. Obi¢ajno uporabimo via namen posebne GPS (Glo-
bal Positioning System) sprejemnike, ki zagotavljajo sin-
hronizacijo frekven¢ne normale (10MHz). Ker ima lokalni
osgcilator v kanalnem pretvorniku moznost priklopa zunan-
je referencne ure s frekvenco 10MHz je na ta nadin zago-
tovljena to¢nost in stabilnost oddajne frekvence.

Channel
filter +

Down
conversion

Up
conversion
+channel
filter

Bandpass
QOutput filter
Measure
probe

IF Fitter

Amplifier

GPS and 10MHz
freq. reference

Slika 8: Blokovna shema kanalnega pretvornika za
uporabo omejeno na SFN omreZje.

Qsciliator

3.1 Avtomatski prekiop delovanja

Kanalni pretvornik omogoé&a avtomatski preklop delovanja
na podiagi zaznavanja vhodnega RF signala. Za zaznavan-
je analognega televizijskega signala je ena izmed moznosti
spremlijanje sinhronizacijskih signalov v video signalu. V
analognem signalu imamo signale za horizontaino in ver-
tikalno sinhronizacijo. S horizontalno sinhronizacijo je
oznaéen konec posamezne vrstice, ki se izrisuje na tel-
evizijskem sprejemniku. Vertikalna sihronizacija pa oznacu-
je trenutek, ko se Zarek za izris slike vrne nazaj na vrh ekra-
na. Na sliki 9 je prikazana meritev analognega signala s
sinhronizacijskimi signali. S pomodjo vezja, ki zaznava
omenjene impuize in dodatno logiko lahko uspesno ugo-
tovimo ali je vhodni signal analogni televizijski signal /12/.

148

V primeru, da analogni signal ni zaznan lahko izvedemo
preklop v digitaini nac¢in delovanja.

Slika 9: Analogni televizijski signal.

4  Zakljucek

Digitalna televizija prinasa stevilne spremembe pri nasta-
janju, produkciji in oddajanju vsebin za prizemeljsko in
mobilno televizijo. V prispevku smo se osredotodili na
kanalne pretvornike in moznosti uporabe le-teh. Zaradi
uporabe drugacne modulacije in zahtev, ki iz tega izhajajo
s0 kanalni pretvorniki za analogno televizijo neustrezni za
oddajanje digitalnega televizijskega signala. Z nadgradnjo
sklopov kanalnega pretvornika smo uporabo pretvornika
razsirili tudi na digitalno televizijo. Dodatno smo funkcion-
alnost razsirili na delovanje v obeh rezimih in avtomatizirali
delovanje.

Na nekaj primerih smo za izbrane podatke prikazali in
navedli prednosti in omejitve uporabe kanalnih pretvornik-
ov. Glavne prednosti nadgrajenega kanalnega pretvornika
glede na druge resitve so; cenovna ugodnost, robustnost,
zanesljivost in uporabnost resitve za analogno ali digitalno
televizijo. Pri digitaini televiziji imamo, za razliko od drugih
reditev, pri katerih je uporaba omejena, dodatno moZnost
uporabe kanalnih pretvornikov v razli¢nih konceptih postav-
ljanja televizijskih omrezij (MFN, SFN ali kombinacija obeh).
Na primeru smo izradunali najve¢jo oddajno mo¢ in po-
drocje pokrivanja s signaiom in na ta nacin prikazali
moznosti in omejitve uporabe kanalnega pretvornika v SFN
omreZju za dan primer. Na enak nadéin lahko ocenimo
moznosti uporabe kanalnega pretvornika, ¢e imamo dru-
gacne parametre in razmere na oddajni lokaciji.
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Abstract: This paper describes a development of a prototype of Maximum Power Point Tracking platform for Photovoltaic Systems which is used for
testing maximum power point tracking algorithms for different electric loads and to analyze the behavior of photovoltaic (PV) generator at different load
regime during monitoring. The platform is composed of a power transfer circuit and periphery with microcontroller, signal acquisition and communication.
The main part of the power circuit is designed as a high efficiency non-inverting buck-boost direct current-to-direct current (DC-DC) converter that
enables power transfer of up to 400 W. Separate buck DC-DC converter is integrated to power all employed integrated circuits. Both current and voltage
are measured at the input and output of the platform. FLASH program memory based microcontroller is used to apply integrated maximum power point
algorithms and to control and harmonize the entire periphery. For simple communication between a computer and the platform’s microcontroller a RS-485
based protocol was used with user interface developed in a graphical programming language LabVIEW.

Razvoj platforme za sledenje to¢ke najvecje moci pri
fotonapetostnih sistemih

Kjuéne besede: sledenje tocke najvecje moci, DC-DC pretvornik z visoko udinkovitostjo pretvorbe, maksimiranje izhodne modi fotonapetostnega sistema

Izvlegek: Clanek opisuje razvoj prototipa platforme za sledenje todke najvedcie modi fotonapetostnega generatorja, ki sluzi testiranju ucinkovitosti algorit-
mov in preucevanju delovanja fotonapetostnih modulov pri razli¢nih obremenitvah. Sistem je sestavijen iz glavnega DC-DC stikalnega pretvornika, ki skrbi
za prenos energije iz fotonapetostnega generatorja na breme in periferije, ki jo sestavlja mikrokrmilnik, vezje za zajemanje in merjenje signalov in komu-
nikacijsko vezje. Glavni DC-DC stikalni pretvornik deluje v vezavi neinvertirajocega pretvornika navzgor-navzdol (izhodna napetost je lahko niZja ali visja od
vhodne napetosti) z visoko stopnjo ucinkovitosti pretvorbe za moci do 400 W. Sekundarni DC-DC stikalni pretvornik skrbi za napajanje vseh potrebnih
integriranih vezij, ki delujejo na nizkem napetostnem nivoju. Platforma omogo¢a meritve toka in napetosti tako na vhodu kot tudi na izhodu sistema.
Mikrokrmilnik skrbi za izvajanje implementiranih algoritmov iskanja in sledenja to¢ke najvecje modi ter usklajuje delovanje ostale periferije. Za enostavno
komunikacijo platforme z osebnim racunalnikom smo izdelali tudi uporabnigki vmesnik v programskem jeziku LabVIEW, ki deluje na podiagi protokola RS-
485.

1. Introduction

Sustainable energy sources like PV solar systems are be- 14 ]
coming important as eco-friendly alternatives to fossil fu-
els. Research and development efforts together with econ-

omy of scale in the photovoltaics lead to decreasing costs 1.0 1

and strengthen implementation of different solar powered 08 4+

systems. Photovoltaic solar powered industrial applications 46l o 0

include among others water pumping, air conditioning, g 500 Wim’, 25° G

electric vehicles and ventilation systems (predominantly B eowmoo
. . - 2 o

acting as dynamic loads). oz T jgggmzz e

0,0 T
0 5 10 16 20 25

Voltage (V)

PV generator has a specific output characteristic. Output
current-voltage (/-V) and power-voltage (P-V) characteris-
tics of Phaesun 25 Wp poly-Si PV module under different
solar irradiances in the plain of array (Gpes) and cell tem-
peratures are shown in Fig. 1 and Fig. 2.

Fig. 1: Measured |-V photovoltaic panel characteristics
for different solar irradiances in plane of array
and cell temperatures.

In P-V characteristics Pupp designates the power at the

maximum power point (MPP). tem, they must be loaded optimally to maximize conver-

sion efficiency and decrease costs, size and weight. Sys-
tem should always operate in the Pypp regardless instanta-
neous circumstances and temporal changes, such as so-

As seenin Fig. 1, short circuit current (/s¢) and open circuit
voltage (Vo) are irradiance and temperature dependent.

Is¢ is linearly proportional to the solar irradiance, while the
Voc shows logarithmic dependence to irradiance. Since PV
generators are still the most expensive part of the PV sys-
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lar irradiance, ambient temperature or any other ambient
parameter. To achieve operation of the PV generator near
the vicinity of the Pupp with its specific value of voltage and
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Fig. 2: Measured P-V photovoltaic characteristics for
different solar irradiances in plane of array and
cell temperatures.

current, switching mode pulse-width modulation (PWM)
DC-DC converter /1/ must be inserted between the PV
generator and electric load. The converter's primary task
is to continuously adapt to the load and to track the instan-
taneous maximum power point of the PV generator.

Many MPP tracking algorithms for the DC-DC converters
have been developed in the last decades. Recently, re-
views of direct/indirect methods were presented in /2/
and /3/. Five of several direct methods have been imple-
mented in our system.

2. Development of MPPT platform

High-efficiency maximum power point tracking (MPPT) sys-
tem that could be connected to majority of PV modules
available on the market and would act as a testing platform
for maximum power point fracking algorithms was impos-
sible to buy, so we had to develop it ourselves. Different
MPPT algorithms are to be implemented and their perform-
ance compared while optimally regulating the power trans-
ferred to the load for different scenarios. Qutput voltage
and current range should be high enough for battery pow-
ered system loads of voltages 48 V and below.

On the basis of those requirements we designed and buiit a
microcontroller based maximum power point fracking plat-
form that is comprised of a main DC-DC switching converter
in buck/boost configuration, a low output voltage buck DC-
DC converter, a voltage and current sensing circuit, a mi-
crocontroller and a communication circuit (Fig. 3).

The main converter continuously adapts the load imped-
ance 1o track the instantaneous maximum power point of
the PV generator or regulates constant output voitage in
its regime. Input and output voltage range is from O to 60 V
and maximum input and output currents are 8 A. The buck
DC-DC converter is used to convert the applied voltage
down to 7,5 V to power the main DC-DC converter regula-

<
&
toad

Fig. 3: Block diagram of maximum power point
tracking platform.

tor, high voltage gate drivers and voltage sensing ampilifi-
ers. Linear regulator is added with an output voltage of 5V
to power the microcontroller, the AD converter and the
communication circuit.

Output voltage, input voltage and current are filtered and
scaled down for the input range of the analog-to-digital (AD)
converter. ATMEGA168 microcontroller /4/ is used to
communicate with the user interface and to harmonize the
platform operation. It communicates with AD converter via
12C protocol to receive digitalized measurements that are
required to execute maximum power point tracking algo-
rithms. Microcontrolier is able to set/reset the main regu-
lator, set its feedback voltage and switch between contin-
uous, discontinuous and burst mode of operation. For
communication between the computer and microcontrol-
ler a RS-485 based protocol was used with user interface
developed in a graphical programming language LabVIEW.
It allows a user to choose between maximum power point
algorithms and their parameters, set constant output volt-
age and track all measurable quantities.

Fig. 4: Prototype of maximum power point tracking
platform.
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2.1 Buck/boost converter

Main DC-DC switching converter's task is to deliver as much
power as possible from the connected PV generator to the
load applied. Buck and boost topology were joined together
in this converter regulated by LTC3780 /5/ current mode
controller that provides an output voltage above, equal to
or below the input voltage. It consists of four MOSFET
switches in bridge configuration, inductor, input and out-
put capacitors. If the input voitage is lower than output voli-
age the system works as a boost converter. MOSFET tran-
zistor Q2 stays on, while transistor Q1 stays off. Qutput is
determined by pulse width modulation (PWM) signal ap-
plied to transistors Q3 and Q4. Every ten cycles Q1 and
Q2 invert for 300 ns to charge Q2's bootstrap capacitor.
When input voltage is near the output voltage, PWM signal
is applied to all four switches. Converter operates in buck
mode when the output voltage is lower than the input volt-
age. PWM signal is applied to transistors Q1 and Q2, tran-
sistor Q4 stays open and transistor Q3 is closed except
for Q4’s bootstrap capacitor recharging period every ten
cycies. Output voltage is determined with feedback volt-
age by voltage divider circuit. To actively control the output
voltage by microcontroller additional current is forced via
RC circuit to the feedback voltage. Virtual feedback volt-
age sets the output voltage to its maximum (60 V), if no
current is forced from microcontroller, and to O V when
maximum current is forced.

Maximum input/output voltage rating for LTC3780 to safe-
ly operate is 36 V. To increase this voltage up to 60 V we
inserted high voltage gate drivers LTC4444 /6/ on both
output and input side of the converter.

2.2 Signal measurement

All direct maximum power point algorithms operate based
on measured information from input or output power quan-
tities. Implemented algorithms require both input and out-
put signal measurements.

Main switching DC-DC converter and low voltage level DC-
DC converter produce high level of noise in measured sig-
nal. The main converter operates at 200 kHz and has ad-
ditional glitches every ten cycles at 20 kHz when boot-
strap capacitors are charged. Low voltage level DC-DC
converter works at 60 to 150 kHz according to the output
current. Due to the noise and glitches in measured signals
a lot of effort was invested to optimize signal measurement.

Input and output current measurement is implemented as
measurement of voltage drop across high tolerance resis-
tor. For this purpose high voltage high side operational
amplifier LTC6101 /7/ was used 1o avoid common mode
problems. To maintain high efficiency, resistors with low
resistance and Kelvin connection were chosen. A low-pass
filter was inserted between the AD converter and output of
the ampilifier.

Input and output voltage is measured on voitage divider
(see Fig. 5).
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Fig. 5: Voltage measurement circuit.

Operation amplifier subtracts voltage across 5,1 k€2 resis-
tor and adds a low-pas filter with cut-off frequency of 1
kHz. This kind of configuration eliminates majority of glitch-
es and AC component in the signal. To filter the entire AC
component in the signhal lower cut-off frequency should be
chosen, but this would affect regulation frequency of ap-
plied algorithms. That is the reason to implement addition-
al weighted average digital filtering with a microcontroller.

MOSFET temperature is also monitored to ensure power-
down when the heat dissipation is too high or at malfunc-
tion.

2. Conversion efficiency

Conversion efficiency as an important steady-state perform-
ance parameter was measured at input voltage of typical
PV modules maximum power point voltage (Vupp) of 16,1V
(12 V system), 28,5V (24 V system) and representative of
grid - tied module with Vypp of 43,1 V. Output voltage was
set to typical battery powered system voltages of 12, 24,
36 and 48 V. As we can observe from Fig. 6 to 9, the
conversion efficiency drops at increasing ratio between
input and output voltage and at increasing load currents.

96
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gsa ]
8 . &V, 181V
Led o g V= 285V
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0 1 2 3 4 5 6 7 8

Load current (A)

Fig. 6: Conversion efficiency at Vigag = 12 V.
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Fig. 7:  Conversion efficiency at Vieag = 24 V.
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Fig. 8: Conversion efficiency at Vieag = 36 V.
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Fig. 9:  Conversion efficiency at Vigag = 48 V.

