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Obnovitev ¢lanstva v strokovnem drustvu MIDEM in iz tega
izhajajo¢e ugodnosti in obveznosti

Spostovani,

V svojem ve¢ 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 odlogili, da se v drustvo vélanite. Zivijenske poti, zaposlitev in strok-
ovno zanimanje 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 ¢lanstva postal dolg, ocitno pa je, da mnogi nekdanji ¢lani ni-
majo vec interesa za sodelovanje v drustvu, se je lzvrsilni odbor drustva odlocil,
da stanje ¢lanstva uredi in vas zato prosi, da izpolnite in nam posljete
obrazec priloZzen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vasega ¢lanstva. 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, povabliene predavatelje s po-
drodja, ki vas zanima. O svojih dosezkih in problemih lahko porocate v stroko-
vni reviji, ki ima ugleden IMPACT faktor.S svojimi predlogi lahko usmerjate
delovanje drustva.

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

Upamo, da vas delovanje drustva Se 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, marec 2009

IzvrSilni odbor druStva
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FAST MOS TRANSISTOR MISMATCH OPTIMIZATION - A
COMPARISON BETWEEN DIFFERENT APPROACHES

Gregor Cijan’, Tadej Tuma?, Saso Tomazi¢®, Arpad Birmen*

' Regional Development Agency of Northern Primorska, Sempeter pri Gorici, Slovenia
2,34 University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia
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Abstract: In this paper two different approaches for calculating the standard deviation of circuit performance measures caused by MOS transistor
mismatch are presented. The short CPU time needed for mismatch evaluation makes it possible to include the proposed approaches in a circuit optimiza-
tion loop as a criterion subject to optimization. Both mismatch evaluation methods were tested on four different circuits. The optimized circuits were
compared to the circuits obtained from an optimization run where the list of criteria did not include mismatch. The results show that a significant reduction
of standard deviations is obtained when mismatch evaluation is included in the optimization loop.

Hitra optimizacija neujemanja MOS tranzistorjev - primerjava
razliénih pristopov

Kjuéne besede: neujemanje MOS tranzistorjev, optimizacija, simulacija neujemanija, integrirana vezja

Izvleéek: V ¢lanku sta predstavijena dva razli¢na pristopa za izracun standardnih deviacij lastnosti vezja, ki jin povzro¢a neujemanje identi¢no nacrtovanih
MOS tranzistorjev. Glavna prednost opisanih pristopov je hiter izradun standardnih deviacij lastnosti vezja, ki so posledica neujemanja. To je klju¢nega
pomena, ¢e zelimo posledice neujemanija vkljuditi v kriterijsko funkcijo optimizacijskega postopka. Oba pristopa sta bila preizkusena z optimizacijo §tirih
razliénih vezij. Lastnosti tako doblienih vezij smo primerijali z lastnostmi vezja dobljenega z optimizacijskim postopkom, ki ni vklju¢eval uéinkov neujemanja.
Primerjava je pokazala, da je tovrstna vkljucitev neujemanja v optimizacijsko zanko smiselna, saj se standardna devicija lastnosti vezja ob¢utno zmanjsa.

1 Introduction

Mismatch is an effect that arises in IC fabrication and is a
limiting factor of the accuracy and reliability of many ana-
log integrated circuits. The main reason for mismatch is
the stochastic nature of the fabrication process. Due to
mismatch two equally designed transistors exhibit differ-
ent electrical behaviour. Consequently the operating point
and other circuit characteristics differ from their desired
values. Mismatch can be divided into a systematic and a
stochastic component. The systematic component is not
considered in this paper because it can be reduced to great
extend with proper layout /1/, /2/. The stochastic com-
ponent is caused by random microscopic device architec-
ture fluctuations. It can be reduced with befter process
control and larger transistor areas /3/, /4/. Most often
the Gaussian distribution is used for modelling the stochas-
tic variations of model parameters. The amount of mismatch
can be expressed with standard deviation (o) of transistor
model parameters.

Mismatch can be modelled in many different ways /3/-/6/.
Because of the limited availability of mismatch model pa-
rameters only some of them can be used for general
purpose. One of the simplest models is the Pelgrom mod-
el(1)/3/.

AP

WL (1

In this model the standard deviation (o) of the parameter
difference (AP) between two identically drawn transistors

o (AP)=

depends on parameter Ap (which in turn is technology-de-
pendent) and effective channel dimensions W and L. In
the optimization runs presented in this paper we used (1)
because it is simple and the technology-dependent pa-
rameters are available in the literature /7/. In /8/ it is shown
that the model (1) is suitable for the 0,18um technology.
Due to the limited availability of mismatch parameters, this
model is still frequently used for mismatch evaluation. In
this paper two different methods of mismatch simuiation
are presented and tested on four different circuits.

Most commonly used transistor parameters in mismatch
modelling (mismatch parameters) are threshold voliage (V7)
and current factor (f). The standard deviation of Vrand f3
can be expressed as

4y,

c@r )= N7 2
ABY_ 4
(?)m ©

The technology dependant parameters Ay and Ag for dif-
ferent types of technologies are available in /7/.

2 Mismatch optimization

A robust circuit exhibits adequate performance in all cor-
ners. A corner defines a group of different process varia-
fions. The performance of the circuit is expressed with the
cost function which is a sum of penalties /9/. Each meas-
ure has a goal and if the measured value deviates from this

1
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goal, a penalty which is proportional to the violation, is
added to the cost function. The goal is to minimize the
cost function taking into account all corners. For this pur-
pose the Constrained simplex /9/ optimization method has
been used, which performs remarkably well on circuit op-
timization problems /10/.

To include mismatch in the optimization as yet another cri-
terion, it has to be simulated first. The goal of mismatch
simulation is to obtain a standard deviation of circuit prop-
erties caused by the stochastic nature of transistor mode!
parameters. This standard deviation can be included in the
cost function. In this paper two different approaches for
mismatch simulation are presented. The first one is the
sensitivity-based approach and the second one is the min-
max approach. In both approaches a design of an opera-
tional amplifier will be used for better understanding. Con-
sider an operational amplifier where a designer is interest-
ed in the standard deviation of the output voltage caused
by the stochastic nature of the transistor model parame-
ters. Beside the offset voltage performance measures like
swing at gain, bandwidth, phase margin, etc. are also im-
portant in the design process. All these performance meas-
ures are circuit properties but only offset voltage is rele-
vant for mismatch analysis.

2.1 Sensitivity-based approach

The sensitivity-based approach assumes that mismatch
parameters are not correlated and that the changes caused
by the stochastic nature of model parameters are within
the bounds where the circuit behaves linearly. The evalua-
tion of the standard deviations of the circuit properties can
be divided in three major steps:

Step 1: Calculate the standard deviation of every relevant
transistor parameter (mismatch parameter).

Step 2: Calculate the sensitivity of circuit properties to all
mismatch parameters.

Step 3: Calculate the approximated standard deviation of
the circuit property.

In a circuit composed of kK MOS transistors only n<k MOS
transistors are relevant to the mismatch analysis. m=2:n
standard deviations must be calculated (n standard devia-
tions for the threshold voltages and n standard deviation
for the current factors). The remains k-n MOS transistors
belong usually to the start up circuit or power down con-
trol.

In step 2 the sensitivity (o) of a circuit property Px (in our
example this is the output offset voltage) to every mismatch
parameter is calculated. The sensitivity indicates how much
the variation of a mismatch parameter affects circuit prop-
erty Px. The sensitivity is calculated using the perturbation
approach (4)

i ai
Where Px(0) is the value of the circuit property when all
mismatch parameters are set to their nominal values while

i=1l..,m (4)

2

the Pyx( &) is the value of the circuit property when one mis-
match parameter is perturbed. The perturbed value (for
example V7) is the sum of the nominal value and one stand-
ard deviation (8§ =Vr+ o(AV7) ) of the respective mismatch
parameter.