A comparison of forced continuous switching mode and
burst switching mode operation was made to determine
higher efficiency conversion at higher load currents. Reg-

ulator introduces higher leve! of feedback hysteresis in burst
mode and produces output signals to the MOSFETs Q3
and Q4 that turns them on for several cycles, followed by a
variable “sleep” interval depending upon the load current.
In boost operation at higher load currents burst mode is
more appropriate and results in improved efficiency by few
percents.

The major sources of power loss in the converter are the
switching losses of the MOSFETs, the inductor, the DC-
DC low voltage converter and the I°R losses on current-
sensing resistors and power traces on circuit board. It is
difficult to further improve the efficiency over the whole
interval of operation. Selected intervals of operation with
component specific values should be chosen to further
optimize the efficiency.

3. Implemented MPPT algorithms

Indirect MPPT algorithms, such as look-up table based,
fuzzy logic and neural network MPPT algorithms were not
implemented in platform mainly because they depend on
previous PV characterization and self teaching process
/8/, /9/. Among direct seeking algorithms, input and out-
put Hill-Climbing (H-C), Perturbe and Observe (P&O), In-
cremental Conductance (IncCond) and Derivative dP/dt
have been implemented in the platform. Let us shortly re-
view their principles and properties.

H-C algorithms have been investigated by several authors
/2/, /3/, /10/, where MPP is tracked by changing the
duty-cycle ratio of a DC-DC converter. Power is determined
in each cycle by measuring current and/or voltage at the
input or output side of the converter. If the power has in-
creased after duty-cycle ratio change, the algorithm will
continue in the same direction in the next cycle, otherwise
the direction of duty-cycle ratio will be reversed. Both power
and direction of duty-cycle ratio change have to be stored
for each iteration. H-C input algorithm maximizes output
power by sensing at the input side (PV generator), while H-
C output maximizes power measured on the ioad.

Next type of algorithm is Perturbe and Observe (P&0)
/2/,/3/, /11/. The P&O algorithms are widely used be-
cause of their simple structure. They operate by periodi-
cally perturbing (i.e. incrementing or decrementing) the
PV generator terminal voltage and comparing the output
power with that of the previous perturbation cycle. if the
power is increasing, the perturbation will continue in the
same direction in the next cycle, otherwise the perturba-
tion direction will be reversed. In every perturbation PV
generator reference voltage (Vye) is calculated. This means
the PV generator terminal voltage is regulated in every per-
turbation cycle by separate voltage regulating loop. There-
fore when the MPP is reached, the P&O algorithm will os-
cillate around it.

An example of applied P&O algorithm for increased irradi-
ance from 500 W/m? to 800 W/m? is presented in Fig. 9
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at constant ambient temperature (Tair), 100 Hz regulating
frequency of perturbation and 50 mV discrete step of Vier.
Initially the algorithm stabilized the maximum power point
tracker at the maximum power for 500 W/m? irradiance.
New level of irradiance (800 W/m?) was applied step-wise
and presents the most dynamic outdoor scenario. After
increased irradiance the algorithm is changing Vertowards
the new maximum power point voltage. The jitter in the
tracking path is a consequence of discrete reference volt-
age step. In this experiment the algorithm needed 1,2 sto
reach the new maximum power point. The stabilization
would be faster if the discrete step of Vs was increased,
however the fluctuation around the reached Pupp would
be greater. In reality such rapid changes of irradiance are
generally not expected therefore a faster tracking is not
required. Results from different scenarios demonstrate that
the algorithm with given parameters is capable of tracking
irradiance changes up to 250 W/m2 per second.

2D Graph 3
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Fig. 10: Maximum power point tracking of P&0O
algorithm.

IncCond aigorithm that measures and compares incremen-
tal and instantaneous conductance for rapidly changing
ambient conditions was implemented in /2/, /3/, /12/ to
increase tracking speed and lower the oscillations at steady
conditions. Condition of maximum power dPpy/dVey = 0 in
(1) leads to (2), where the left side of the equation repre-
sents instantaneous conductance /lpy/Vey, while its right side
represents incremental conductance, determined by “/py
and “Vpy as difference between values of the current and
present cycle.

dpP, dv. dl dl
= Ly AV~ = 1, 4V, —2
AV dVey AVpy Ay
Ly __diy | Ay

= = 2
VPV dVPV A VPV ( )

=0

The IncCond algorithm predicts in what direction the ref-
erence voltage should change to match the change of
ambient conditions. If dPpy/dVpy is less than zero the PV
generator is operating at voltage higher than voltage in Puyep
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(Vwmrp) (see Fig. 2), otherwise it operates at voltage lower
than Vupep. Like in the P&O algorithms, a separate voltage
high-speed regulating loop must be applied to regulate PV
generator output voltage Vey= Vier .

The last algorithm that we have implemented is derivative
dP/dt algorithm /13/. When PV generator operates at the
MPP, the equations (3) and (4) must be fulfilled. MPP is
reached by forcing its derivative dP/dt to zero under the
power feedback control.

dPPV AUpyVpy) dlpy AVpy
dt dt Poar Y 4 3
Vdl =—IdV = VAI = —-IAV (4)

If -JAV is less than VAI, PV generator operates in voltage
source mode (V>Vuep , see Fig. 1) and the PV generator
voltage must decrease, otherwise it operates in current
source mode (V<Vuypp) and the generator voltage must in-
crease to reach MPP. A separate voltage regulating loop is
used to control PV generator output voltage.

The platform allows a user to implement and evaluate addi-
tional direct algorithms.

4. Conclusions

A maximum power point tracking platform has been suc-
cessfully developed. its wide input voitage and current
range enable connection of majority of PV modules availa-
ble on the market. The platform’s conversion efficiencies
are above 96% for broad range of output voltages and
loads. The developed platform opens a route to implement
and examine several direct MPPT algorithms along with
sensitivity study of their parameters according to the given
PV module, load characteristics and nature of changing of
ambient conditions. Since PV generators are still the most
expensive part of the PV systems, this could path the way
to further maximize their conversion efficiency.
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Abstract: In this paper, a new formulation to Envelope Transient Harmonic Balance (ET-HB) method is proposed that is appropriate 1o analysis nonlinear
active microwave circuits. This formulation uses an ET-HB with small value of time step during the transient time and a classic HB method after the
transient. This highly reduces the time consuming classic ET-HB computation time. As an example, we applied this method to analyze a power amplifier
where it is driven by QPSK and 16-QAM modulated signals. The spectral growth, error vector magnitude symbol error rate degradation, and constellation
performance reduction due to nonlinearity of the power amplifier are studied using the proposed technique. The obtained resuits show that the proposed
technigue can be efficiently used to analyze and simulation of the nonlinear microwave circuits when they are used in modern wireless standards.

Nov pristop k analizi nelinearnih vezij vzbujanih z
moduliranimi signali

Kjuéne besede: ET-HB, nelinearna vezja, modulirani signali

tzvle€ek: V &lanku je predstaviien nov pristop k metodi ET-HB, ki je primerna za analizo nelinearnih aktivnin mikrovalovnih vezij. Ta metoda uporablja
majhne vrednosti asovnega koraka med prehodnim pojavom, kar moéno zmanjéa &as potreben za izraGune. Kot primer smo to metodo uporabili za
analizo moénostnega ojacevalnika vzbujanega z QPSK in 16-QAM modulimimi signali. Dobljeni rezultati pricajo, da prediagano metodo lahko uspesno

uporabimo za analizo in simulacijo nelinearnin mikrovalovnih vezij.

1. Introduction

To achieve high bandwidth (BW) efficiency, new standards
such as WIMAX and WCDMA use complex modulation
schemes such as a quadrature phase-shift keying (QPSK)
and quadrature amplitude modulation QAM /1,2/. Nowa-
days, engineers seek for simulation methods and test pro-
cedures closer to the system’s final operation regime. Ac-
tually, telecommunications signals are usually composed
of the carrier modulated by information signals (i.e., sig-
nals that are necessarily aperiodic in time), and presenting
band-limited continuous spectra /3/. Due to analyze cir-
cuits exited by these digital modulated signals, accurate
and reliable CAD tools and numerical algorithms are one
of the main challenging aspects of modern communica-
tion systems. A number of methods exist for numerical
analysis of such systems. As discussed in /4/, Since the
excitation is a multi-rate signal with widely separated rates,
the time domain - the most effective method for transient
response - has difficulty. Because, simulating the slowest
signal component period, time-steps need to be smaller
than the period of the fastest so leads to a large number of
time point and increases simulation time, enormously. On
the other hand, Harmonic Balance (HB), an efficient meth-
od to analyze the microwave circuits, is only applicable to
periodic (or guasi-periodic) systems. Therefore, mixed
mode techniques are seemed to be efficient. In fact, in
these methods like Envelope Transient HB (ET-HB) or Cir-
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cuit Envelope, the high frequency dynamic is treated by
microwave steady state simulator like HB and the low fre-
guency dynamic with time domain (TD}). In the literature
several formulations were presented /5-16/.

In this paper, a novel closed formulation of Envelope Tran-
sient HB appropriate for analysis of nonlinear active micro-
wave circuits and systems is proposed. This formulation
form enables using adaptive time scales, resulting in sav-
ing in simulation time. Then, as an exampie of application,
a linear power amplifier in WiMAX technology frequency
band is presented, and then the simulation results using
this method are compared with other methods. Finally,
using the proposed CAD, we considered the effect of the
nonlinearity of the power amplifier when driven with 16-
QAM and QPSK modulated signals on the system perform-
ance.

2. Theoretical formulation

Modulated signal in which the information signal is typical-
ly aperiodic and has a spectral content of much lower fre-
quency than the periodic carrier, is a practical example of
multi-rate signals /4/. When the circuit is faced to this type
of signals, it will be possible to use mixed mode simuiation
technigues, handling the solution dependence of some of
its time and variables in time-domain, and the course of
the solution to other time variable in frequency domain.
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If we consider a modulated carrier driving signal, exciting
signal vs (1) in the circuit may be written as equation (1);
v, (6) =v, (£)(e 72V + /) (1)

Where f; is carrier frequency and v, (t) represents the
envelope (modulating) signal. Considering a muiti-time rep-
resentation for vs (t), constructed as follows, for the slow
varying parts of the expression for vs (%), t is replaced by ts,
and for the fast varying parts, t.. the resulting function of
two variables is denoted by vs (i, to).

V.(t,,t,) =v, (t,) (e + ) (2)
Given an active nonlinear circuit under modulated excita-
tion including linear and nonlinear elements, it can be sub-
divided into two, nonlinear and linear part /4,5/. The multi
rate representation of differential equation of the circuit
leads to a new version of HB equation, a multi partial dif-
ferential equation as follows:

$?¢

1 Vi)
fNL(v(’S-tc)) =ltt,) 4 Anll Vel qnl( )
ot,
dq (vii) . . )
+__q_nl((’—s’c))+1nl (Ve )+ g,y =0 3

ot

s

Where, v is the vector of port voltages; is the vector of
source contributions at ports; i (ts, tc) the vector of linear
part current and in, g define the contributions of nonlin-
ear reactive and conductive elements, respectively.

Since eq.(3) is periodic respect to the t., applying Fourier
series, it is reduced to:

FNL(V(ts)) = IL63)+ jQin(V(ts))"_
QD g v perg)=0 @

5

Where, its components are vectors of time-varying Fourier
series coefficients, Vy, is the vector of unknowns where

k=K
vt )= 2 V)"
k=K

A )—

So, Vi(ts) is time variant complex envelope of the k'th har-
monic of carrier frequency g, BW is the largest bandwidth
of the carrier frequency envelopes. So, in the standard
form of piecewise HB circuit with N nonlinear elements
(figure 2) the time varying vectors in Eq (4) presented as:
v(i)=nG) k v,(0) v @ andv,(1)=1,,¢) K 7, @) .. V(I
And Q is a diagonal matrix of harmonics of carrier frequen-
cy. As follows:

jw v, (,) e’ do,

w, O A O 0 0 A 0

0 o, 0 M 0 o, 0 M
.Q = w =

M 0 o0 o4, " M 0 0 0

0 A 0 o, 0 A 0 Ko,

and 0 =0, .y 1S @ Zero matrix.

In piecewise harmonic balance I should be evaluated.
Since linear part matrix, Yy is only realized in frequency
domain, 80 I (a.e,)=Y,(0.0,)V(.e,). In Which @s is related
tot, .t 0,

It can be proven that by restricting the envelope dynamics
to be slow compared with the carrier, 7, (., ) is calculated
as follows (it is truncated to the order of Ry): /5/

&1 d%Y, (o) V()
‘[Lk(tx):Z n'jR dCtL)R } ath (5)

R=0] ° =k,

An appropriate discretization for ts, leads to the complete
set of (2K+1) differential equation, converted into a con-
ventional HB equation for each time sample. Using back-
ward difference (Euler rule),

ain(V(ts)) - in(V(txi)) - in(V(fs ,-,1))
al‘s f Ats (6)

A, _(M z[<—)(R e g

or”
And also applying this rule to eq (4). We have:

i)
0ulVi)~0ulVi, )
At

5

ts =t st

R R
L] 1 dY (w)
FuVeg) = ) i——— 5
NL(V’ ) RZ_o{n!jk deo?

jQQnI(V(txi))+ +Inl (V([xi))+ Isﬁsi) = 0

=[0 A Ko, ]".

Where @,

Fy(Vey) = YLET Vi, )+ j'QETQnI Ve)+ 1, Vi)t

6, )+ T, =0 (9 a)
yros L dne) L
© et de® | (AR
o -+ L
At,

) R A 1 ©
-1 R R R

ro | BT de” | L (AL)

nl(V(sl 1))

[Z[  (* Ve, ,)]]

Where, 1 is a unit matrix. As we can see in eq (9-a), this
equation is similar to F(V), ordinary HB equation. There

are some differences in ¥, I, and 2*7 described. As

we can see in Eq.(9), I,_, must be calculated from previ-
oustime steps. So, solving this equation for each time step,
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leads to the varying envelope of desirable voltage at har-
monics of carrier frequency.

Assuming Eq (5) with order of Ry, Enables analysis of non-
linear circuits excited by arbitrary bandwidth. So the simu-
lation leads to more accurate results.