Assuming that mismatch parameters are uncorrelated the
standard deviation of a circuit property can be expressed
as:

Gz(PX):Z_;(xiZ' Giz (5)

The sensitivity-based approach requires m+1 circuit simu-
lations to calculate the sensitivities. One simulation is need-
ed for the nominal mismatch parameter values and m sim-
ulations are needed for the perturbed circuits.

2.2 Min-Max approach

With this approach we estimate the extreme value of a cir-
cuit property P. We assume P has an exireme when all
mismatch parameters are at their extreme values. This is
true if P is a monotonic function of the mismatch parame-
ters. Which extreme value (+¢ or -¢) a mismatch parame-
ter should take in order for P to take its extreme value de-
pend on the sensitivity. Just like with the sensitivity-based
approach we assume that mismatch parameters are not
correlated. Once the upper (max) and lower (min) extreme
of P are obtained, the upper bound on the standard devia-
tion of the circuit property can be calculated. The min-max
approach can be divided in 4 steps.

Step 1: Calculate the standard deviation of every mismatch
parameter.

Step 2: Obtain the signs of the sensitivities to all mismatch
parameters.

Step 3; Measure the extreme (min and max) values.

Step 4: Calculate the upper bound on the standard devia-
tion.

Step 1 and step 2 are very similar to the corresponding
steps in the sensitivity-based approach. To obtain the signs
of the sensitivities m+17 simulations are necessary (m is
the number of mismatch parameters). In step 3 the extreme
values of the circuit properties are calculated. This is done
using two simulations per circuit property {(one for the up-
per and one for the lower extreme). To measure the upper
extreme (Pmax) We increase (or decrease) the value of eve-
ry mismatch parameter by one standard deviation if the
sensitivity is positive (if the sensitivity is negative). The same
is done for the lower extreme (Pnmin), except that the rea-
soning is opposite. For positive sensitivity the value of the
mismatch parameter is decreased and for negative sensi-
tivity it is increased. In step 4 the upper bound on the stand-
ard deviation can now be calculated (6).

Pmax_Pmin

2 (6)

G(PX)SMO'(PX):
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3 Examples

The proposed approaches for mismatch evaluation were
included in the optimization loop and the obtained results
were compared with the results of the optimization run with-
out mismatch evaluation. The comparison was done on
four different circuits:

- Bandgap reference circuit (BGR)

- Operational amplifier (OPA)

- Beta multiplier reference circuit (BMR)
- Comparator (COMP)

The first optimization run (A) considers only performance
measures, while the second and the third run (B, C) in-
clude mismatch. In the second run (B) the sensitivity-based
approach is used for evaluating the mismatch and in the
third run (C) the min-max approach is used. All circuits in
this paper have been simulated using the SPICE OPUS
simulator and the BSIM3 model of a 0,18 um process tech-
nology. To obtain robust circuits every circuit has been sim-
ulated in three different corners. Every corner was de-
scribed with the corresponding temperature, supply volt-
age, MOS transconductance, etc.

3.1 Bandgap reference (BGR)

A stable voltage reference is very important in many cir-
cuits. A bandgap voltage reference (BGR) is capable of
providing a voltage almost independent of temperature and
supply voltage fluctuations. In this paper we optimized a 1-
V low power CMOS bandgap reference based on resistive
subdivision (Figure 1) which is in detail described in /11/.

T3

&

R 1Rs

Fig 1:  Bandgap voltage reference (BGR)

Itis known that sample to sample variations (mismatch) are
larger than the variations caused by the temperature or
supply voltage fluctuation. Therefore mismatch is a domi-
nating factor determining the absolute accuracy of the
bandgap reference circuit /11/.

The optimization parameters were the three resistances
(R1-R3) and the channel dimensions (width and length) of
all MOS transistor except transistors M4-Mg which consti-
tute the start up circuit. The list of performance measures

and parameters was the same for all of the three optimiza-
tion runs. The cost function was composed of the follow-
ing performance measures:

- output voltage change when the temperature varies
from -20°C to 50°C,

- output voltage change when the supply voltage var-
ies from 1Vto 1,8V,

- circuit area,

- standard deviation of the output voltage caused by
mismatch.

Table 1 lists the results of the optimization. The first and
the second column contains the names and the desired
values of the performance measures while the others list
the results of optimization runs A, B and C. The standard
deviation ¢ (Vrer) is calculated from 1000 Monte Carlo
simulations.

Table 1: Comparison of three different optimization runs
(BGR-circuit)

Desired Optimization proc
value BGR-A BGR-B BGR-C
) Max (dVrer/dVin)
§ MYV <4 1,80 3,04 3,39
=|  Max (dVreedT) [mV/°] <0,15 0,15 0,15 0,14
£ Area [unt] < 6000 3521 5996 5985
& O (Vrere )} [MV] <7 16,2 7,05 6,67

It can clearly be seen that including mismatch effects in
the cost function results in the enlargement of the transis-
tors area and the reduction of the reference voltage varia-
tion caused by mismatch. The maximal reference voltage
slope with respect to the supply voltage increases, while
the maximal slope with respects to the temperature remains
almost unchanged. Despite the large reduction of the stand-
ard deviation (more than 2 times) all the resuits are still
within the specified bounds. Figure 2 shows 30 Monte
Carlo simulations of the circuit obtained from run A where
mismatch was neglected. If we compare this figure to fig-
ure 3 where the results of run B are plotted the reduction
of the standard deviation is clearly visible.

3.2 Operational amplifier (OPA)

The operational ampilifier is one of the fundamental build-
ing blocks of analog integrated circuits. Due to mismatch
an operational amplifier exhibits a random offset voltage.
In this paper the operational amplifier from figure 4 was
optimized.

The optimization parameters were the capacitance of the
capacitor and the channel dimensions (width and length)
of all transistors except Mys and Mp+s, which are used for
shutting down the amplifier. All performance measures and
their goals (desired value) are listed in table 2. The stand-
ard deviation o(Vour) is calculated from 1000 Monte-Carlo
simulations.
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Fig 4:  Operational amplifer (OPA)

Table 2: Comparison of three different optimization runs
(OPA-circuit)

Desired Optimization processes
value OPA-A | OPA-B | OPA-C
@ Swing at gain [V] >2 2,58 2,24 2,18
5 Phase margin [°] >45 61,8 65,7 67,2
§ Unity gain b.w. [MHz] >18 32,7 20,3 43,1
= Gain [dB] >70 72,1 83,5 85,3
5 Area [um?] < 250 233,8 | 2497 | 2498
& g (Vour) [mV] <18 4,44 1,87 1,70

The results of the three optimization runs are listed in table
2. We can see that for the circuit obtained from the first
run (without mismatch) the output voltage has a standard
deviation of 4,44 mV (offset). Both optimization runs that
included mismatch produced better results. In runs B and
C the standard deviation of the output voltage was reduced
by a factor of 2,3 or more. Most of the remaining perform-
ance measures stayed within the desired range.

3.3 Beta-multiplier reference (BMR)

The Beta-multiplier circuit is used for providing a stable and
temperature independent current reference for a whole
range of circuits like operational ampilifiers, comparators,
etc. It can also be used as a voltage reference circuit.

s
M, M
01 TR R A
§ V,
4 l i Bg?
-——IM
NG VB‘ASN
4

|MSU1

lner
R

Fig 5:  Beta multiplier reference (BMR)

The circuit in figure 5 can provide a stable current (/rer)
that flows through resistance R. This current is fairly stable
with respect to temperature and supply voltage variations.
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One can mirror the reference current using gate voltages
Vaiase and Vaasy. The optimization goals were to minimize
the variation of the current caused by the change of tem-
perature and supply voltage. The optimization parameters
were the resistance R and channel dimensions of all tfran-
sistors except transistors that constitute the start up circuit
(Msu1, Msu2, Msua). The results of the three optimization
runs are listed in table 3. The standard deviation o (Irer) is
calculated from 1000 Monte Carlo simulations.