2.1. Small Band Modulating Signals

The case of most practical interest to microwave and wire-
less systems is the one in which the modulating signals
are very slowly varying signals, BW << f,, the calculation
converges for R, >1. Thus, by assuming Ry=1, calculation
for each time step only requires knowing at one previous
time step results. So ¥*" and I,_, in Eq.(9) can be re-
duced to:

1 d¥{(w
yer oy, + — @)
JAt, do o
I _1dY(w) V() " -0.,Ve,,.,) (10
Yy ode |, A At

2.2. Adaptive Time Scales

Let consider eq (8) for example with Rr=1, where
0,.Ve,)=0,.(Ve, ), with this assumption, the Eq (8)
converts to a common Harmonic Balance equation. in this
case we don't need to solve the equation for i+7 step if
Ig(,)=1I(s,,,,) (results in Ve =Ve . ). This means that
we can assume At small enough to fallow the input tran-
sient effects precisely and after ending transient effects,
we can use a HB instead of many ET-HB routines. There-
fore using this technique, if we choose adaptive time
steps,AtS’, also, it will offer some improvement in efficien-
cy and time-saving, to follow the input transient effects and
also evaluate the steady state response of microwave cir-
cuits containing waveforms with sharp edge and spikes in
which; For spikes and sharp edges of waveform we choose
At _very small and for smooth parts of signal larger amounts
of Az, is chosen. Using this method, results in a good sav-
ing in simulation time (it will be explained in the next part).
The improvement in efficiency may be observed in some
circuits more clearthan others e.g. PLLs transient respons-
es can be efficiently observed using this technique.

3. Simulation and Results

In this section as an example of application, a one-stage
class A power amplifier with 17 dB of gain and output pow-
er of 18 dBm suitable for use in Fixed WiMAX technology
based on IEEE 802.16 d standard is studied. It is designed
to work with 200MHz bandwidth centered at frequency of
3.5 GHz. The amplifier includes input and output Micro-
strip matching networks and the necessary DC bias cir-
cuitry. The Pseudomorahic InGaAs/ AlGaAS/GaAs HEMT
/17/ is used to realized power amplifier. According to re-
duction of harmonic distortion on output power, it is bi-
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ased in class A so Vg =8 V and Vg =0 V is chosen (Stand-
ard schematic of the power amplifiers). Matching networks
are designed and optimized to obtain maximum output
power and minimum possible harmonic distortion. So, sim-
ulating circuit under one-sinusoidal tone excitation using
HB, results in 1-dB compression point of P1gg= 18.7 with
an associated Gain of 17 dB and PAE of nearly 20%. This
is illustrated in figure 2.

LT

Non -Linear

S,

Linear
Part

Fig. 2. Deviding a nonlinear circuit by a linear and
nonlinear part.

As the second step, the designed power amplifier should
be exited by a modulated signal. due to confirm the formu-
lation and CAD presented, first, it is applied to the circuit
derived with a RF pulse source (modulated source), cre-
ates a pulse modulated RF carrier with frequency of f; (with
rise-time, fal-time and width of constant portion of pulse
of 0.25, 0.25 and 3 n sec, respectively ). Accordingly, the
absolute value of output voltage evaluated with proposed
CAD is confirmed with Time-Domain simulation. It is shown
infigure 3. ET-HB in comparison to time domain techniques
proposes a more fast simulation. In addition, using adap-
tive time steps, Atsf , for spikes and sharp edges of wave-
form we chose A¢, very small and for smooth parts of sig-
nal, larger amounts of At is chosen. Consequently, in this
case, led to more time saving about 68 percent.
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Fig. 3. Output power and Power added Efficiency of

the amplifier versus input signal level.

Now, we can consider analysis of designed amplifier with
modulated excitation using proposed CAD formulation.
Since, One of the important digital modulation schemes,
allowed in IEEE 802.16 standard (WirelessMAN-SCa ), is
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Fig. 4. Proposed CAD results comply with Time
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Fig. 5. Plot of simulation excess phase-shift versus
input drive level, for illustrating AM-PM
characterization.

16-QAM, so, we have considered an input excitation of a
modulated signal at 3.5 GHz. Modulating signal, a 16-QAM
symbol stream, is responsible for the envelope of the RF
carrier. Applying proposed CAD, we can consider the ad-
verse effect of nonlinearity of the power amplifier on moad-
ulated signal and then, on output demodulated signal. The
input signal was first set at a power that was low-enough to
prevent strong nonlinearity (maximum of input power was
much set lower than P gg). Regarding the constellation
diagram of the output voltage signal, we can understand
that a phase shift of about 40 degrees with comparison of
constellation diagram of input is apparent. This phase var-
iation may be related to the AM-PM conversion. As it is
depicted in figure 5, the calculating AM-PM conversion
confirms this subject. The constellation diagram of the in-
put and output envelope at P1gg is shown in figure 6-a.
Figure 6-c presents the input and output time domain en-
velope signal. Spectrum of the output signal for 16-QAM is
shown in figure 6-d. Note that the phase shift is compen-
sated and amounts are normalized (with small signal gain)
in all presented constellation diagrams.

Fig. 6.
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(a) Constellation diagram @ Piqg (circles: input
diagram; stars: output diagram),

(b) Constellation diagram @ P14 +3 (circles:
input diagram; stars: output diagram),

(c) time-domain envelope (solid line: input
signal; dotted line: output signal scaled with
2.5) and (d) spectrum of the output signal for
16-QAM.
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Increasing the input power up to P1gs or more causes more
distortion especially in gain. So, the constellation chang-
es. Figure 6-b shows constellation of output voltage with
input power of (P14s+3) dBm. By focusing more on this
figure, as we expected, we realized that the symbols with
larger magnitude due to lower gain have larger variance in
respect to its relative position. Therefore, increasing the
input power changes the arrangement of symbols in con-
stellation diagram.

The Error Vector Magnitude (EVM) defines the average
constellation error with respect to the farmost constella-
tion point power, and defined by following equation /18/:

1 Y 2 2
ﬁgw —AQ?)

S2

max

(11)

EVM =

Where, N is the number of symbols in the measurement
period and Sax the maximum constellation amplitude.

EVM diagram for 16-QAM modulation schemes versus var-
jous input power is shown in figure 7. Enlarging the input
power feads to stronger nonlinearity and consequently, the
EVM increases.

40

35

o~ ; ) \
-20 -15 -10 -5

Input Power (dBm)

o -
w

Fig. 7. Error Vector Magnitude versus input power

Also, this nonlinearity phenomenon causes a more sym-
bol error rate (SER) in communication system. In the fig-
ure 8 we have shown the effect of nonlinearity of this pow-
er amplifier on SER of a 16-QAM signal through a noisy
Gaussian channel. As it is illustrated, enlarging the input
power results in worse Symbol Error Rates. Let consider
QPSK, another modulation mode supported in IEEE
802.16 standard (WirelessMAN-SCa ), for input excitation
signal. PSK is a digital modulation where the carrier phase
is keyed by the digital modulation signal. So, a finite number
of phases are used. Therefore in the case of PSK, ampli-
tude distortion (AM-AM) could not chiefly cause any de-
fect. The main distortion could affect on system perform-
ance. Thus, have a flat AM-PM conversion characteristic,
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Fig. 8. SER through the Gaussian channel for 3
excitation power for 16-QAM

results in lower errors at the output of demodulator. The
constellation diagram of the input and output envelope with
QPSK modulation at P14p is shown in figure 9-a. Figure 9-
b presents the input and output time domain envelope sig-
nal. Spectrum of the output signal for QPSK is shown in
figure 9-c.

4, Conclusion

A new formulation of Envelope Transient HB appropriate
for transient and steady state analysis of nonlinear active
microwave circuits was presented. This novel approach
enables using adaptive time scales resulting in fast simula-
tion of microwave circuits. The performance of this meth-
od was investigated by applying on a microwave circuit. As
an application of this method, a power amplifier in WiMAX
frequency band excited by 16-QAM and QPSK modulated
signal was considered. And the effect of nonlinearity on
the output and system performance was discussed. As a
result, we showed that QPSK is more resistant to the ampli-
fier nonlinearity than QAM. It was shown that, eniarging
the input power for 16-QAM results in worse Symbol Error
Rate and Error vector magnitude.
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MODELIRANJE BRALNE GLAVE OPTICNEGA ENKODERJA IN
MERITEV ULTRA MAJHNIH KOTOV

Tomaz Dog$a, Matej Salamon, Bojan Jarc, Mitja Solar

Fakulteta za elektrotehniko, racunalnistvo in informatiko, Maribor, Slovenia
Kjucne besede: opti¢ni enkoder, makromodeliranje,simulacija vezij, SPICE, merjenje ultra majhnega kota.

lzvle€ek: Opticne enkoderje uporabliamo za precizno merienje pomika oziroma kota. V prispevku je opisan SPICE makromodel bralne glave optiénega
enkoderja oziroma sin/cos senzoria. Modelirana je oblika signala (amplituda, fazni kot, popac¢enje, enosmerni premik) in poljubna dinamika premikanja
(hitrost, pospesek) glave. Z dodatnim elekironskim interpolatorjem lahko $e povedamo toénost merjenja. Ker motnje (npr. fazni zamik, neenakost ampli-
tud), ki nastanejo pri branju, zelo vplivaje na interpolacijo, je dodano posebno vezje za korekcijo vhodnega signala (signal conditioning module). Ena izmed
nalog tega vezja je korekcija faze, ki odstopa od 90°. Za preverjanje ucinkovitosti naértovanja fazne korekcije, potrebujemo zelo natanéno meritev faze, ki
se izvaja na nivoju SPICE simulatorja. Izbrali smo meritev faze, ki temelji na meritvi prehoda obeh signalov skozi 0 V in poznavanju hitrosti. S to metodo
lahko zasledujemo tudi ¢asovne odvisnost faznega kota. lzvedena je analiza napake, ki nastane pri merienju kota za neidealne signale, katerim se
spreminja amplituda, frekvenca in enosmerni premik.

Optical Encoder Scanning Head Modelling and Ultra Small
Phase Shift Measurement

Key words: optical encoders, macromodeliing, circuit simulation, SPICE, ultra small phase shift measurement.

Abstract: Optical encoders are used for high accuracy position measurement. Our first aim was to find a SPICE model of the optical encoder scanning
head. In this paper macromodelling of the optical encoder scanning head (sin/cos sensor) is presented. The shape of the output signal (amplitude, phase
shift, distortion) and movement of the head (velocity, acceleration) are modelled by behavioural models. The dynamic of the movement is defined by
simple table. The resulting frequency of sin/cos signal is a piecewise-linear function with soft corners.

The measurement precision is improved with additional electronic interpolator. Since the distortion of sin/cos signal affects the interpolation, the signal
conditioning module is inserted between the interpolator and the scanning head. One of the goals of the signal conditioning module is the elimination of
the phase shift that differs from the 90°. For the verification of the design effectiveness the precision phase shift measurement method on the SPICE level
is needed. The Lissajous figures that are often used to measure phase shift were not appropriate for this case. Our second goal was to measure the time-
dependent ultra small phase shift in the circuit where the amplitude, frequency and DC offset were also varying with the time. The measurement algorithm
should be implemented with the SPICE scripting language. Since the frequency (velocity of scanning head) was known we chose the measurement that
is based on the detection of zero voltage crossing of the sin and cos signals. The analysis of the error estimation of this measurement method for the
signals that vary from their nominal values is also presented. The accuracy of the measurement depends on the time interval error, stability of the
frequency and DC offset.

1. Uvod H Medlna ~ |
] Svetlobni vir /
. . , R . Svetiobni M| | (RLED) |/ Refereninay
Senzor sin/cos predstavija enega izmed kljuénih gradnikov we T h J/ mretica Refernca
N . . . . . . - y, etey
linearnih in rotacijskih enkoderjev, ki jih uporabliamo za pre- o ! 2 1 ot v brocesiranic siznlay
. . . . . . . O 11 - - =
cizno merjenje pomika oziroma kota (slika 1). Letev in ust- svetlobn ok ! vont | s ]
. . iy . . ezjc za
rezni senzor sta lahko magnetna ali opticna. Princip mer- o | Semnor SIN i‘ Korekcio
. B . e I . v . . oril " signalov
jenja pomikov je inkrementaini in temelii na Stetju rastrskih <bmne> 1| || sneos 1008 Do G nterpolator
v o . . . v s . glave -COS et cOnditionin;
razdelkov na referenéni letvi oziroma mrezici. Z dodatnim : i i’ module) P
interpolatorjem lahko loé&ljivost Se dodatno poveéamo. : Bralna glava :
TET T Obsegmodela

Na izhodu idealnega sin/cos senzorja je idealen sinusni in
kosinusni signal z amplitudama 1. Dejanski izhodni signali
$0 samo priblizno harmonicéni. Zaradi neenake obdéutljivos-
ti fotodiod so izhodni signali (SIN, +COS) razliénih ampli-
tud, enosmerno premaknjeni in imajo dodatni fazni premik.
To povzro¢a pogresek pri merjenju pomikov manjsih od

Slikal: Blokovna shema opti¢nega linearnega
enkoderja in obmodje modeliranja

Fig. 1:  Configuration of linear optical encoder.
Dashed line marks the modelled area.

periode mrezice. Z razlicnimi spremembami v opticnem
delu lahko zmanjsamo harmoniéna popadenja /5/.V /4/
so dosegli zmanjsanje amplitude tretjega harmonika iz 4,35
% na 1,45 % in amplitude petega harmonika iz 0,44 % na
0,17 %. V /2/ so s pomocjo Vernierjevega principa zman-
i5ali THD (skupno harmonsko popadenje) na-80dB. Struk-

162

tura in princip delovanja opti¢nega sin/cos senzorja je na
kratko opisan v drugem poglavju. Opis SPICE modela
bralne glave je v tretiem poglavju. Modelirana je oblika sig-
nala (amplituda, fazni kot, popacenje) in dinamika premi-
kanja (hitrost, pospesek) glave. Vsi ti parametri so asovno
odvisni In tvorijo scenarij uporabe bralne glave.
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Ker na to¢nost zelo vpliva tudi kvaliteta signala, ki prihaja iz
bralne glave (Uyn_sin, Uvh_cos), j@ med braino glavo in enkod-
erjem vstavljeno vezje za korekcijo signalov (signal condi-
tioning module). Njegova naloga je uskladiti amplitudo,
zmanj$ati harmoni¢na popacenja in enosmerno prema-
knitev ter ustrezno korigirati fazni premik. Ker se razvoj tega
vezja za¢ne na nivoju simulatoria, je potrebno modelirati
bralno glavo. Za preverjanje ucinkovitosti raznih variant vezja
za fazno korekcijo potrebujemo pri simulaciji tudi zelo na-
tanéno in relativno hitro meritev zelo majhnih faznih odsto-
panj. V laboratoriju tak8no meritev obicajno izvedemo s
pomodjo Lissajoujevih krivulj. Ker so te krivulje vedlicne
parametri¢ne funkcije in fazna premaknitev ni konstantna,
ie pri simulaciji zelo tezko na ta nadin natanéno izmeriti
trenutni fazni kot. V prispevku se bomo zato osredotodili
na meritev faze, ki temelji na meritvi prehoda obeh signalov
skozi OV. V ¢etrtem delu je teoreticna obravnava merjenja
ultra majhnih kotov in vpliv amplitude, pospeska ter enos-
mernega premika na natancnost. Pravilnost izpeljav je bila
preverjena s simulacijo. Podobna analizajev /1/, ki pa se
nanasa le na arkustangens algoritem.

2. Struktura in delovanje senzorja
sin/cos

Slika 1 prikazuje strukturo klasiénega linearnega opticnega
enkoderja s presevanjem mrezic. Sestavijata ga opticna
glava z virom svetlobe (dioda IR LED) in opti¢nim senzor-
jem, ter enota za procesiranje signalov z vezjem za korek-
cijo signalov in interpolatorjem.

Referenéna in merilna mrezica sta kljuéna gradnika op-
ticnega enkoderja. Sestavljeni sta iz paralelnih za svetlobo
slabo 0z. neprepustnih linij, lo¢enih s transparentnimi po-
droc¢ji enake Sirine. Za natanéno delovanja enkoderja je
potrebno zagotoviti strogo periodi¢nost mrezic. Razen ref-
erencne mrezice se na referencéni letvi nahaja Se indeksna
sled, ki v razilicnih izvedbah omogoca grobo a hitro dolocitev
velikosti pomika v relativnem smislu ali dolod&itev trenutnega
polozaja bralne glave v absolutnem smislu. Za obravnavo
optiCnega enkoderja v tem prispevku indeksni signal ni
pomemben, zato na sliki ni prikazan.

Opticni sin/cos senzor sestavijajo fotodiode, ki zaznavajo
svetlobo. Ta preseva, se odbija ali pa uklanja na mrezicah.
Pri klasi¢nih enkoderjih z dvema mrezicama se svetlobni

Smer
pomika
mrezice

>

Slika2: Moirov vzorec, kot posledica prekrivanja dveh
mreZic z malenkost razli¢no periodo.

Fig. 2: Moiré fringe generated by superimposed
gratings, with slightly different periods.

tok, ki preseva mrezici, spreminja priblizno sinusno zaradi
interference podrocij mrezic, ki svetlobe ne prepuscajo
(slika 2). Interferenca nastopi pri prekrivanju dveh vzpored-
nih mrezic z malenkost razli¢no periodo ali dveh mrezic z
enako periodo, vendar med sabo nagnjenih za majhen kot.
Pojav se kaze kot Moirov vzorec /3/, /4/ (slika 2).

S premikom mrezice za pol periode so podrodja, kjer sta
bili mrezici v fazi, sedaj v protifazi in obratno. Svetlobni tok,
ki ga izmerimo ob vzdolznem premikanju mrezice, se
spreminja priblizno sinusno. Pomik mreZice za eno perio-
do povzroci spremembo svetlobnega toka prav tako za eno
periodo. Razen dolzine lahko dolo¢imo tudi smer pomika,
¢e imamo vzdolz mrezic namesdeni vsaj dve fotodiodi, ki
zaznavata fazno premaknjena svetiobna tokova. Vendar so
zaradi kompenzacije vpliva zunanje svetlobe teoreticen
minimum vsaj $tiri fotodiode, ki zaznavajo fazno premakn-
jene svetlobne tokove s premaknitvami nx90°, n=0, 1, ...
3. Ustrezne fazne premaknitve svetlobnega toka zagotovi-
mo z ve¢-fazno premaknjenimi merilnimi mrezicami /4/. Z
diferenco dveh proti-faznih signalov iz fotodiod (0° in 180°
ter 90° in 270°) izlo¢imo vpliv zunanje svetlobe, ki se odraza
kot enosmerna premaknitev signala fotodiode. Tako dobi-
mo dva, med sabo za 90° premaknjena harmoniéna sig-
nala (sinus in kosinus), ki omogodcata detekaijo velikosti in
smeri pomika.

Do sedaj obravnavana zgradba optiénega enkoderia je v
rabi za periode mreZice nekje do 20 um. Z zmanjSevan-
jem velikosti periode mrezice v velikostni razred valovne
dolzine svetlobe, ki jo izseva dioda IR, uklon svetiobe na
mrezici ni ve¢ zanemarljiv. Enkoderiji s periodo mreZice
manjso od 8 1m uporabljajo reftektivno referenéno mrezico,
ki za razliko od transmisijske svetlobo odbija.

V novejsih enkoderjih je uporabljena integrirana izvedba
opti¢nega dela enkoderja (slika 3 a), ki vsebuje diodo LED
in dve merilni mrezici z opticnimi detektorji (fotodiode na
mrezici so trakaste oblike). Sistem deluje z reflektivno ref-
eren¢no mrezico.

- Ojatevalnik +cos St SIN()| 4spN +COS
e _ Meriloa rreZica s @0 | [ /
Dioda fotodiodami v obliki linij E RO
LED ;J . 1 B
= Ay
Vi et T N R H Dve fotodiodi v
S Reflcktivea -COS | LE | obliki linije
77y SIN (180° oot v

referenéna mrezica

a) b)

Slika 3: Integrirana izvedba opti¢nega dela enkoderja
/5/, /6/. a) princip, b) izvedba.

Fig. 3: Integrated version of optical encoder /5/, /6/.
a) principle, b) implementation.

Merilna mrezica je napravijena s fotolitografijo. Na
posameznem obmodju merilne mrezice (slika 3 b, zgornja
0z. spodnja polovica) sta realizirani dve fotodiodi (slika 3
b, povecCan izsek), ki zaznavata 90° premaknjena svetlob-
na tokova. Z dvema mreZicama s fazno premaknitvijo 180°
(slika 3 b) dobimo $tiri ustrezno fazno premaknjene sig-
nale za izloCitev vpliva zunanje svetiobe. Svetloba diode
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LED, ki lezi na spodnji plasti, sveti skozi reze med trakovi
meriine mrezice. Ker so fotodiode na rezini blizu skupaij,
so razlike v njihovih svetlobnih obdutljivostih in jakostih
okoliske svetlobe majhne. Elektri¢ni odziv je posledica
povprecnega svetlobnega toka, ki ga zaznavajo posamezne
fotodiode. S tem je zmanjSan vpliv motenj, kot so to npr.
poskodbe ali umazanija na referenéni mrezici.

Zaradi namestitve fotodiod na samo merilno mrezico in nji-
hove izvedbe v obliki linij se opti¢ni del integriranega enkod-
erja obnasa kot sistem s tremi mrezicami /4/ namesceni-
mi ena za drugo na oddaljenosti /. Pri tem se reze srednje
mrezice oziroma reflektivne linije referenéne mrezice na
sliki 3 a) obnasajo kot zaslonke, ki projicirajo vzorec mer-
ilne mrezice na fotodiode. Na fotodiodah dobimo veé pro-
jekcij referenéne mrezice, ki med sabo interferirajo. Ra-
zen boljSega kontrasta pri malih periodah mrezice, imajo
enkoderji s sliko mrezice tudi dvakrat vedjo locljivost od
klasicnih enkoderjev z dvema mrezicama (enkoderji s sen-
co mrezice). Ob premiku integriranega senzorja za razdal-
jo d se slika mrezice premakne v nasprotno smer za razdaljo
d. Relativho se torej med merilno mrezico in sliko mrezice
razdalja spremeni za 2d. Ce torej senzor premaknemo za
periodo mrezice p se bo svetlobni tok spremenil za dve
periodi oz. je lodljivost integriranega enkoderja dvakrat
vedja, kot jo dolo¢a perioda mrezice p.

3. Model sin/cos senzorja

Pri modeliranju sin/cos senzorja smo se osredotodili pred-
vsem na funkcionalnost, ki naj omogoca enostavno simu-
lacijo stati¢nih in dinamiénih lastnosti. Modelirano podrodje
senzorja je na sliki 1 oznaceno s ¢rtkano &rto. ldealna
pretvorba premika x v elektricni signal je odvisna od
polozaja, oziroma hitrosti v in periode p:

Upp s (0)= cos[2mx(t)/ p] (M)
thisin (Z): Sin [znx(t) /p] (2)

x(t)= jv(t)dt 3)

0

Ker nas pri simulaciji zanima dogajanje v elektricnem pros-
toru, bomo v nadaljevanju namesto hitrosti vpeljali frekvenco.

f=vip (4)
Ce $e upostevamo popadenja lahko signala, ki sta na vhodu
vezja za korekcijo signalov, opiSemo z :

UV}’.., cos (t): Ac COS(2TCﬁ + A(P)+
+ A4, cos(k2nft + Ap )+ U,
U, )= 4, sin@nft)+ 4, sin(e2nft)+U,  (6)

A je fazna motnja (odstopanje faze glede na idealen si-
nus in kosinus), f je frekvenca, U, Us je enosmerni premik
kosinusnega oziroma sinusnega signala, A¢, As je amplitu-
da osnovne harmonske komponente signala in Ak, je am-
plituda ke harmonske komponente. Razen amplitud vi§ie har-

(%)
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mon-skih komponent, so vsi parametri ¢asovno spremen-
livi. V idealnih razmerah je Ac=As=1, Ax=Us=U=0 in Agp
=0.

Premikanje glave se odvija po dolo¢enem scenariju, ki je
sestavljen iz segmentov s konstantnimi hitrostmi in segmen-
tov pospeSevanja ter pojemanja. Ker ostri prehodi med
segmenti povzrocajo konvergenéne probleme, morajo biti
prehodi med segmenti zvezni oziroma zaobljeni (glej zgled
na sliki 4). Vedina sodobnih simulatorjev SPICE pozna
vedenjske modele, katerin obnasanje definiramo z matem-
ati¢nim izrazom, ki je omejen na eno vrstico. S pomodjo
taksnih modelov in integratorja smo tvorili makromodel sin/
cos senzorja. Casovno odvisnost posameznega paramet-
ra smo modelirali z napetostnim virom v obliki tabelari¢nega
modela. Le-ta je najprimernejsi za modeliranje poljubnih
scenarijev, saj z lomnimi tockami enostavno definiramo
2eljfn potek (glej zgled na sliki 4).

Ag
! !
2.00
\\\
150
// \\
1.00 S
/

0.5 /

0

10 12 14 16 tims >

Slika 4: Z lomnimi to¢kami definiramo Gasovni potek
spreminjanja kota. Na podoben nacin
opisujemo tudi hitrost. S polno drto je
oznaceno dejansko spreminjanje kota.

Fig. 4: Time-dependent phase shift is defined by
specifying the points. In a similar way the
velocity is defined. The resulting phase shift
is marked by the full line.

4. Meritev faznega premika

Pred interpolator vstavijeno vezje za korekcijo (signal con-
ditioning module) skuda popraviti vsa odstopanja od ide-
alne oblike signala. Eno izmed odstopanj je dodatni fazni
premik A@. Za preverjanje ucinkovitosti fazne korekcije
potrebujemo pri simulaciji zelo natan¢no in relativno hitro
meritev fazne razlike obeh signalov, katerih frekvenca f(t),
fazni kot Ag@(t), amplituda Ac in enosmerni premik Uc se
lahko tudi spreminjajo. V bistvu je potrebno doloditi ¢as-
ovno sprementjiv zelo majhen kot A@(t) v izrazu:

u, (1) = 4, cos@rf ()t +Ap OWU, 7

Ker je pri simulaciji hitrost oziroma frekvenca znana, je zelo
primerna meritev faznega premika, ki temelji na meritvi pre-
hoda obeh signalov skozi O V (glej sliko 5), oziroma z mer-
itvijo Casovnega intervala AT'. Na to meritev ne vpliva vred-
nost amplitude. Ce je AT/4<>AT’, potem je med signalo-
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Slika 5: Meritev faznega premika. AT je lahko
posledica spremembe faze ali frekvence ali
hkrati faze in frekvence.

Fig. 5: Phase shift measurement. AT could be the
result of the phase shift or the frequency
change or both.

ma sin in cos dodatna fazna zakasnitev ali pa se je v cetrti-
ni periode spremenila frekvenca oziroma hitrost. Ce je frek-
venca konstantna, zakasnitev izracunamo s pomodcjo izraza:

aTfs]= ar-L ®)

oziroma

Aol ]z 90° — AT 1 360° (9)
To pomeni, da ¢e Zelimo izmeriti kot 0,1° s to¢nostjo £10%,
je potrebno v intervalu dolgem 250us zaznati spremembo
0,278us z enako to¢nostjo.

Ker zelimo zaznati zelo majhna odstopanja faznega premi-
ka, mora biti izpisni korak ustrezno kratek (npr. za frekvenco
1kHz priblizno 0,02us). Pri 40ms dolgi simulaciji dobimo
2x10° tosk. Ce se frekvenca spreminja, doloGimo korak
glede na najvisjo frekvenco. Fazni kot (9) izracunamo pe$ ali
pa s pomocjo skripta, ki ga izvaja grafi¢ni postprocesor.

4.1. Analiza pogreska

Ao[ 907 — AT" £ 360" + Ag, (10)

Ap, =Agp, +A(pnf+A(pnu (11)

Skupni pogredek faznega premika A@e je vsota treh
pogreskov: Apm nastane pri meritvi Gasovnega intervala AT,
A@nt je posledica nestabilne frekvence in Agny, ki nastane
zaradi enosmernega premika. Ker je Apm odvisen le od

simulacijskega koraka in relativne konvergenéne napake’,
bosta v nadaljevanju obravnavana le Agns in Agn.