Table 3: Comparison of three different optimization runs
(BMR-circuit)

Desired | Optimization processes

value |BMR-A|BMR-B | BMR-C
o1 Max (dlrec/dVop) [WA/V] | <04 | 0,31 | 0,30 | 049
3| Max (dlrea/dT) [WAT] <0,06 | 0,047 | 0,053 | 0,060
= lreg [WA] =20 | 19,9 | 20,0 | 200
5 Area [um?] <500 | 490 | 497 513
- 0 (Ires) [WA] <1 | 345 | 099 | 053

The first two performance measures (d/rec/dVop and di-
rec/dT) provide the information on the output current max-
imum variation with respect to the supply voltage and tem-
perature variations. The third measure is the value of the
reference current while the last two are the circuit area
and the standard deviation of the reference current caused
by mismatch. From table 3 it can clearly be seen that the
standard deviation (o(/reg)) from runs B and C (where mis-
match was included in the cost function) is more than 3
times smaller than the one obtained in run A. All the design
requirements are fulfilled except the area in run C where a
small goal violation occurs. The standard deviation obtained
in run C is nearly two times smaliler then the goal. The rea-
son is that min-max approach calculates the maximum val-
ue of the standard deviation, which is in this example 2 to
3 times bigger than the real standard deviation (see table
5). Due to this the weight of this performance measure is
effectively bigger than the weight of the circuit area.

3.4 Comparator (COMP)

The comparator from Figure 6 is a decision-making cir-
cuit. The output voltage (Vout) switches from OV to Vyg when
Vivp is greater than Viny. The output switches back to OV
when Vivp becomes smaller than Vijyy. The output does
not switch instantly when the difference Vine-Vinnw changes
sign meaning that there is some hysteresis present in the
circuit. Mismatch causes that the width of the hysteresis
to vary randomly. The optimization run which includes mis-
match attempis to remove the variation of hysteresis.

The optimization parameters were the channel dimensions
of all transistors. The results of the optimization runs are
listed in table 4.

The first performance measure (Delay time LH) measures
the time form the moment when Viyp crosses Vi and the
moment when Vour reaches 90% of the difference between
the initial and the final value. The second measure (Delay
time HL) is the same as previous with the difference that

Voa

: kf—“‘n‘f | ﬁi

¢

e

Fig 6: Comparator (COMP)

Table 4: Comparison of three different optimization runs
(COMP-circuit)

Desired Optimization processes

value | COMP-A | COMP-B | COMP-C
Delay time LH [ns] <5 3,68 4,94 5,80
Delay time HL [ns] <5 3,87 3,38 4,66
w Rise time [ns] <0,3 0,17 0,13 0,11
] Fall time [ns] <0,3 0,18 0,18 0,26
2 Hysteresis [mV] <1 0,83 0,56 1,95
¢ |_Positive slope mV] <1 0,93 0,46 0,40
« | Negative slope [nV] <1 0,51 0,46 0,40
& Overshoot [mV] <50 13,7 6,18 8,26
Undershoot [mV] <50 6,63 8,52 418
Area[jm ] <80 854 89,5 88,1
g (VH]ST) [m\/] <5 10,2 5,29 4,50

the falling edge of Vour is measured (when Voyr reaches
10% of the difference between the initial and final value).
The rise time is the time needed for the output to rise from
10% to 90% of the difference and the fall time is measured
between the points where the output crosses the 90% and
10% level of the difference. The fifth measure is the width
of the hysteresis, while the last two measures provide the
slope of the hysteresis. From the results it can be seen
that almost all the design requirements are fulfilled and that
the standard deviation of the hysteresis is reduced to half if
mismatch is considered in the optimization run.

3.5 Comparison of the approaches for
mismatch evaluation

In table 5 the standard deviations of the circuit properties
affected by mismatch are listed for all four circuits. For every
circuit the computational effort of the mismatch evaluation
has been calculated for all three methods: Monte-Carlo,
sensitivity-based approach and min-max approach.

Table 5 shows that the mismatch effect calculated with the
sensitivity-based approach is close to the value obtained
from 1000 Monte Carlo simulations. The min-max approach
overestimates the mismatch. This can also be seen from
table 5. Typically the min-max approach resuits in 2 to 4
times larger values than Monte-Carlo analysis. The main
difference between the two presented approaches and
Monte-Carlo approach is the number of simulations need-

5
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Table 5: Comparison between of different approaches
for mismatch evaluation

Monte Carlo | Sensitivity-Based | Min-Max

Approach Approach Approach
BGR-A [mV] 16,2 16,3 43,6
BGR-B [mV] 7,05 7,04 19,3
BGR-C [mV] 6,67 6,71 17,5
OPA-A [mV] 4,45 4,40 9,59
OPA-B [mV] 1,87 1,87 4,49
OPA-C [mV] 1,70 1,71 4,03
BMR-A [uA] 3,45 3,39 7,53
BMR-B [uA] 0,99 0,99 2,71
BMR-C [uA] 0,53 0,52 1,64
COMP-A [mV] 10,2 9,59 34,8
COMP-B [mV] 5,29 4,99 19,9
COMP-C [mV] 4,50 5,57 12,5

ed to evaluate the standard deviation of a circuit property.
To obtain the actual value of the standard deviation of a
circuit property 1000 or more Monte-Carlo simulations are
needed. The sensitivity-based approach is significantly fast-
er since it needs only m+1 simulations (where m is the
number of mismatch parameters) to obtain similar values
as Monte-Carlo approach. The min-max approach also
gives satisfying results with only m+3 simulations.

i Conclusion

With the reduction of transistor dimensions the mismatch
is becoming the dominating factor of the accuracy of many
analog circuits. In the examples it was shown how mis-
match can be included in circuit optimization. Two differ-
ent ways of mismatch evaluation were presented. The sen-
sitivity-based approach returns more realistic values while
on the other hand the min-max approach results in the
upper (lower) bound of a circuit performance measures.
Optimization runs using these two methods have been
conducted on four different circuits and the results were
compared to the results of an optimization run where mis-
match was neglected. The comparison shows that signifi-
cant improvements of circuit performance can be achieved.
Both optimization runs where mismatch was included re-
sulted in circuits that exhibited similar performance.
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SMD FILM CAPACITORS FOR INTEGRATING A/D
CONVERTERS

Andrej Levstek, Matija Pirc
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Abstract: Lead free technology has significantly influenced the choice of commercially available capacitors, especially those intended for surface mount.
A case study of the appropriate SMD capacitor selection for a high accuracy integrating A/D converter is presented. The converter is part of a smart
sensor that encompasses a simple microcontroller and an analog transducer, which is in this case a platinum resistor. An overview of traditional and new
polymer dielectric materials is given with the emphasis on the commercial selection of SMD capacitors. Trends of the film capacitor industry in the recent
years are explained through the physical properties of the materials used and the imposed legislative restrictions. The often overlooked pitfalls of capacitor
selection are sequentially described. The effect of the dielectric absorption of the charge on the conversion error is theoretically analyzed for the intermit-
tent mode of operation. Inaccuracy due to the recovery of the absorbed charge is eliminated by the use of a polyphenyiene sulfide (PPS) film capacitor;
however, at high humidity some capacitive sensors exhibit abnormal deviations.

Based on some additional experiments, we determine the influence of the capacitor's parallel resistance on the conversion result. The synergic impact of
high humidity and temperatures, and flux residues on the surface resistance of stacked capacitors is proven by experimental measurements carried out
in a climatic chamber. The experimental measurements of SMD capacitor insulation resistance show that naked stacked capacitor construction is not
suitable for a relative humidity above 80%. In such cases, slightly larger encapsulated SMD capacitors must be used to maintain the desired high
accuracy.

SMD filmski kondenzatorji za integracijske A/D pretvornike

Kjuéne besede: integracijski A/D pretvornik, folijski SMD kondenzator, dielektri¢na absorpcija, povrsinska upornost, polimerni dielektrik

Izvieéek: Prepoved uporabe svinca v tehnologiji izdelave tiskanih vezij je pomembno vplivala na trzno ponudbo kondenzatorjev, namenjenih za povrsinsko
montazo. V prispevku je podan potek izbire ustreznega kondenzatorja za integracijski A/D pretvornik z visoko lodljivostjo. Sam D/A pretvornik je del
inteligentnega senzorja, ki ga sestavlja mikrokrmilnik in ustrezen analogni merilni pretvornik, v opisanem primeru je to platinski upor. V delu je najprej
podan pregled polimernih dielektrikov s poudarkom na njihovi rabi za SMD komponente. Trendi zadnjih let v industriji kondenzatorjev za elektroniko, so
opisani s stalisca fizikalnih lastnosti dielektricnih filmov in prepovedi rabe svinca v elektronskih napravah. Spregledane pomanikljivosti izbranega tipa, so
podane zaporedno, kot so se pojavijale pri razvoju. Izpeljali smo analiticno zvezo med dielektricno absorpcijo kondenzatorja in pogreskom posamiéne
pretvorbe. Merilno napako zaradi spro$canja absorbiranega naboja v ¢asu pretvorbe, smo odpravili z uporabo polifenil sulfidnega (PPS) kondenzatorja.

Z eksperimenti v klimatski komori smo ugotovili, da imajo nekatera vezja nenormalno velika odstopanja, ki nastanejo zaradi vpliva viage na gole PPS
kondenzatorje. Izpeljali smo analiti¢no zvezo med velikostjo skupne upornosti med sponkama kondenzatorja in merilno napako. Ugotovili smo sinergicni
vpliv vlage, temperature in ostankov fluksa na povrsinsko upornost nezascitenih kondenzatorjev, ki so izdelani z zlaganjem metaliziranega filma. Meritve
izolacijske upornosti so pokazale, da taksni kondenzatoriji niso primerni za viaznosti zraka nad 80 %. Za precizni integrator so primernej$i dimenzijsko
nekoliko vedii SMD kondenzatorji v plastiCnem ohisju.

mental measurements of prototypes under various climat-
ic conditions are performed. The physical dimensions of

1. Introduction

Electronic integrators offer a simple solution for achieving
an accurate A/D conversion of low voltage levels whenev-
er the speed of conversion doesn’t play a significant role.
Dual slope integrating A/D converters can be implement-
ed by low cost digital microcontroller and a simple addi-
tional analog circuit. Such A/D converters can be used for
accurate conversion voltages that are proportional to slowly
varying physical quantities like temperature or atmospher-
ic humidity.

Conversion errors due to the non-idealities of the analog
components, i.e., the input offset voltage of the opera-
tional amplifier (opamp), are minimized by a simple solu-
tion, so that low-cost analog components can be used.
The choice of utilized capacitor seems unimportant since
the value of capacitance does not appear in the conver-
sion equations at all /1/. Such an approach is over-simpli-
fied but this fact does not become obvious until experi-

electronic circuits are steadily decreasing, which is a con-
sequence of the growing demand for hand-held devices.
The introduction of surface-mount technology (SMT), which
became widely used around the year 1990, engendered
important changes in the field of high performance metal-
lized film capacitors. The small size of SMD capacitors has
raised many problems in their construction, because of
the intense heat transfer from the metallized soldering pads
to the plastic dielectric film during the reflow soldering proc-
ess.

The first widely used SMD capacitors were multilayer ce-
ramic chips (MLCC). This construction and the high rela-
tive dielectric constant of the ceramics result in such ca-
pacitors having a high capacitance packing density and
relatively low equivalent serial resistance (ESR). The inor-
ganic nature of the dielectric used in MLCCs minimizes
the impact of the thermal stress during soldering. Polymer
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film capacitors are much more affected by the raised tem-
perature levels because of the thermoplastic nature of the
dielectric film. The choice of SMD polymer film capacitors
on the electronic components market is predominated by
trough-hole film types and by ceramic SMD chips. As a
consequence, film capacitors are rather expensive, there-
fore cheaper alternatives are used wherever it is possible.

In the next chapter an overview of the important polymer
dielectric materials is given, foliowed by a case study of
the capacitor selection for an integrating A/D converter.
Finally, the results of practical experiments are presented.
The comments on the outcomes and some practical hints
for the selection of appropriate SMD polymer film capaci-
tors conclude the paper.

2. Materials for film capacitors

The traditionally used plastic materials for dielectric films
in capacitors are polystyrene (PS), polyester (PE), poly-
carbonate (PC) and polypropylene (PP). These materials
are used for film capacitors with low loss and stable ca-
pacitance in the range from 1 nF up to 10 uF. Film capac-
itors below 1 nF are offered only by a small number of pro-
ducers; and especially SMD types are very rare. The range
of capacitances below 100 pF is almost exclusively cov-
ered by COG ceramic capacitors (Table 2), which are fea-
tured with a low capacitance temperature coefficient ac
and the dissipation factor tané .

21 Polystyrene capacitors

Foryears, polystyrene (PS) capacitors were the best choice
for critical analog applications. In the middle of the 1990s
the production of PS capacitors slowly ceased. There were
several reasons that caused polystyrene capacitors to dis-
appear from production. The maximal operating tempera-
ture of PS film and capacitors is very low, only 85°C (see
Table 1). Additionally, the low heat resistance of PS film
allows neither the construction of SMD components nor
the vacuum-deposition of aluminum, hence only film/foil
capacitors were (are) produced. This construction lacks
the self-healing capability, i.e., the ability to clear faults
(such as pores or impurities in the film) under the influence
of voltage. Although PS capacitors have low absorption of
moisture, they can be easily damaged by printed board
cleaning solvents. PS capacitors that are still available from
old stocks are not intended for new designs. New materi-
als like polyphenylene sulfide (PPS) should be used instead
of PS.

2.2 Polycarbonate capacitors

Polycarbonate (PC) metallized film and film/foil capacitors
were traditionally the logical choice for high performance
applications for operation at elevated temperatures. This
material is featured with a negligible temperature coeffi-
cient o for temperatures in the range of 20°C + 40°C,
which is the common operating temperature range of pre-
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cision electronic equipment. In spite of the higher operat-
ing temperatures of this film, commercially available PC
capacitors for surface mount were never produced. In the
year 2000, the major producer of PC capacitors WIMA
from Germany /2/, ceased their production after finding it
unprofitable. This decision caused the major producer of
capacitor grade PC film, Bayer AG, to stop its production
upon completion of the final order. Nevertheless, PC film
capacitors are still available and produced at least by Elec-
tronic Concepts Inc. form USA with its own in-house pro-
duced dielectric film /3/. Polycarbonate film is aimost the
perfect material for high performance capacitors butis very
sensitive to moisture absorption, thus good encapsulation
is required to protect the dielectric film against humidity.
Hermetically sealed PC capacitors are available only with
wired trough-hole terminals and are primarily intended for
military applications.

2.3 Polyester capacitors

Polyester films have become the standard dielectric for
capacitors in electronic applications. Polyester film for ca-
pacitors is biaxially oriented polyethylene terephthalate
(PET) developed by DuPont in the mid-1950s and is well-
known under the trade name Mylar. This material has good
mechanical and electrical properties for temperatures in
the range from -55°C to +125°C. Their high dielectric
strength, and the highest dielectric constant among com-
mercially used dielectric films, make PET capacitors cheap
and volume-effective. Metallized PET film capacitors are
produced in any combination of the construction alterna-
tives given in Table 1.