4.2. Vpliv stabilnosti hitrosti oziroma
frekvence
Ker na vrednost izmerjene faze vpliva tudi enosmerni

premik in sprememba frekvence, bomo skusali oceniti,
koliksen je vpliv spremembe frekvence. Prehod skozi ni¢
se bo zgodil v t =AT oziroma, ko bo argument kosinusne
funkcije (7) zavzel vrednost m/2 (glej sliko 5). Ce pred-
postavimo, da ni dodatnega faznega zamika in da frekven-
ca f linearno naradca s hitrostjo ks od vrednosti fo je

)=k, t+ f,, in za argument dobimo kvadratno enacbo

om (k14 f,) 1 = /2 (12)

katere resitev je:

kf
*fo"'fo 1+72
AT ] /% (13)

2%,

Ta zakasnitev predstavija navidezni kot oziroma pogresek
pri meritvi faznega premika, ki nastane zaradi spremembe
hitrosti oziroma frekvence. Teoretiéni izradun in simulacija
kaZeta, da je AT v prvi periodi najvediji nato pa se pocasi

krajga. Pri pogoju f02 >> kf lahko zgornii izraz poenos-

tavimo, Ce izraz pod korenom razvijemo v Taylorjevo vrsto
in upostevamo prve iri ¢lene:

* 2 g8 f*
AT' = Jo fo (14)

Z upostevanjem enacbe (8) zgornji izraz preuredimo v:
1k

16 £

Ko ¢asovni interval izrazimo s kotom, dobimo prirastek
navideznega kota v intervalu T/4:
. 360kf
1617

Ce doblieni izraz delimo s T/4, dobimo priblizno odvisnost
navideznega kota od frekvence in pospeska:

(15)

90kf
A(P,.f(f)z“f—t (17)
o

Na sliki 6 je prikazana primerjava med teoreti¢nim izracu-
nom (17) in simulacijo. Ker nismo upostevali, da se AT
kraj$a, se razlika pojavi ¢ez nekaj period. Zato enacba (17)
predstavija najbolj neugoden primer narad¢anja navi-
deznega kota, ki nastane pri linearnem naradcanju oziro-
ma padanju frekvence. Npr.: za signal s frekvenco 1kHz in
dopustnim pogreskom 0,1° je lahko v intervalu 50ms spre-
memba frekvence najveé 22Hz.

1 V simulatorju SPICE je to parameter RELTOL.
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Slika 6: Potek navideznega kota (pogreska) Apni(t) za
primer, ko frekvenca 1kHz po ¢asu 2ms
zaCne nara8cati s hitrostio 4,4Hz/ms.

(Crtkano je teoretiéni izradun, polna érta je
simulacija.)

Fig. 6: The virtual phase shift (measurement error)
Apni(t) forthe case when the starting 1TkHz
frequency after 2ms begins to raise with the
gradient 4,4Hz/ms. (The theoretical analysis
is denoted by the full line, and the
implemented approximation corresponds to
the dashed line).

4.3. Vpliv enosmerne napetosti
Zaradi premaknitve signala navzgor se Cas prehoda skozi
0V za AT podaljsa.

0 =4, cosQnft)+U, (18)

cos(2nft)= cos(2nfT / 4+ 2nfAT) (19)

Kosinusno funkcijo razvijemo v Taylorjevo vrsto in uposte-
vamo prva ¢lena:

cosQnfT / 4+ 2nfAT )= cos(2nfT / 4)+
+2nfAT sin(QryT/ 4)= 2fAT

Iz enacbe (18) lahko sedaj izrazimo navidezni kot, ki nas-
tane zaradi majhnega enosmernega premika kosinusnega
signala:

U
Agp, =180—
(Pnu TCA

c

Podoben izraz dobimo za sinusni signal. Najbolj neugoden
primer nastopi, ko sta oba signala premaknjena v isto smer:

180
A@m=>~—[ J (21)
i

Npr.: za signal s frekvenco 1kHz in dopustnim navideznim
kotom oziroma pogreskom 0,1° je lahko enosmerni premik
obeh signalov najvec 872uV. Priamplitudi 1V je to 87 2ppm.

(20)

U

§

A

s

UC
=<l
A

c

4.4. Primerjava obeh merilnih metod

Za ilustracijo smo izvedli meritev faznega kota, ki smo ga
spreminjali po scenariju iz slike 4. Amplituda obeh signalov
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je bila 1V. Ker sta bila frekvenca oziroma hitrost konstantni
in ni bilo enosmernega premika, je nastopal samo A, ki
nastane pri meritvi Casovnega intervala AT. Slika 7 kaze,
da lahko s pomocjo Lissajoujevih krivulj le ocenimo ob-
mocje, znotraj katerega se je spreminjal kot. Kljub temu
da je bila amplituda konstantna, je prakticno nemogoce
doloditi ¢asovno odvisnost kota. Predlagana meritev faze,
ki temelji na meritvi prehoda obeh signalov skozi 0 V, sko-
rajda ne odstopa od dejanskih vrednosti (slika 8).

sin

T T ]

800m

(- \
N /

-800m

-800m -400m 0 400m 800m
cos

Slika 7: Meritev kota iz slike 4 s pomodjo
Lissajoujevih Kkrivulj.

Fig. 7. Phase measurement by using Lissajous
figures. Phase shift is changing according to
Fig. 4.

; AR
AR
B \
T

8ms 12ms 16ms t

Slika 8: Simulacija prediagane meritve faznega kota.
Dejanski potek (slika 4) je oznaéen s értkano,
izmerjen pa s polno ¢rto.

Fig. 8: The simulation of the proposed phase shift
measurement. The actual phase shift (see
Fig. 4) is presented by the dashed line and
the measured phase shift is denoted by the
full line.

5. Zakljucek

Z obstojecimi vedenjskimi modeli lahko enostavno mode-
liramo braino glavo, ki daje dva sinusna in kosinusna sig-
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nala. Razne scenarije uporabe in asovno odvisnost para-
metrov opisemo kot funkcijo z linearnimi segmenti in me-
hkimi prehodi. Za meritev Casovne odvisnosti ultra majhnih
kotov smo izbrali metodo, ki temelji na meritvi prehodov
skozi 0 V. Na to€nost meritve vplivajo: pogresek meritve
Ccasovnega intervala, stabilnost frekvence in enosmerni
premik. Izpeljani so analiticni izrazi, ki omogoc&ajo oceno
natanénosti meritve. Ce izraze obrnemo, lahko izraduna-
mo potrebno frekvencno stabilnost in najvedji dopusten
enosmerni premik.

6. Literatura

/1/ L. M. Sanchez-Brea, T. Morlanes: “Metrological errors in opti-
cal encoders”, Measurement science & technology,
ISSN 0957-0233, vol. 19, stev. 11, 2008.

/2/ J. Rozman, A. Pletersek: "Optical encoder system with THD
below -60dB! “, Informacije MIDEM, vol 39, Stev. 1, 2009.

/3/ D. Shetty, R. A. Kolk: “Mechatronics Systemn Design,” PWS
Pub., Boston, 1997.

/47 Hyung Suck Cho: "Opto-Mechatronic Systems Handbook,
Technigues and Applications,” Boca Raton, CRC Press, cop.
2003.

/5/ K. Hane, T. Endo, VY. lto, M. Sasaki: “A compact optical encod-
er with micromachined photodetector,” J. Opt. A: Pure Appl.
Opt., 3, 191-195, 2001.

/6/ Hane, K., Endo, T., Ishimori, M., Ito, Y., and Sasaki, M.,: “Inte-
gration of grating-image-type encoder using Si micromachin-
ing,” Sensors Actuators A, 97-98, 139-146, 2002,

TomaZ Dog$a, Matej Salamon, Bojan Jarc, Mitja Solar
Fakulteta za elektrotehniko, racunalnistvo in
informatiko,

Univerza v Mariboru, Smetanova 17, Maribor

Tel. (+386 (0)2 220 7231, E-mail: tdogsa@uni-mb.si

Prispelo (Arrived); 01.06.2009 Sprejeto (Accepted): 09.09.2009

167



UDK621.3:(63+54+621+66), ISSN0352-9045 Informacije MIDEM 39(2009)3, Ljubljana

DECISION SUPPORT SYSTEM TO SUPPORT THE SOLVING
OF CLASSIFICATION PROBLEMS IN TELECOMMUNICATIONS

Rok Rupnik

University of Ljubljiana, Faculty of Computer and Information Science,
Ljubljana, Slovenija
Key words: data mining; decision support; decision support system; knowledge discovery; classification; telecommunications.

Abstract: Traditional techniques of data analysis do not enable the solution of all kind of problems and for that reason they have become insufficient. This
caused a new interdisciplinary field of data mining to arise, encompassing both classical statistical, and modern machine learning techniques to support
the data analysis and knowledge discovery from data. Data mining methods are powerful in dealing with large quantities of data, but on the other hand they
are difficult to master by business users to facilitate decision support. In this paper we introduce our approach to integration of decision support system
with data mining method called classification. We discuss the role of data mining to facilitate decision support, the use of classification method in decision
support system, discuss applied approaches and introduce a data mining decision support system called DMDSS (Data Mining Decision Support Sys-
tem). We also present some obtained results and plans for future development.

Sistem za podporo odlo€anju za reSevanje klasifikacijskih
problemov na podrocju telekomunikacij

Kju¢ne besede: odkrivanje zakonitosti v podatkih; podpor odloganju; sistem za podporo odlodanju; odkrivanje znanja; klasifikacija; telekomunikacije.

lzvle€ek: Tradicionalne tehnike za analizo podatkov ne omogocajo resevanja vseh vrst problemov. Nekatere vrzeli na tem podrodju zapolnjuje multidisci-
plinarno podrocje odkrivanja zakonitosti v podatkih, ki omogoda analizo podatkov na podlagi klasicnih statistiénih tehnikah in tehnikah strojnega uéenja.
Metode odkrivanja zakonitosti v podatkih so uginkovite tudi na vegjih kolidinah podatkov, vendar so praviloma prezahtevne, da bi jih poslovni uporabniki
sami obvladovali za potrebe podpore odloganju. V okviru ¢lanka je predstavijen na$ pristop uporabe metode klasifikacije za potrebe podpore odlo¢anju.
V uvodu je predstavijena vioga odkrivanja zakonitosti v podatkih za potrebe podpore odlo¢anju s poudarkom na uporabi metode Klasifikacije. V nadaljevan-
ju pa je predstavljen DMDSS (Data Mining Decision Support System), sistem za podpor odlo&anju, ki temelji na uporabi metode klasifikacije. V zakljucku

S0 predstavijeni rezultati uporabe sistema DMDSS ter plani za njegov nadaljnji razvoj.

1. Introduction

Companies use several types of decision support systems
to facilitate decision making. Traditionally, OLAP tools are
used for an advanced data analysis and decision support
in the business area. OLAP tools follow what is in essence
a deductive approach (JSR-73 Expert Group, 2004). The
drawback of this approach is that it depends on coinci-
dence or even luck of choosing the right dimensions at
drilling-down to acquire the most valuable information,
trends and patterns. It lacks algorithmic approach and de-
pends on the analysts’ insight, coincidence or even luck
for acquiring the most valuable information, trends and
patterns from data. And finally, even for the best analyst
there is a limitation fo a number of attributes he can simul-
taneously consider in order to acquire accurate and valua-
ble information, trends and patterns (Goebe!l and Gruen-
wald, 1999). It seems that with the increase in data vol-
ume, traditional data analysis has become insufficient, and
new methods for data analysis are needed.

To satisfy this need, a new interdisciplinary field of data
mining appeared. Data mining encompasses statistical,
pattern recognition, and machine learning tools to support
the discovery of patterns, trends and rules that lie within
data given (Heinrichs and Lim, 2003). Performing analysis
through data mining follows an inductive approach of ana-
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lyzing data where machine learning algorithms are applied
to extract non-obvious knowledge from data (JSR-73 Ex-
pert Group, 2004). Data mining reduces or even eliminates
the above mentioned drawback. As opposed to classical
data analysis techniques, data mining strategies often take
a slightly different view, i.e. the nature of the data itself
could dictate the problem definition and lead to discovery
of previously unknown but interesting patterns. Data min-
ing methods also extend the possibilities of discovering
information, trends and patterns by using richer model rep-
resentations (e.g. decision rules, decision trees, ...) than
the usual statistical methods, and are therefore well-suited
for making the results more comprehensible to the non-
technically oriented business users. OLAP tools mostly
enable the answers to the questions like: “What has been
going on?” On the other hand, data mining enables the
answers to different kind of questions, e.g.: “What are
characteristics of our best customers?” Indeed, the use of
data mining advances the whole field of data analysis in-
cluding its role in the decision-making process to a higher
level (Nemati and Barko, 2002).

Data mining can be used through two approaches. The
first approach is called data mining software tool ap-
proach. In this approach data mining is used through ad
hoc data mining projects by the use of data mining soft-
ware tools (Goebel and Gruenwald, 1999; Kohavi and
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Sahami, 2000; Holsheimer, 1999). Data mining software
tools require a significant expertise in data mining meth-
ods, databases and statistics. They are rather complex,
because they offer a variety of methods and parameters
that the user must understand in order to use them effec-
tively (Kohavi and Sahami, 2000). Data mining software
tool approach has a disadvantage in a number of various
experts needed to collaborate in a project, the complexity
of software tools and in transferability of results and mod-
els (Srivastava et al., 2000; Hirji, 2001). The disadvantag-
es mentioned call for different approach, which in this pa-
per we call data mining application system approach.
Data mining application systems approach signifies the
possibility to develop decision support systems which use
data mining methods and do not demand expertise in data
mining for business users. It is an approach which focuses
on business users and other decision makers, enabling
them to view data mining models which are presented in a
user-understandable manner through a user friendly and
intuitive GUI using standard and graphical presentation
techniques (Aggarwal, 2002). Through the use of data
mining application systems approach, data mining be-
comes better integrated in business environments and their
decision processes (Goebel and Gruenwald, 1999;
Holsheimer, 1999; Kohavi and Sahami, 2000; Bayardo
and Gehrke, 2001). We hope to demonstrate the latter by
introducing the DMDSS (Data Mining Decision Support
System), which we developed.

The paper is structured as follows. In the second section
we are making a brief introduction of data mining and deci-
sion support systems. In the third section we are introduc-
ing the motivation for the use of data mining to facilitate
decision support. We are presenting two approaches of
the use of data mining and data mining standards. In the
fourth section we are going to intfroduce DMDSS, deci-
sion support system based on data mining method called
classification which we developed for telecommunication
service provider. We are presenting the process model for
the use of DMDSS and the platform of DMDSS. We are
also introducing the functionalities of DMDSS for classifi-
cation data mining method supported by DMDSS. In fifth
section we are representing the results and the experiences
of the use of DMDSS after five months of production. We
are also representing the brief list of enhancements planed
for new version of DMDSS. And finally, we are introducing
summary and concluding remarks.