Table 1: Manufacturing and construction alternatives of
PET capacitors

Parameter Alternative
Environmental protection | Naked Protected
Mounting terminals SMD | Trough hole
Construction Stacked Wound
RoHS compliance Yes No

These capacitors are the most frequently used type of plas-
tic film capacitors in electronic circuits - primarily for DC
or low frequency purposes - because the dissipation fac-
tor tand of polyester is the highest among contemporary
film materials. Even though it is not a high quality material,
in many respects, PET films perform much better than muiti-
layer ceramic capacitors (MLCC) using X7R or Z5U die-
lectric ceramics. Some producers, e.g., AVX /4/, offer
PET-HT capacitors with an improved temperature range of
up to +125°C with a nominal voltage derating factor of
1.25 %/°C above Ty = 105°C, which represents an in-
crease of 20°C with respect to the standard types.
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2.4 Polypropylene capacitors

Polypropylene (PP) film has, for many years, been used for
high performance applications, especially for medium and
high power electronic circuits where high impulse current
capability is required. This material has very low dielectric
absorption DA making a PP capacitor the best choice for
the charge-storing device in precision integrators, sample
and hold amplifiers and other electronic circuits that retain
analog signals in the form of electric charge. Additionally,
PP capacitors are characterized by a constant tempera-
ture coefficient ac = -200 ppm/°C and the second high-
est volume resistivity among dielectric film materials (Table
2). The main deficiency of PP is its somewhat limited tem-
perature range, which prevents the construction of PP as
an SMD component. Standard PP capacitors use metal-
lized film and film/metal foil construction for self-healing
and high impulse current capability, respectively.

2.5 Polyphenylene sulfide capacitors

Polyphenylene sulfide (PPS), a dielectric material with ex-
cellent electrical and thermal properties, was invented by
Toray/Japan. This chemical company started the produc-
tion of capacitor grade PPS film in 1988 under the trade
name of Torelina®, and is still the only producer. In the
same year PPS capacitors were made commercially avail-
able by WIMA/Germany, but their production was plagued
with many difficulties. In 2001 WIMA /2/ temporarily
ceased their production due to problems connected with
inconsistent film quality and availability. A detailed exami-
nation of self-healing of different metallized polymer films
by Walgenwitz et. al. /5/ has shown only insignificant dis-
tinctions among PET, PEN and PPS. In any case, achiev-
ing self-healing in PPS film is not a particular problem. The
problematic availability of PC capacitors, the European
Council Directive on the Restriction of Hazardous Sub-
stances (RoHS Directive, 2002/95/EC) /6/, and good

Table 2: Properties of capacitor dielectric materials

the mechanical properties of biaxially oriented PPS film at
higher temperatures have prompted numerous activities
for the reliable production of PPS capacitors. The construc-
tion of SMD film capacitors has become very demanding
due to the elevated melting point of leadless soldering
compounds. After the break in 2000 WIMA restored the
production of PPS capacitors, encouraged by a mixture of
technological and commercial factors. After 2001 both
trough hole and SMD types of PPS metallized capacitors
were made generally available by several manufacturers.

PPS has excellent electrical properties that exceed PC in
many aspects. Almost no sensitivity to humidity and a far
higher operating temperature range are the most impor-
tant attributes of PPS when compared to PC. Despite the
advantages of PPS film (expressed by the figures in Ta-
ble 2), this material has two shortcomings. Firstly, it is ex-
pensive and secondly, it is produced only by Toray/Japan,
which may cause hitches in its supply.

2.6 Polyethylene naphtalate capacitors

Polyethylene naphtalate (PEN) was not used for film ca-
pacitors until 2000. The RoHS directive adopted by the
EC in 2003 caused producers of electronic components
to utilize substitutes for the existing materials as these could
not stand the thermal stress generated by elevated solder-
ing temperatures without significant degradation. The elec-
trical properties of PEN film are very similar to those of
PET, but the overall performance of PEN is inferior - pro-
vided that the maximum operating temperature is not tak-
en into account /7/. PEN capacitors are larger than the
corresponding PET types because the dielectric constant
& and the dielectric strength Eg of PEN are lower. The ra-
tio of PEN capacitor size to the corresponding PET capac-
itor is between 1.5 and 2. PEN film SMD capacitors are in
compliance with the RoHS directive, and are suitable for
IR or vapor phase reflow processes. PEN capacitors are

Parameter Unit ‘ Dielectric :

PS PC | PET |PEN PP |PPS|PTFE CO0G X7R
Dielectric constante, 22 29|33 |30 22|30/ 20 12..40|700..2000
Dielectric strength vium | 100 200 | 400 | 300 600|250 | 150 200
C temperature coefficientoc Ppm/°C | -120 | =80 +600” +20(5 -300|-150 '-80 | i-k30 1107607
Dissipation factor tar (1 kHz) 10" 5 15 | 80 80 5 20 1 15 350
Volume resistivity p Qcm |10 10| 10”7 | 10" 10" |10 | 10" 10" 10"
Dielectric absorption DA % 001 011 05 | 1.2 0.02(/0.05] 0.01 0.6 2.5
Operating temperature Timin/ Trmax °C 95 551 55 | 55 95 85 1 59 95 95

125 100 | 105 | 125 100 | 140 | 200 125 125
Self-healing no | yes | yes | yes | yes | yes | no no no
SMD conf}g;”tjration no ' no | yes | yes no yes | no yes yes
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also featured with improved temperature stability with re-
spect to PET. The capacitance temperature coefficient ac
of PEN is approximately only one third of the ac of PET.
The dielectric absorption DA of PEN is the biggest among
the polymer fitm dielectrics. Its value of approximately 1 %
is the order of magnitude of DA specified for MLCCs using
X7R ceramics.

2.7 Other dielectric materials

Three types of dielectric materials, that have not been
mentioned previously, are also listed in Table 2. Poly-
tetrafluoroethylene (PTFE) better known under DuPont
Company's trade name Teflon®, is an excellent insulating
material, but PTFE film capacitors are very rare. Proper
metallization of PTFE film is very difficult, this material is
very expensive and films of a thickness < 6 um are not
commercially available /7/. PTFE capacitors are used in
high power applications where their high operating tem-
perature range and low dissipation factor justify their high
price.

The data on ceramic dielectric materials in Table 2 are giv-
en for comparison, since MLCC chips are very popular
and cheap. In fact only COG ceramics, also known as NPO,
are a real match for polymer films as far as stable high per-
formance capacitors go. In addition to the materials dis-
cussed, X7R ceramics offer a cost and room efficient so-
lution when large capacitances in small packages with low
equivalent serial resistance (ESR) are required.

3. Capacitor for integrating A/D
converter

3.1 Four slope integratipn

Dual slope integration is a well-known method for accu-
rate A/D conversion /1/. Accuracy and resolution are two
distinctive features of such A/D converters. The resolu-
tion of integrating converters is determined by the ratio
between the period of the clock that is used for counting
and the time of integration, which is measured in clock
periods. Arbitrary resolution can be achieved by appropri-
ate selection of these two parameters, but at high resolu-
tions conversion times can become unacceptably long,
since maximal counter frequencies are limited. On the other
hand, the accuracy of the result is determined by the used
reference, if everything else is done ideally.

Integrating A/D conversion is very useful for measuring
slowly varying quantities, e.g., strain, temperature, humid-
ity, illumination etc. Furthermore, smart sensors with digit-
al output can be designed as a combination of a standard
microcontroller, an integrating A/D converter, and an ana-
log sensor of a physical quantity. Low cost uncalibrated
sensor devices may be used, without compromising the
accuracy of the final result because the deficiencies of the
analog sensing device are compensated numerically, The
required signal conditioning data are obtained by calibra-
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tion in the final stage of production and consequently stored
in the nonvolatile portion of memory.

The pitfalls of capacitor selection are illustrated by the case
of the small resistive temperature sensor. The important,
i.e., the analog part of the smart sensor is shown by the
simplified schematic diagram in Figure 1.