2. Decision support systems and data
mining: a brief introduction

Decision support systems (DSS) are defined as interactive
application systems which are intended to help decision
makers utilize data and models in order to identify prob-
lems, solve problems and make decisions. They incorpo-
rate both data and models and they are designed to assist
decision makers in decision making processes. They pro-
vide support for decision making, they do not replace it

(Steblovnik et.al., 2005). The mission of decision support
systems is to improve effectiveness, rather than the effi-
ciency of decisions (Mladeni¢ et al., 2003b). A decision
support system can take many different forms and in gen-
eral we can say that every decision support system is de-
veloped for a specific objective and bases on a particular
decision process and set of methods, techniques and ap-
proaches. The DSS can be developed for the purpose of
simulation (Chen, 2004; Kuan, 2004), analysis (Bohanec,
2001; Heinrichs and Lim, 2003; Ward, 2000), forecast-
ing (Zhong et al., 2005; Patelis et al. 2005) and optimiza-
tion (Heinrichs and Lim, 2003). The design of DSS is very
dependant on decision-making process and decision prob-
lems which the DSS is going to support (Heinrichs and
Lim, 2003). In the context of our paper especially impor-
tant are repetitive decision problems, which must be sup-
ported daily in a non ad-hoc manner.

The objective of data mining is to discover relationships,
patterns and knowledge hidden in data (Sherry and Xiaoui,
2005; Kukar, 20086). Data mining is the process of analyz-
ing data in order to discover implicit, but potentially useful
information and uncover previously unknown patterns and
relationships hidden in data. Data mining is an interdisci-
plinary field which encompasses statistical, pattern recog-
nition, and machine learning tools to support the analysis
of data and discovery of principies that lie within the data.
The data mining learning problems that we consider can
be roughly categorized as either supervised or unsuper-
vised (Witten and Frank, 2000). In supervised learning,
the goal is to predict the value of an outcome based on a
number of input measures. In unsupervised learning, there
is no outcome measure, and the goal is to describe asso-
ciations and patterns among a set of input measures.

3. Integrating data mining and
decision support

Companies use several types of decision support systems
to facilitate decision support. For the purposes of analysis
and decision support in the business area traditionally
OLAP based decision support systems are used. OLAP
systems represent a tool enabling decision support on a
tactical level. They enable drill-down concept, i.e. digging
through a data warehouse from several viewpoints to ac-
quire the information the decision maker is interested in
(Bose and Sugumaran, 1999). OLAP systems support
analysis processes and decision processes, where the
analysts are supposed to look for information, trends and
patterns. They do it by viewing OLAP forms swapping di-
mensions and drilling-down through them (Goebel and
Gruenwald, 1999). Performing analysis through OLAP fol-
lows a deductive approach of analyzing data (JSR-73 Ex-
pert Group, 2004). The disadvantage of such an approach
is that it depends on coincidence or even luck of choosing
the right dimensions at drilling-down to acquire the most
valuable information, trends and patterns. We could say
that OLAP systems provide analytical tools enabling user-
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led analysis of the data, where the user has to start the
right query in order to get the appropriate answer (Miad-
eni¢ et al., 2003a). Such an approach enables mostly the
answers to the questions like: “What has been going on?”
What about the answers to the questions like: “What are
characteristics of our best customers?” Those answers can
not be provided by OLAP systems, but can be provided by
the use of data mining, which follows an inductive approach
of analyzing data (JSR-73 Expert Group, 2004; Kukar,
2003).

When discussing the relation between data mining and
OLAP it is not the question of which one of them is better
or worse. Data mining enables the answers to different
questions than OLAP, i.e. it enables the solution of differ-
ent problems and to acquire different information. Deci-
sion processes in general, depending on problem, need
both, OLAP and data mining, to get the appropriate level
of support of decision processes (Forgionne and Ruben-
stein-Montano, 1999).

Several authors discuss the use of data mining to facilitate
decision support and they all confirm the value of it. Chen
and Liu (2004) argue that the use of data mining heips
institutions make critical decisions faster and with a great-
er degree of confidence. They believe that the use of data
mining lowers the uncertainty in decision process. Nemati
and Barko (2002) state that the use of data mining offers
companies an indispensable decision-enhancing process
to exploit new opportunities by transforming data into valu-
able knowledge and a potential competitive advantage.
Authors also introduce their survey which indicates that
the use of data mining can improve the quality and accura-
cy of decisions. Lee and Park (2003) state that the knowl-
edge gained from data sources by the use of data mining
methods can be crucial for the decision making process-
es. Miadenic et al. claim that the integration of data mining
and decision support can lead to the improved perform-
ance of decision support systems and can enable the tack-
ling of new types of problems that have not been addressed
before. They also argue that the integration of data mining
and decision support can significantly improve current
approaches and create new approaches to problem solv-
ing, by enabling the fusion of knowledge from experts and
knowledge extracted from data (Mladenic¢ et. al., 2003¢).
Chen and Liu (2005) state that data mining is a very useful
technology which opens new opportunities for data analy-
sis. Tseng and Lin (2007) have used data mining for effi-
cient discovery of temporal movement patterns or objects
in sensor networks.

3.1. Data mining software tool approach

Data mining can be used through two different approach-
es. The first approach is called data mining software tool
approach where the use of data mining is typically initiat-
ed through ad hoc data mining projects (Goebel and Gruen-
wald, 1999; Kohavi and Sahami, 2000; Holsheimer, 1999:
Radivojevic et. al., 2003). Ad hoc data mining projects are
initiated by a particular objective on a chosen area which
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represents a basis for the defining of the domain. They are
performed using data mining software tools which require
a significant expertise in data mining methods, databases
and/or statistics (Kohavi and Sahami, 2000). They usually
operate separately from the data source, requiring a sig-
nificant amount of additional time spent with data export
from various sources, data import, pre-processing, post-
processing and data transformation (Holsheimer, 1999;
Goebel and Gruenwald, 1999). The result of a project is
usually a report explaining the models acquired during the
project using various data mining methods. Data mining
software tool approach has a disadvantage in a number of
various experts needed to collaborate in a project and in
transferability of results and models (Srivastava et al., 2000;
Hirji, 2001). The latter indicates that results and models
acquired by the project can be used for reporting, but can-
not be directly utilized in other application systems. Data
mining software ool approach represents the first genera-
tion of data mining (Holsheimer, 1999).

3.2. Data mining application system
approach

The data mining software tool approach has revealed some
disadvantages. The most important of them is the fact that
due to the complexity of data mining software tools, they
can not be directly used by business users. Data mining
models are produced for business users. For that reason
we need applications which will enable them to view and
exploit data mining models effectively to facilitate decision
support (Kohavi and Sahami, 2000; Goebel and Gruen-
wald, 1999). This implies to the new approach of the use
of data mining which we call data mining application sys-
temm approach. It is an approach which focuses on busi-
ness users and other decision makers, enabling them to
view and exploit data mining models. Models are present-
ed in a user-understandable manner through a user friend-
ly and intuitive GUI using standard and graphical presenta-
tion techniques (Aggarwal, 2002). Decision makers can
focus on specific business problems covered by areas of
analysis with the possibility of repeated analysis in period-
ic time intervals or at particular milestones. Through the
use of data mining application systems approach, data
mining becomes better integrated in business environments
and their decision processes (Goebel and Gruenwald,
1999; Holsheimer, 1999; Kohavi and Sahami, 2000; Ba-
yardo and Gehrke, 2001).

Data mining standards undoubtedly represent an impor-
tant issue for data mining application systems approach
{Holsheimer, 1999). Employing common standards sim-
plifies the development of data mining application systems
and business application systems utilizing data mining
models. A considerable effort in the area of data mining
standards has already been done within the data mining
community. Established and emerging data mining stand-
ards address several aspects of data mining where appli-
cation interface (AP1) is probably one of the most impor-
tant of them (Grossman, 2003). The standardized data



R. Rupnik: Decision Support System to Support the
Solving of Classification Problems in Telecommunications

Informacije MIDEM 39(2009)3, str. 168-177

mining APl represents the key issue for data mining appli-
cation systems approach. Its main advantage in the possi-
bility to leverage data mining functionality using standard
API shared by all application systems within information
system. JDM (Java Data Mining) is a Java based API spec-
ification which has reached final release status in 2004
(JSR-73 Expert Group, 2004). Ancther important stand-
ard for the area of data mining is PMML. PMML is an XML-
based standard and language which in theory provides a
way for applications to define statistical and data mining
models and to share models between PMML compliant
applications (Grossman, 2003). In practice, this is limited
to sharing the models between different systems that use
the same platform (e.g., ODM). All models in DMDSS are
stored in the PMML format.

4. Data mining based decision
support system to facilitate
classification problems

We have developed a data mining based decision support
system for a telecommunication service provider. In the
following part of the paper it will be called simply a compa-
ny. We first did a survey about CRM implementation. One
of the aims of the survey was to explore and demonstrate
various approaches and methods for the area of analytical
CRM. The important statement of the survey was that com-
pany intolerably needs data mining for performing analysis
in the area of analytical CRM. It was stated that the appli-
cation system approach is more suitable for the introduc-
tion of data mining. The main reason for choosing the ap-
plication system approach was the fact that the area of
analytical CRM in the company represents a rather dynamic
environment with continual need for repeated analyses.
Right after the survey, the development project for deci-
sion support system was initiated. The decision support
system is called DMDSS and will be introduced in the fol-
lowing part of the paper.

4.1. Related Work

Some decision support systems that use data mining have
already been developed and introduced in the literature.
Lee and Park (2003) presented Customized Sampling
Decision Support System (CSDSS) which uses data min-
ing. CSDSS is a web-based system that enables the user
1o select a process sampling method that is most suitable
according to his needs at purchasing semiconductor prod-
ucts. The system enables the autonomous generation of
available customized sampling methods and provides the
performance information for those methods. CSDSS uses
clustering data mining method within the generation of sam-
pling methods. The system is not designed to support oth-
er domains; it only supports the domain mentioned.

Bose and Sugumaran (1999) introduced Intelligent Data
Miner (IDM) decision support system. IDM is a Web-based
application system intended to provide organization-wide

decision support capability for business users. Besides
data mining it also supports some other function catego-
ries to enable decision support: data inguiry and muitidi-
mensional analysis through enabling OLAP views on multi-
dimensional data. In the data mining part of IDM it sup-
ports the creation of models, manipulation of models and
presentation of models in various presentation techniques
of, among others, the following data mining methods: as-
sociation rules, clustering and classifiers (classification).
The system also performs data cleansing and data prepa-
ration and provides necessary parameters for data mining
algorithms. Interesting characteristic of IDM is that it makes
a connection to external data mining software tool which
performs data mining model creation. The system enables
predefined and ad-hoc data mining model creation. The
authors state that the disadvantage of IDM is the fact that
non-technical users (business users) need to have a fair
amount of understanding of data mining and that the use
of data mining and the creation of data mining models still
needs to be clearly directed by the user, especially with
ad-hoc model creation.

Polese et. al. (2002) introduced decision support system
based on data mining. The system was designed to sup-
port tactical decisions of a basketball coach during a bas-
ketball match through suggesting tactical solutions based
on the data of the past games. The decision support sys-
tem only supports association rules data mining method
and uses association rule algorithm called Apriori algorithm
combined with Decision query algorithm. The decision
support system enables the coach to submit data about
his tactical strategies and data about the game and the
rival team. After that the system provides the coach with
opinion about the chosen strategies and with suggestions.
The system is not designed to support other domains; it
only supports the basketball domain.

Heindrichs and Lim (2003) have done research on the im-
pact of the use of web-based data mining tools and busi-
ness models on strategic performance capabilities. His pa-
per reveals web-based data mining tools to be a synonym
for data mining application system. The author states that
the main disadvantage of data mining software tool approach
is the fact that it provides results on a request basis on static
and potentially outdated data. He emphasizes the impor-
tance of the data mining application system approach, be-
cause it provides ease-of-use and results on real-time data.
The author also discusses the importance of data mining
application systems through arguing that sustaining a com-
petitive advantage in the companies demands a combina-
tion of the following three prerequisites: skilled and capable
people, organizational cuiture focused on learning, and the
use of leading-edge information technology tools for effec-
tive knowledge management. Data mining appfication sys-
tems with no doubt contribute to the latter. In the paper the
author also introduces the empirical test which proves pos-
itive effect on dependent variable “Strategic performance
capabilities” by independent variables “Web-based data
mining tools” and “"Business modeils”.
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Sasa et.al. (2008) presented interesting results in the area
of improving and automating decision making through on-
tologies. Their research did not base on data mining, but
the results are important in context of improving and facil-
itating decision making by business users.

4.2. The Process Model TO SUPPORT
decision Making

To determine the process model for DMDSS was one of
the key issues within the design of DMDSS. We needed
the modei which would be appropriate to enable decision
support for the purposes of analytical CRM in the compa-
ny. The process model shows how decision processes are
supported by the decision support system. The design of
process model was based on CRISP-DM (CRoss-Industry
Standard Process for Data Mining) process model. CRISP-
DM is a data mining process model which was developed
by the industry leaders and the collaboration of experienced
data mining users and data mining software tool providers
(Shearer, 2000; Clifton and Thuraisingham, 2001; Gross-
man, 2003). There are some other data mining process
models found in the literature. They use slightly different
terminology, but they are semantically equivalent to CRISP-
DM (Goebel and Gruenwald, 1999; Li et al., 2002). The
analysis of data mining process models confirmed CRISP-
DM as the most appropriate process mode! for DMDSS.
CRISP-DM process model breaks down the data mining
activities into the following six phases which all include a
variety of tasks (Shearer, 2000; Clifton and Thuraisingham,
2001): business understanding, data understanding, data
preparation, modelling, evaluation and deployment.

CRISP-DM process model was adapted to the needs of
DMDSS as a two stage model: the preparation stage and
the production stage (Figure 1). The division into two stag-
es is based on the following two demands, which are the
conseguence of data mining application system approach
used. First, DMDSS should enable repeated creation of
data mining models based on up-to-date data set for every
area of analysis. Second, business users should only use
it within the deployment phase with only basic level of un-
derstanding of data mining concepts.