Fig. 1:

Integrating A/D converter

The conversion is initiated by closing switch Sy for fixed
time to determined by a certain number of clock periods.
The integrator output voltage u; ramps up, reaching a max-
imum value that is proportional to the voltage across the
sensor resistance Rx. At the end Sy is opened and Sy is
closed. The output ramps down with a slope that is pro-
portional to the voltage of a very stable resistor Rgere. When
the integrator voltage becomes negative with respect to
analog ground, the timer inside the microcontroller is
stopped by the negative edge of the comparator output E.
The plots of main converter signals are shown in Figure 2.

ulf) U

A

Fig. 2: Time diagram: u; integrator output,
E comparator output

The peak integrator voltage can be expressed by

t ty
Um:]me'EOZ:,—: mRREF'R_C_' (1)

where I, represents the measuring current through the
sensor Rx and reference resistor Rger, respectively. From
the unknown resistance of the sensor is given by

t
Ry = Rppp ti (2)
0

meaning that only the stability of Rrer has influence on the
result accuracy. This would be true if the opamp and com-
parator were ideal. The dual slope principle is not sensi-
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tive to the instability of the integrator time constant RC as
long as the constant remains unaltered during conversion
time to + tx. The integrator peak voltage Uy, given by re-
mains unaffected by the comparator input offset voltage,
since the counting of both times, charging fo and discharg-
ing tx, are started and stopped at the same integrator volt-
age, respectively. The actual conversion is started by clos-
ing S» until the integrator output u; becomes negative then
both switches (S1 and Sp) are toggled. The charging time
to counter is not triggered until the rising edge of the com-
parator output E.

The input offset voltage Up of the opamp in the integrator
induces an error that can be expressed as

ARX =

I, (3)

with /,, denoting the measuring current (Figure 1). As itis
shown in /8/ this error is compensated by reversing the
polarity of the measuring current /,, which is done by ne-
gation of the logic outputs P1 an P2 (Figure 1). The accu-
rate result is the mean of the results obtained with both
polarities of the current I

tg+1t
Rx — RREF x1 x2

(4)
The procedure with four siopes of integration, shown in
Figure 3, doubles the required conversion time, but low
cost opamps with offset voltages [Up| <1 mV may be
used.

xt

Fig. 3:  Plot of the integrator output ui(t) in the four
slope A/D converter

3.2 Dielectric absorption

The analyzed integrator is part of an intelligent resistive
sensor of small physical dimensions (25 x 9 mm), there-
fore small passive components are used. The long inte-
gration time, which is necessary to achieve the prescribed
resolution, and the low supply voltage require relatively large
capacitance C = 100 nF that prevents the integrator out-
put from reaching saturation. The first logical choice was
an X7R ceramic chip capacitor, characterized by its small
dimensions and SMD package. The value of capacitance
appears neither in eqn. nor in , therefore the temperature
coefficient and tolerance are not important for this purpose.

Experimental tests have shown poor accuracy in the inter-
mittent mode of operation. The sensor was designed for
battery powered systems, so the analog part of the circuit
is powered only when the conversion takes place. Dielec-

tric absorption of the capacitor has been overlooked, and
the effect of the absorbed charge has not been noticed in
continuous mode since the capacitor mean voltage is zero.

For the great majority of capacitor applications the dielec-
tric absorption coefficient DA is not an important parame-
ter. It matters only in some sample and hold circuits, and
as is obvious, in integrators that operate once in a while
and have long integrating times. This phenomenon can be
measured as a small voltage that reappears across the open
capacitor terminals after a charged capacitor has been
thoroughly discharged. When voltage is applied to the ca-
pacitor plates a certain small part of the stored charge
becomes bound on the surface of the dielectric. The proc-
ess of charge recovery is governed by pretty long time
constants that depend merely on the used dielectric mate-
rial. Measurement of the absorption coefficient DA accord-
ing to the standard MIL-C-19978 D /9/ is depicted in Fig-
ure 4.

u () ‘

U, xDA

1
»

Uy

. : ; -—
A

-15min 0 10s 15min

Fig. 4: Timing and definition of voltages associated
with the measuring of the dielectric absorption
(Un denotes nominal voltage).

The effects of dielectric absorption in electric circuits are
studied by suitable models that replace the capacitor in
question. These models /10/, /11/ can be quite complex
but in most cases a simple model shown in Figure 5 is
sufficient for basic understanding. For commonly used di-
electrics, 50% of the final voltage is recovered in 1 to 10
seconds, whereas it can take as much as 15 minutes to
reach within 5% of the final value.

[,
1
R
o —— = CxD4
=,

Fig. 5:  The basic model of the dielectric absorption in

capacitors

The resistance in the model of Figure 6 is given by
T
R =
DAC ®
where t denotes the dominant recovery time constant and

DA is the absorption coefficient (Table 2). The values of T
for particular materials are usually not specified and have

11
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to be determined by experimental measurements if a great-
er accuracy than the generally presumed range from 1 to
10 s is desired.

Detailed analysis has shown that the integrating capacitor
was charged almost to supply voltage (Ug = 3.3 V) when
the negative supply pin of the amplifier chip was not tied to
ground to reduce supply current. The error caused by re-
covered charge is drastically reduced by the four slope
integration method. The error of n-th successive measure-
ment after the amplifier is turned on is given by

where Uco is the integrating capacitor initial voltage, T = to
+ tx is the conversion time of one polarity, 7 is the domi-
nant time constant of the absorbed charge recovery, and
Un is the peak voltage of the integrator (Figure 2). The
used ceramic chip capacitor has turned out to be com-
pletely inadequate for accurate temperature measurements
on the basis of platinum resistors. Errors due to the dielec-
tric absorption of the consecutive resistance measure-
ments of the platinum resistor R, (Pt 1000) are shown in
Table 3. The resulis are expressed as temperature errors
in °C using the temperature coefficient of platinum
3850 ppm/°C. The valuesin Table 3 are calculated using
for two different absorption coefficients, whereas the oth-
er parameters are the same: Uco = 3.3V, Uy = 1V, 7= 3s,
T = 1s. The errors calculated for X7R ceramics are in good
agreement with the measurements, which have initiated
more detailed analyses.

Table 3: Error of consecutive A/D conversions
expressed in temperature

Consecutive AT[°C]
measurement no. | pA = 2.5% (X7R) | DA = 0.05% (PPS)
1 0.860 17x10
2 0.442 8.84x107
3 0.227 4.54x107
4 0.116 2.33x10°°
5 0.059 1.19x10°®

The theoretical error caused by the absorption of PPS film
SMD capacitor is smaller than the desired resolution of
the design, therefore raw conversion data, i.e., timer counts
that measure time t4, have been observed. The raw resuits
of consecutive conversions (after power up) are within plus
minus one count, provided that the temperature is con-
stant.
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4. Tests in climatic chamber

4.1 Naked PPS SMD capacitor

Encouraged by the theoretical resuits (Table 3) an ade-
quate substitution for the X7R MLCC has been found in
the form of the stacked PPS film capacitor. These capaci-
tors are almost a perfect choice and feature a very low
absorption coefficient DA and very low dissipation tané <
5-10* in the temperature range from -25°C to 80°C. The
data for PPS shown in Table 2 are rather misleading be-
cause the worst values over the whole temperature range
are given. In addition, PPS capacitors are available as smai
SMD components that save space on the PCB and fit on
solder pads provided for the former ceramic capacitor. The
construction of naked stacked film capacitors is shown in
Figure 7. The lateral side is usually left without any coating

/4/.

Lateral side—"

Terminal plating Sn

Fig. 6:  Production and construction of stacked naked
PPS film chip capacitors

In stacked-film production technology, large rings of met-
allized film are wound onto core wheels with diameters up
to 60 cm. Then the rings are sawed apart obtaining well
defined width (dimension W in Figure 8). In this way, ca-
pacitances with very low tolerances are obtained, since
the active body is very homogenous, without the air pock-
ets which are typical of flattened wound bodies. Actual
measurements have proved that PPS capacitors have negli-
gible dielectric absorption; hence no differences have been
detected between the results of the first and immediately
repeated measurements.