The preparation stage represents the process model for
the use of DMDSS for the purposes of preparation of the
area of analysis for the production use. During the prepa-
ration stage the CRISP-DM phases are performed in mul-
tiple iterations with the emphasize on the first five phases:
from business understanding to evaiuation. The aim of ex-
ecuting multiple iterations of all CRISP-DM phases for every
area of analysis is to achieve step-by-step improvements
in all of the phases. In the business understanding phase
the slight redefinitions of the objectives can be made, if
necessary, according to the resuits of other phases, es-
pecially the resulits of evaluation phase. In the data prepa-
ration phase the improvements in the procedures which
execute the recreation of data set can be achieved. Data
set must be recreated automatically every night based on
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Fig. 1:  The process model of DMDSS

the current state of data warehouse and transactional da-
tabases. The problems detected in the data preparation
phase can also demand changes in the data understand-
ing phase. In the data preparation phase the attribute
names of data sources are transformed to aliases which
are user-friendly and enable the user to easily understand
the meaning of the attribute. In cases when the attribute
has the limited set of discrete codes, the codes are de-
coded to values which are more appropriate to the user
than the codes.

In the modelling phase and evaluation phase the model is
created and evaluated for several times with the aim to do
the fine-tuning of data mining algorithms through finding
the proper values of the parameters for the algorithms. Itis
essential to do enough iterations in order to monitor the
level of changes in data sets and data mining models ac-
quired. Through multiple iterations the stability of data prep-
aration phase is reached and optimal values of parameter
values for data mining algorithms are identified. According
to the results gained in the evaluation phase through multi-
ple iterations, the preparation stage can either reject the
area of analysis due to the insufficient quality of models;
either approves it with or without minor redefinitions of
objectives in the business understanding phase and con-
sequently the changes in other phases. The mission of the
preparation stage is to confirm the fulfilling of the objec-
tives of area of analysis for decision support and to assure
the stability of data preparation.

The production stage represents the production use of
DMDSS for an area of analysis. In the production stage
the emphasis is on the phases of modelling, evaluation
and deployment, what does not mean that other phases
are not encompassed in the production stage. Data prep-
aration, for example, is executed automatically based on
procedures developed in the preparation stage. The mod-
elling and evaluation are performed by data mining expert,
white the deployment phase is performed by business us-
ers. Figure 1 introduces the schema of the process model
of DMDSS showing a preparation stage and production
stage in a joint view. The schema reflects the phases of
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both stages of the process model. Beside that schema
also shows the roles of data administrator, data mining ex-
pert and business user and the phases where they take
part in: either actively as the executor of the phase, either
only collaborating. The schema also reveals that DMDSS
only supports the phases of modelling, evaluation and de-
ployment. The functionalities of DMDSS will be introduced
later on in this section.

4.3. The Platform

DMDSS uses Oracle database and was developed on
J2EE platform through several iterations (Bajec et.al.,
2007). The selection of Oracle was the consequence of
the fact that Oracle introduced ODM (Oracle Data Mining)
option. ODM has two important components. The first
component is a data mining engine (DME), which provides
the infrastructure that offers a set of data mining services.
The second component is Java-based data mining appli-
cation interface (ODM APY), which enables access to serv-
ices provided by DME (JSR-73 Expert Group, 2004). An-
other factor that influenced the platform selection was the
fact that practically all of the data needed for initial set of
areas of analysis was available in Oracle databases in the
company. Before finally accepting Oracle and ODM, an
evaluation sub-project was initiated. The aim of the project
was to evaluate ODM, i.e. to verify the quality of its algo-
rithms and results. It was the first version of ODM and eval-
uation was simply necessary to reduce the risk of using an
immature product. The evaluation gave positive results.

4.4. The functionalities of dmdss to
support the solving of classification
problems

The design of functional demands for DMDSS and the
design of data mining process model were done simulta-
neously. Both activities are very interrelated, because the
process model implies the functionality of a decision sup-
port system to a great extent. The functionalities of DMDSS
will be introduced based on the production stage of the
process model proposed and the functionalities offered
by forms to a user. DMDSS supports two roles: data min-
ing expert and business user. Each of the roles has the
access to the forms and their functiconalities according to
the production stage of the process model (Figure 1).

DMDSS enables the data mining expert to create classifi-
cation models by using model creation form (Figure 2).
When creating the model he inputs a unique model name
and a purpose of model creation. Beside that there are
four algorithm parameters to be set before the mode! cre-
ation. The user can choose the value for each parameter
from the set of discrete values which was defined as ap-
propriate in the preparation stage of process model for a
particular area of analysis. At the bottom of the form there
are recommended values for parameters to acquire a model
with fewer or more rules; recommended settings for fewer
rules in a model, and settings for more rules in a model.

The examples of forms in the figures shown in the follow-
ing part of the section are for the area of analysis called
“Customers classification”. Model testing is performed
automatically as the last step of the model creation.

Within the evaluation phase data mining expert can view
and evaluate the model using data mining expert model
viewing form. This form is very similar to the form for model
viewing which is used by business user in the deployment
phase and will be introduced later on. While evaluating,
the data mining expert can input comments for the model.
The role of comments is to help the business users to un-
derstand and interpret the models better. In case of classi-
fication model evaluating signifies the evaluation of the
guality of the model. Model evaluation is performed based
on results of the model testing step within the model crea-
tion.

As the final step of evaluation phase data mining expert
can change the published status of a model to a value true
if the relative model quality reaches a certain level, and if
the model is different from the previously created modef of
particular area of analysis. It is the duty of data mining ex-
pert to evaluate the practical guality of the model, both
qualitative and quantitative, and the level of difference of
newly created model in relation to previously created mod-
el and decide about it. Business users have access only
the models with published status set to true.

ation for area of anatysis s KL L1 Custonrers Classification

Fig. 2: A model creation form for data mining expert

Within the deployment phase business users have access
to the form for model viewing for a business user (Figure
3). There are two visualization techniques available to sup-
port model viewing. The first technique is a table where
classification rules are presented in IF-THEN form. The
second technique is decision trees, where classification
rules are converted into decision trees showing equiva-
lent information as classification rules. The decision trees
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technique is a graphical technique, which enables visual
presentation of rules and for that reason it is very appropri-
ate for business users. It is appropriate for business users
because it enables them obtain information in an easier
way and it can be especially useful in case when model
has a lot of rules (over 10, for example). The form shows
general information about the model: model name, date
of model creation, number of rules, number of comments
and number of classification classes. The form enables
the filtering of classification rules according to the class.
The user can choose either to view the rules for all class-
es, either only the ruies for a chosen class. The form also
shows the last comment of a model written by the data
mining expert and enables the user to view all other com-
ments through the opening of the form for comments.

In order to present the information about the quality of the
model the form also presents testing parameters relative
model quality and classification accuracy. For a business
user the parameter relative model quality is presented in
qualitative form. It is more appropriate than the quantitative
form, because this way business user doesn’t have 1o re-
member exact values. For example: middle is when the
value is greater than 0 and smaller than 0.5, that is, the
relative improvement of model guality is between 0% and
50% with respect to the prediction of the most frequent
class (mode).

Fig. 3: A model viewing form for business users

The example of the area of analysis which uses classifica-
tion method in DMDSS is called Customers classification.
For the purpose of area of analysis customers are ranked
into three categories, i.e. classes: a good customer, a
normal customer and a bad customer. The aim of the area
of analysis is to acquire the model for each customer cate-
gory. The model acquired enables business users to mon-
itor characteristics of a particular customer category and
plan better customer category focused marketing cam-
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paigns for acquiring new customers. DMDSS supports
additional areas of analysis for the purposes of mobile
phone sales analysis, other areas of customer analysis and
vendor analysis.

4.5. Example of the Scenario of Use

The area of analysis called Loyalty model enables the
company o acquire the classification model for custom-
ers which are possible defectors, i.e. customers who po-
tentially could switch to another telecommunication serv-
ice provider. This area of analysis is very important for the
company due to intense campaigns for acquiring new cus-
tomers launched by the competition. Data mining expert
creates the new model every day in order to detect chang-
es as soon as possible. If the new model is different com-
paring to previous one, the data mining expert changes
the published status to the value true. Analyst in marketing
department first checks the new model to evaluate chang-
es. After that the model is applied on the whole set of ex-
isting customers. Every customer who is according to the
model acquired a possible defector and who hasn’'t been
sent a special offer (a new mobile phone for a very low
price) in the last 30 days, gets a special offer to increase
the loyalty of the customer and to lower the possibility for
him to switch to another company. The resuits of this area
of analysis will be introduced later on in the paper.

4.6. Semantic contribution OF the use of
dmdss

While designing and developing DMDSS and monitoring
its use by the business users we have been considering
and exploring the semantic contribution of the use of a
data mining application system like DMDSS in a decision
process and performing any kind of business analysis. For
that reason one of our goals of the project was also to
illustrate the semantic contribution of the use of DMDSS in
decision processes. We decided 1o use the concept of
data-model for that purpose.

A data-model is a concept which can be, among other
things, used for describing a particular domain on a con-
ceptual level (Bajec and Krisper, 2004). A meta-model
shows domain concepts and relations between them. In
this case the meta-mode! describes a decision process
on the conceptual level with emphasis on demonstrating
the contribution and the role of the use of DMDSS as data
mining application system (Figure 4). UML class diagrams
were used as technique for the meta-model. Decision sup-
port concepts are represented as classes and relations
between them are represented as associations and ag-
gregations. Concepts and relations, which in our opinion
represent a contribution of the use of DMDSS in the deci-
sion process, are represented in a dotted line style.

The meta-model shows various concepts that influence the
decision process and represent a basis for a decision. In-
formation technology engineers often believe that decisions
mostly depend on data from OLAP systems and other in-



R. Rupnik: Decision Support System to Support the
Solving of Classification Problems in Telecommunications

Informacije MIDEM 39(2009)3, str. 168-177

formation acquired from information systems. It is true that
they represent a very important basis for the decision, al-
though in more than a few cases decisions mostly depend
on factors like intuition and experience (Furlan and Bajec,
2008).

Knowledge is in our opinion probably the most important
basis for the decision, because it enables the correct in-
terpretation of data, i.e. acquiring of information. The con-
tribution of the use of DMDSS and models and rules it cre-
ates is in contribution to the accumulation of the knowi-
edge acquired by models and their rules. A detailed de-
scription of decision process and creation of a detailed
meta-model is beyond the scope of the paper.

Fig. 4: A meta-model presenting the semantic
contribution of the use of DMDSS

5. The experience of use

DMDSS has now been in production use in the company
for five months. Before the start of production first the tuto-
rial for data mining for business users was organised. The
aim of tutorial was to educate business users with the ba-
sic concepts of data mining with the emphasis on teach
then how to interpret data mining models correctly. After
the tutorial the training was organised where business us-
ers learned how to use and truly exploit DMDSS to facili-
tate decision support through the use of data mining. For
one employee from the company, who was planed to take
over the role of data mining expert, there was no special
training organised. He was a member of the development
team and he all time actively collaborated in the prepara-
tion stage for every area of analysis.

Business users use DMDSS at their daily work. They use
patterns and rules identified in models as the new knowl-
edge, which they use for analysis and decision process at
their work. It is becoming apparent that they are getting
used to DMDSS. According to their words they have al-
ready become aware of the advantages of continual use of
data mining for analysis purposes to facilitate decision sup-
port. The mostimportant achievement after five months of

use is the fact that business users have really started to
understand the potentiais of data mining. Suddenly they
have got many new ideas for new areas of analysis, be-
cause they have started to realize how to define areas of
analysis to acquire valuable results. The list of new areas
of analysis is regularly updated, and after the first year of
production it will be discussed and evaluated. Selected
areas of analysis will then be implemented and introduced
to DMDSS according to the process model introduced in
the paper, which also determines the methodology of in-
troducing new areas of analysis to DMDSS.

The use of DMDSS to facilitate decision support has al-
ready shown some measurable and non-measurable re-
sults:

- Based on the before mentioned area of analysis called
Loyalty model the company’s managers have defined
astrategy for continual focused campaigns to increase
the loyalty of possible defectors. The first three-month
campaign has already been launched and two months
after the campaign there were 9% less defectors ac-
cording to two months before the campaign. Business
results from previous years do not show any signifi-
cant seasonal changes between the two compared
time frames. The achievement was gained despite of
intensive campaigns launched by the competition.

- The area of analysis called Customer classification
enables the possibility to acquire the classification
model for good, normal and bad customers. The com-
pany's managers are defining a strategy for treating
new customers based on that model, because it ena-
bles the forecasting of customer category for a new
customer. Especially important for the company are
of course customers who are potentially good. Be-
side that they are defining a strategy for continual fo-
cused marketing campaigns for acquiring good cus-
tomers.

- The area of analysis called Customers and mobile
phone categories enables the company to acquire
the classification model for customers and three mo-
bile phones categories they are purchasing: high-
price, mid-price and low-price mobile phones. For
each mobile phone category the model describes the
properties of the customers who purchased mobile
phones of that category. The company's managers
are defining a strategy for continual focused cam-
paigns based on the model to increase the sales of
mobile phones. The start of implementation of the
strategy is planned in two or three months.

It is important to stress that the strategies mentioned are
being defined based on the fact that DMDSS enables the
daily creation of models and consequently repeated cam-
paigns with the frequency which is determined by deci-
sion maker. It in general mainly depends on the policy cov-
ering the area of analysis and also on the frequency of
changes in data mining models within the area of analysis.

175



Informacije MIDEM 39(2009)3, str. 168-177

R. Rupnik: Decision Support System to Support the
Solving of Classification Problems in Telecommunications

5.1. The plan for future development

There are some new functionalities planned besides intro-
ducing new areas of analysis. The experience of the use
of DMDSS has revealed that business users need the pos-
sibility fo make their own archive of classification rules. They
also need to have an option to make their own comments
to archived rules in order to record the ideas gained by
viewing and analysing the rules. We also plan to enhance
DMDSS with other data mining methods.

6. Summary and conclusion

DMDSS is decision support system which supports deci-
sion processes through classification method. lt is a pas-
sive DSS, because it supports decision processes through
new knowledge acquired without producing explicit deci-
sion suggestions or solutions. The mission of DMDSS is to
offer an easy-to-use tool which enables business users to
exploit classification data mining models with only a basic
level of understanding of the classification concepts, which
enables them to interpret the models correctly. The proc-
ess mode! of DMDSS defines the roles of business user
and data mining expert, where phases that demand ex-
pertise in data mining are performed by data mining ex-
pert and are hidden from business user. Business users
only exploit data mining models, which are created by data
mining expert. The experience shows that through such a
process model we have achieved a rather high level of in-
tegration of data mining into daily decision processes
through DMDSS. DMDSS was developed for a telecom-
munications service provider, but its process model and
architecture enable its use in any business environment.