Upon the verification of the calibrated sensors, some of
them returned values that were up to 2°C lower than the
actual temperature in the chamber, which was 12°C.
Among the 120 devices under test, about 10% were bad,
i.e., |AT}>0.1°C. It turned out that humidity inside the
chamber had run out of control. At temperatures around
12°C the humidity had exceeded 90%. The deviation of
certain circuits was obviously influenced by humidity, so
protection against moisture should improve the perform-
ance of the PCB in humid environments. Polyurethane
coating applied to the assembled PCBs did not help. The
deviations of the bad circuits remained unacceptable.
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Since it was not clear which part of the circuit was affected
by humidity, several experiments were carried out. The
results in Figure 8 show that high humidity and tempera-
ture affect the four slope A/D converter. In this experiment
the temperature dependent resistors (Pt1000) of three
sensors were kept outside the climatic chamber at a con-
stant temperature, while the PCBs were exposed to tem-
peratures increasing in increments at high humidity and
decreasing at low humidity, respectively. As one can note
from the plots in Figure 7, the impact of the temperature
increments in the presence of high humidity is not the same
for all circuits, but when humidity is low the circuits are left
virtually unaffected.

Measurement results of three sensors with
naked PPS capacitors: at high humidity

RH = 90% the chamber temperature was
increased in 5°C increments from 15°C to 45°C,
then the air was dried to RH = 30% and the
temperature was decreased to 15°C, again in
decrements of 5°C. Each step of this
temperature reduction lasted Thour.

Fig. 7:

Next, the integrating PPS chip capacitors of the three test-
ed samples were replaced by encapsulated PET capaci-
tors with wire terminals and then the same experiment was
repeated. The plots that are shown in Figure 8 reliably in-
dicate that certain PPS chip capacitors were affected by
high humidity and not the PCB itself. The resulits registered
by the third sensor are meaningless since a fault occurred
during the replacement of the capacitor. The steps in the
upper and middle plot are a conseqguence of the tempera-
ture coefficients of each reference resistor Rrer, because
the sensors were kept at different, i.e., constant tempera-
tures during the test.

4.2 The influence of humidity on
insulation resistance

Obviously, some of the used PPS capacitors were influ-
enced by moisture. The influence of absorbed moisture
on capacitance was excluded by empirical immersion tests,
so only the surface resistance between capacitor termi-
nals Rp remains as the possible cause of inaccurate con-
version, if this resistance is decreased due to air humidity.

Fig. 8: Measurement results of three sensors with
encapsulated PET capacitors: at RH=90% the
chamber temperature was increased in
increments of 5°C from 15°C to 45°C (the left
half of the diagram), then the air was dried to
RH=30% and the temperature was
decrementally reduced down to 15°C.

Firstly, we have to estimate the order of magnitude of such
a decrease of resistance that could cause the observed
inaccuracies. As is shown in Figure 9, the parallel resist-
ance represents a leak for the charge stored in the inte-
grating capacitor. The sensitivity can either be derived from
the exact analytic solution, or a few simple approximations
can be used. The latter alternative is presented as follows.

RP
R —
— ||
_ — Ilc L
C

¥Au o

Fig. 9: Integrator with insulation resistance Rp (above),
plot of integrator output voltage u; with (—)
and without Rp (- - - ) (bellow)

At the end of the first step of conversion the peak integra-
tor output is reduced by

t+h

Ag 1 [ ) 1 Uty
Ay =42 W) 2 YUnlo
m=e="c )l R * 7 rR,Cc O
t

with Ag denoting the charge that leaks through Rp and Up
is the voltage that would be reached if there were no leak-
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age, i.e., Rp — oo. The shape of uit} in is considered straight
and Aupn = Unm is neglected in the integral. During the sec-
ond step of conversion, uit) decreases faster than in the
ideal case (Figure 9) and after discharging for fo it would
become negative. The relative error of the conversion

Al‘x _ Auﬂ +Au,~2 _ ZAuil _ %y
t. U, ~ U, RpC

where ty is approximated by to, hence Aujp = Auj. In our
special case where the actual input voltage is proportional
to the resistance of the platinum temperature sensor it is
convenient to express the difference between the meas-
ured and the actual temperature

AR 1 1

e = A (©)

x Og RpC- o

where o denotes temperature coefficient of platinum. The
plot of this temperature deviation for C = 100 nF,
to = 0.5 sand ar = 3850 ppm/°C is shown in Figure 10.

(8)

AT =

0

r‘——/
L
-
//

-0.5 P
o /
s,
- /
4

1 /
183 10 100
R, [GQ]

Fig. 10: Deviation of measured temperature vs,
insulation resistance Rp

The derivation of eqn. is carried out only for the first phase k

of A/D conversion because both phases of the actually
implemented four slope conversion are equally influenced
by the charge leak. According to capacitor producer AVX
/4/ the insulation resistance of a 100 nF capacitor is
>60 GQ for T < 75°C. Under normal conditions such val-
ues of Rp cannot engender noticeable deviations. Moreo-
ver, the constant resistance that appears between the ca-
pacitor terminals is taken into account during calibration,
so that the conversion results in operation are influenced
only if this resistance is decreased owing to environmental
influences.

The theoretical plot in Figure 10 shows that the parallel
resistance has to decrease to about 1GQ when the result
fails for approximately -1.5 °C. Such errors can be noted
in the experimental results shown in Figure 7, where it is
obvious that in the presence of damp air the parallel resist-
ance of some capacitors is reduced to 50% or less by ris-
ing the temperature for 5°C.
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4.3 Insulation resistance measurements

Both our theoretical and experimental findings have been
verified by measurements of two sets of PPS film capaci-
tors (100 nF/16V), i.e., brand new capacitors and the
desoldered ones from the circuits that turned out as bad.
The new capacitors were immersed for 24h in a 20% iso-
propy! alcohol (IPA) water solution. The immersion caused
no measurable differences in the capacitance and dissi-
pation factors. The measured capacitance tolerance of all
samples was les than 1%. Furthermore, the insulation re-
sistance of the devices was measured at different air hu-
midities. The leakage current at the applied voltage 1V was
measured by a precise picoampermeter. The results are
summarized by mean values in Table 4.

Table 4: Mean values of insulation resistance at Upc=1V
and T= 25°C,

Relative R;

Humidity [%] | new | desoldered
35% 100 GQ | 100 GQ
60% 40 GQ 100 MQ
90% 10 GQ 30 MQ

The results in Table 4 clearly indicate that the origin of the
noticed inaccuracies lies in the resistance between the
capacitor terminals. PPS capacitors have very low mois-
ture absorption, but the naked types are affected by the
side effects of PCB assembly, because the new devices
perform much better when leakage is involved. The work
of Huntand Zou / 12/ has shown the importance of appro-
priate selection of the flux in the soldering paste. The res-
idues of soldering fluxes contribute to the surface conduc-
tivity as the humidity is increased. This effect is especially
pronounced for weak organic acid (WOA) based fluxes at
high humidity (> 85%). it has been already mentioned that
the PCB’s were protected against moisture but that these
efforts turned out to be unsuccessful. The tested sensors
were washed in deionized water, dried and protected with
a thin polyurethane coating (Urethane 71) but the surface
of some PPS chip capacitors remained contaminated by
flux residues. The applied coating should be substantially
thicker, which is a rather unpractical solution.

The weak point of the naked chips is the exposed lateral
sides (Figure 7) on which the metal atoms that form the
capacitor plates can be found. These lateral sides are ad-
ditionally vulnerable due to the small gaps between the
clusters of stacked dielectric film. It is almost impossible
to clean these gaps once they get contaminated. The first
prototypes were soldered by hand using ordinary solder-
ing wire filled with resin. In this case, increasing the hu-
midity does not reduce the surface resistivity /12/, there-
fore the high humidity effects were not noticed until a dif-
ferent technology of PCB assembly was used. It is impor-
tant fo note the fast response of the observed leakage
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current to the changes in humidity, which obviously points
to the fact that only the surface of the capacitor is involved
in this process.