Comparing DMDSS to decision support systems intro-
duced in the related work section, we would like to put out
the following remarks. First, DMDSS uses data mining serv-
ices of data mining engine in Oracle database. It does not
use external data mining software like IDM, it also does
not contain self programmed data mining algorithms like
CSDSS (Lee and Park, 2003) and system introduced by
Polese et al. (2002). The solution and platform used by
DMDSS enables the deployment of data mining models to
other J2EE based application systems, what we plan to
utilize in the future for the purposes of prediction. The di-
lemma between data mining software tools and database
built-in data mining engines is justified, because data min-
ing software tools have reached a very high level of matu-
rity. But, on the other hand we intensively follow the devel-
opment of the platform of choice, Oracle Data Mining and
accompanying tools, which have already gained a certain
level of maturity.

Second, DMDSS only enables predefined areas of analy-
sis like system introduced by Polese et al. (2002) and
CSDSS (Lee and Park, 2003) do, whereas IDM enables
also ad-hoc data mining analysis. The architecture and the
design of DMDSS enable to include any area of analysis
as long as data set is available in Oracle database. We
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believe that in order decision support system to be more
appropriate for business users, it should not enable ad-
hoc data mining model creation. The process of creation
of ad-hoc models should be controlied rigorously in this
case and this demands a rather high level of knowledge of
data mining. We see that the problem of predefined and
ad-hoc areas of analysis is interrelated to the problem the
knowledge of data mining and the division of user’s roles.
We hold the opinion that the users of data mining based
decision support system should be divided into two groups:
data mining experts who create and evaluate models and
business users who exploit models to support decision
processes. We believe that with the concepts of prede-
fined areas of analysis and the use of two user roles men-
tioned, we managed to make DMDSS a useful tool. it is
accepted by business users as a tool which enables deci-
sion support through data mining models with only a basic
level of knowledge of data mining, which is needed to in-
terpret the models.

Although DMDSS is a rather new application system, there
exists a plan for further development of DMDSS. On one
hand, there is a list of new areas of analysis being built up
by business users, on the other hand there are also en-
hancements planned in the area of functionalities of
DMDSS. We intend to provide our users with more data
mining methods when they become available. We believe
that both satisfying the user requirements as well as pro-
viding them with a choice of new data mining methods wil
contribute to better results of the use of DMDSS to facili-
tate decision support.
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COMPUTATION OF ELECTRIC CHARGE ON POWER
TRANSMISSION LINES

Ales Berkopec
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Abstract: A system of paraliel lines above a conducting or insulating plane serves as a model of a transmission line system. We present a few computa-
tional steps and results that address the question of the synchronicity of electric potential and charge on a given wire of the power line system. The
differences in phase angles of the oscillating charge and the associated potential depend on the geometry of the system. For a benchmark and three
additional cases the charges on the wires were computed using the described procedure. They are presented in the results section.

Izracun elektricnega naboja na mocnostnih prenosnih linijah

Kjuéne besede: kvazistati¢ni izracuni elektri¢nega naboja, daljnovodni sistemi

lzvleéek: Dvodimenzionalni sistem vzporednih vrvi konénih polmerov, ki se razpenjajo nad prevodno ali véasih neprevodno ravnino, sluzi kot osnovni
model pri obravnavi sistemov daljnovodnih napetostnih vodov.

V ¢&lanku pokazemo, da naboj danega vodnika in njegov potencial v splosnem ne nihata sofazno. Razlika med faznima Kotoma potenciala in njemu
pripadajo¢ega naboja je odvisna od geometrije sistema. Prediagamo ustrezno pot do iskanih nabojev. Le-ti so osnova za izradun ostalih elektri¢nih kolicin,

predvsem elektricne poliske jakosti v okolici sistema, in prikazemo nekaj rezultatov za izbrane postavitve daljinovodnih vrvi.

1 Introduction

The most basic among the models of power transmission
line systems is two-dimensional. It consists of conducting
parallel straight lines with known phase angles and r.m.s.
values of electric potentials. The diameters of the lines are
small compared to the distances between wires. The task
is to determine linear charge densities on the lines from
the given electric potentiais of the lines.

There are more realistic models of power transmission lines,
for instance, the diameter of the conductors may not be
small compared to the distances between the lines, or the
gravity and string forces may be included, which distort
the straight lines into the chain curves. Further more, some
computer programs consider the electrical properties and
geometry of the pylons and even terrain.

For all the cases mentioned the computational algorithm is
basically the same, although the matrix coefficients may
be a way more difficult to compute and the size of the ma-
trix tends to grow considerably /1/.

2 Methods

The notation used in this article for a-priori known guantities is:
ri.  position of the h wire, (xi, vi),

Vi:  electrical potential of the i-th wire,

O phase angle of the electrical potential V; , and for
a-priori unknowns:

Qk: linear charge density of the k-th wire,

@x. phase angle of the linear charge density g« .
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The potential of the i-th wire has a form Vi - cos(wt+3y),
where w =2nv and v is the frequency.

The frequency v = 50 Hz justifies a quasi-static approach
for power transmission lines, so at any given time the po-
tential of i-th wire may be written as a superposition of the
charge on all wires /5/:

i - cos(wt + ;) 1

Vi - cos(wt+ &) = 4 In —+
271’60 Tio
Z Gk - COS (Wt + k) In 1 (1)
2meg ri—rd

k#i

The introduction of parameter Py defined as

1 1 C -
2men Tio poi=k
Py = 1 1
i In el 1=k
gives a shorter form of equation (1):
Vi cos(wttd) = Z By qc cos(witpy). (2)

k
The identity cos (o0 + B) = cos o cos B - sin o sin B and
equation (2) lead to two separate parts of the system of
equations, the first oscillating as cos(wt),the second as
sin(awt):

W - cos®; = ZPik-Qk-COSSOk (3)
k

Vi sing; = ) Pk ge-singk ()

K
Any attempt to solve equations (3) and (4) directly for un-
known gk and px is bound to fail for almost any set of input
parameters r;, V;, and 9;. However, with the introduction of
new variables, as shown in the following paragraph, the
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system of equations can be linearized, its matrix becomes
diagonally dominant, and therefore suitable for further nu-
merical manipulation.

The system of equations (3) and (4) can be linearized by
introducing variables

ak = gk - COSgx
by = gk - Sinlpk
Vei = Vi -cosd,
Vei = V- singy,

and takes the form of two separate sets of linear equa-
tions:

Ve = P-a (5)
Vg = P-b, (6)
where a = (a1, az,...}, b = (b1, bo,...), and
Py Py

p= |1 Pa

Since g <K |ri—rkl for each i and k it follows that P is
diagonally dominant.

After solving (5) and (6) one can obtain the unknown linear
charge densities gk and phase angles ¢k as:

= yJai+ bf

b
arctan -~
ak

Pk

3 Results

This section presents computational outcomes - the line-
ar charge densities and their phase angles - for three dif-
ferent systems of power transmission lines. All cases deal
with 400 kV systems, with wires of 1 centimeter in diame-
ter, but differ in some other aspects. The zeroth example
serves as a benchmark. It is followed by the first case,
which is a realistic example of the 400 kV system. The
second example and the third example are a bit exotic: the
second only because of the geometry chosen, while the
third deals also with the number of the wires and their po-
tentials that can hardly be found in practice.

In a view of the conductivity of the ground both extreme
possibilities were taken into account. When the ground is
considered to be a perfect insulator the computations are
performed as explained in the previous section, and their
results in the examples section may be found under Gmin/
(2meo) and @min. With the ground as a perfect conductor
the solution is obtained by applying the method of images,
and the results for each wire in these cases may be found
iN Qmax/{27€0) and Pmax columns. No additional unknowns
are infroduced in the case of a perfectly conducting ground,
since the image charge of gi-th linear charge density at
time ¢ has a value g - cos(mt + @k + T).

Each of the following examples has three parts: input data,
two-dimensional (x, y) sketch of the wires with the ground,

and the resulting qx and @« for all the wires in cases of
insulating and conducting grounds.

3.1 Example O

Table 1
input data
i {x[m] |ylm] Vinax [V] 6]
0 0.0 10.0 100000.0 0.0
10 b [:‘G .........................
Q b
= 67
£
g b ]
P Y S
0
10 5 0 5 10
X [m]
Table 2
F output data
Pl o VI | @min ] [ 22 VT [ Omax[°] ]
[0 188739 0.0 | 12056.8] 00]

Consider a wire with potential V= Vg - cos(wt), where Vo =
100 kV. We can obtain an analytical result for the charge
on the wire if it is suspended above a conducting piane by
the method of images

_ qo - cos(wt + o) 2h

Vo cos(wt) = B — In o’ (7)

where ro is the radius of the wire, and h is the ele-vation of
the wire above the ground. The solution of (7) gives ¢g =
0, where for given ro = 5 mm and h = 10 m we get:

sk = Y/ % =~12.057kV.

2ney

The results of the computational algorithm below give the
same result for gmax/(21eg). The charge of the wire above
a conducting ground matches the analytical result, but the
result for an insulating ground should be ignored, since a
single infinite conducting line does not have a uniquely
defined electric potential. The numerical value gmin in the
output data equals - In(1/ro) and cannot be connected
to the electric potential of the wire.

3.2 Example 1

Six parallel wires serve as a first model for a double 400
kV power transmission line system.

Table 3
input data
i x[m] | yim] Vimax [V] 0[]
0 -1.0 6.0 230940.0 0.0
1 0.0 6.0 230940.0 -120.0
2 1.0 6.0 230940.0 120.0
3 -1.0 10.0 230940.0 120.0
a 0.0 10.0 230940.0 -120.0
5 1.0 10.0 230940.0 0.0
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T L . Table 6
8T output data
R N T S P VT i O | e V] Qe [0
E L [¢] 34911.5 2.6 35897.4 0.7
4 1 36301.6 -121.2 37000.7 -119.7
o 2 34183.5 119.9 33535.9 120.1
3 38125.3 120.4 37194.1 120.1
0 ; 4 37119.6 ~-123.9 37348.7 -122.4
5 37314.3 2.2 37808.8 1.3
-10 -5 0 3 10
x [m]
Table 4 3.4 Example 3
output data As the last one, yve present a highly exotic gxgmplg in the
Py Zmnmg | @ 7| 2 0] | Qumex [ theory and practice of 400 kV power transmission line sys-
o 570559 237 713970 7 tems. It conszstg of nine .wnres with some unusual phase
1 | 258539 1120.0 | 44887.5 21200 angles of electric potential, and therefore represents an
2_| 57059.9 96.6 | 41393.0 115.3 electrically non-symmetric case. There is no apparent ge-
3 57055.9 96.6 41291.5 115.4 . .
4 25853.9 -120.0 44983.3 -120.0 ometrical symmetry, either.
5 57059.9 23.4 41291.5 4.6
Table 7
The maximum value of the electric potential of the wires is -
input data
Vinax = 400000=+/3 =230.94kV, conside-ring the electric po- i xIml | yIm] Verar [V] 01°]
tential of the conducting ground is zero. o -3.0 5.0 | 230940.0 0.0
1 0.0 4.0 230940.0 -120.0
The results show that the phase angles of the middle wires 2 4.0 6.0 | 2309400 | 120.0
A . X . 3 -1.0 8.0 230940.0 120.0
i=1and/i= 4 are the same for the input potentials and for 4 00| 11.0| 3309400 | -120.0
the resulting charges, but differ for other wires, as one 5 2.0 10.0 230940.0 0.0
: : : : 6 6.0 2.0 230940.0 50.0
would expect considering the geometr:cal symmetries of = =0 50 2365400 176.6
the system. For any taken wire the difference between the 8 8.0 50 530940.0 2800

phase angle of the electric potential and the phase angle
of the line charge does not exceed 5°.

3.3 Example 2

In the next example we consider six scattered parailel wires
ofthe 400 kV power line system. The geometry we choose
introduces no symmetries, and the results show none.
Nevertheless, the differences between the phase angles

y [m]

of the potential and charge again do not exceed 5. 0 ; ,
-10 -5 0 5 10
Table 5 xfm]
- Table 8
input data
i x [m] y [m] Vimax V] 0[] output data
0 3.0 5.0 | 230940.0 0.0 Pl 225 v 0 11| 2220 | @ [
1 0.0 4.0 230940.0 -120.0
2 4.0 6.0 | 230940.0 | 120.0 0 | 342076 3.7 360384 1.1
3 1.0 3.0 330940.0 120.0 1 36981.1 -122.2 36893.5 -119.5
P 0.0 11.0 230940.0 1200 2 34012.1 117.3 33301.3 115.8
S 2.0 10.0 230940.0 0.0 3 39140.8 119.9 37643.3 119.1
4 35552.5 -125.8 35909.1 -123.0
5 37776.4 6.0 38716.0 4.5
2 6 | 33940.1 46.8 | 36733.5 458
x 7 34302.0 169.8 | 33058.4 170.0
10 Foie IR & 7 8 32441.4 -75.5 33802.6 -73.9
T 6t As shown before, for a given wire the phase angles of the
= it | potential and the charge do not differ significantly. In this
particular case the differences are larger than in the previ-
2 . .
- v , : ous examples, but still below 10°. Given a set of values of
0 ; ; i potential phase angles and a set of phase angles of line
-10 -5 0 5 10 charges, the matching pairs can be found only by check-

x [m] ing input and output tables even for this geometry. Howev-
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er, one can easily imagine an example where this is not
80, no matter how more exotic it might be.

4 Discussion

The importance of the electric charge computation for
quasi-static low-frequency sources, like power transmis-
sion lines, is vast. Since the charge is the source of the
electric field, its distribution only enables us to find the
appropriate values of the surrounding field. Traditionally,
the electric field values were used for the estimation of the
loses due to corona discharges, while today with the in-
creasing interest in possible health issues associated with
the non-thermal effects of electromagnetic radiation they
play a role in the design of power line grids /3, 2, 4/.

As shown in the article, the charge is not oscillating syn-
chronously with the electric potential in general, so its com-
putation is a task on its own. The system of equations is
non-linear, but can be linearized, or it better should be, in
order to avoid computational problems. Even the simplest
of models, the model of infinite straight lines presented
here, gives us the elliptically polarized results for the elec-
tric field strength vector. This we intend to discuss in our
future work.
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