5. Conclusion

The choice of SMD film capacitors on the market has gone
through significant changes that were initiated by the EC
RoHS directive. New high temperature dielectric materials
have been introduced in production. PET, PEN and PPS
films are used for plastic film SMD capacitors. Special at-
tention must be paid during the assembly of PET capaci-
tors with regard to the reflow soldering process. PEN and
PPS capacitors tolerate slightly higher temperatures in the
reflow soldering process which in turn is beneficial for the
reliability and quality of the leadless solder contacts. PEN
capacitors should be avoided if dielectric absorption is
important. PPS capacitors are now commonly available
from various producers, but are the most expensive.

The construction of the capacitor should be carefully se-
lected for each particular application. Stacked film capac-
itors have tight tolerances and require the least space on
the PCB. As described in this paper, their naked construc-
tion is vulnerable to humidity, which reduces the parallel
resistance due to surface conductivity. Wound capacitors
are made by individually rolling the metallized film ribbons
into cylindrical rolls which are then flattened to a prismatic
shape. Wound capacitors are less sensitive o humidity,
since the outer layers of the roll protect the capacitor core
inside. Wound types are available naked or encapsulated
in plastic boxes that provide additional protection against
the environmental influences. Both variants of wound ca-
pacitors require more space on the PCB than the stacked
one.

The described case study shows the importance of care-
ful component selection from amongst the variety that is
offered on the market. Besides choosing the right dielec-
tric material, it is equally important to consider the con-
struction of the capacitor. Of course, it is almost impossi-
ble to anticipate the behavior and interactions of real com-
ponents that are exposed to harsh climatic conditions. In-
tensive computer-controlled testing of prototypes in a cli-
matic chamber is an important step in the good design of
demanding electronic products.
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Abstract: Electromagnetic compatibility (EMC) studies the unintentional generation, propagation and reception of electromagnetic energy with reference
to the unwanted effects. lts goal is to avoid any interference between different equipment, which uses electromagnetic phenomena, in the same electro-
magnetic environment. This paper is focused on EMC of integrated circuits {ICs) and presents a review of EMC history, IEC standards for EMC in ICs,

measurement methods and measurement setups.

Elektromagnetna zdruzljivost v integriranih vezjih: pregled

Kjuéne besede: elektromagnetna zdruzljivost, elektromagnetna interferenca, merilne metode, merilni sistemi.

lzvleéek: Elektromagnetna zdruZljivost preucuje nenamerno generiranje, prenasanje in dovzetnost elektromagnetne energije v odnosu z nezelenimi
efekti. Njen cilj je izogniti se interferencam med razii¢nimi napravami, ki delujejo na elektromagnetnem pojavu, v skupnem elekiromagnetnem okolju.
Clanek je osredotoen na elektromagnetno zdruZljivost vintegriranih vezjih in obravnava pregled zgodovine elektromagnetne zdruzijivosti, IEC standarde
za elektromagnetno zdruZljivost v integriranih vezjih, merilne metode in merilne sisteme.

1. Introduction

Electromagnetic compatibility is the branch of electrical
sciences which studies the unintentional generation, prop-
agation and reception of electromagnetic energy with ref-
erence to the unwanted effects (Electromagnetic Interfer-
ence or EMI) that such energy may induce. The goal of
EMC is the correct operation, in the same electromagnet-
ic environment, of different equipment which uses elec-
tromagnetic phenomena, and the avoidance of any inter-
ference effects.

In order to achieve this, EMC pursues two different kinds
of issues. Emission issues are related to the unwanted
generation of electromagnetic energy, and to the counter-
measures which should be taken in order to reduce such
generation and to avoid the escape of any remaining ener-
gies into the external environment. Susceptibility or immu-
nity issues, in contrast, refer to the correct operation of
electrical equipment in the presence of unplanned elec-
tromagnetic disturbances.

Electrostatic discharge (ESD) and latchup effect are also
connected with EMC phenomena. Latchup may be de-
fined as the creation of a low-impedance path between
power supply rails as a result of triggering a parasitic de-
vice. In this condition, excessive current flow is possible,
and a potentially destructive situation exists. After even a
very short period of time in this condition, the device in
which it occurs can be destroyed or weakened; and po-
tential damage can occur o other components in the sys-
tem. Latchup may be caused by a number of triggering
factors including overvoitage spikes or transients, exceed-
ing maximum ratings, and incorrect power sequencing.
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ESD is the sudden and momentary electric current that
flows between two objects at different electrical potentials
and is a serious issue in solid state electronics. Integrated
circuits are made from semiconductor materials such as
silicon and insulating materials such as silicon dioxide. Ei-
ther of these materials can suffer permanent damage when
subjected fo high voltages, as a result there are a number
of antistatic devices that help prevent static build up.

interference, or noise, mitigation and hence electromag-
netic compatibility is achieved by addressing both emis-
sion and susceptibility issues, i.e., quieting the sources of
interference, making the coupling path between source
and victim less efficient, and making the potential victim
systems less vuinerable.

2. A brief historical review

It started more than forty year ago, when in 1965, Gordon
Moore co-founder of Intel Corporation, published his long
term vision of the evolution of integrated circuit. He point
out a trend in integrated circuit complexity and predicted
an exponential growth in the available memory and calcu-
lation speed of microprocessors, doubling every year /1/.
With minor correction (doubling every 18 months), Moore’s
law stili holds today.

The American army was a pioneer in the field of integrated
circuit EMC. In 1965 they studied the effects of the elec-
tromagnetic fields due to nuclear explosions on electronic
devices used in launch missile sites. The result was simu-
lating software SCEPTRE /2/ that was developed at IBM,
for simulating the effect of nuclear radiation on electronic
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components and it was used to correlate simulations and
experimental measurements.

One of the earliest academic publication was the simula-
tion of the 741 integrated operational amplifier published
by Wooley in 1971 /3/. The author simulated the different
stages of this IC with the simulating software CANCER (an
ancestor of today’s simulator SPICE).

in 1975, Whalen published studies on the radio-frequen-
cy pulse susceptibility of discrete transistors /4/. He also
edited special issue about interference between electro-
magnetic sources in the very high frequency band (VHF
30 MHz-300 MHz), ultra high frequency band (UHF 300
MHz-3 GHz) and even extremely high frequencies with ra-
dars (EHF 3 GHz-30 GHz) /5/. Two years later in 1981
Roach characterized the sensitivity of 1 Kbyte NMOS mem-
ories /8/. Some years later, a study by Tront was published
/7/. The topic of the study was about the behavior of the
8085 processor in presence of 100 and 220 MHz radio-
frequency interference. By using simulation software
SPICE, he reproduced some phenomena observed dur-
ing measurements.

In 1990 H. Bakoglu published a book /8/ witch compre-
hend a summary of the parasitic effects in integrated cir-
cuits, packaging and printed circuit boards (PCB’s). His
book describes different problems linked to transient cur-
rent consumption at active edges of the clock and detailed

basic mechanisms for integrated circuit resonance. in the
same year Kenneally et al. published measurement results
for simple integrated circuit in CMOS and TTL technolo-
gies /9/. His results showed that the sensitivity of circuit
decrease when interfered frequency (1-200 MHz) increas-
es. He also discovered significant differences between
fabrication technologies. CMOS circuits tend to be less
robust than TTL circuits.

Synchronous switching noise is most significant chip-level
concerns for EMC and signal integrity engineers. In 1993,
R. Downing et al. published a paper with a topic on the
characterization of decoupling capacitance effects includ-
ing on-chip decoupling and decoupling in proximity to the
integrated circuit.

The research on susceptibility of integrated circuits contin-
ued in 1995 with published paper by Laurin et al. The re-
search focused on the effects of an electromagnetic wave
coupling to PCB traces and the consequences of this cou-
pling on simple circuit behavior /10/. The researchers ob-
served no perturbations on the component with field
strengths of 200 V/m, which is specified field strength in
MIL-STD-4618B. By adding long metal wire that was a half-
wavelength long at the interference frequency, the field was
reduced to 2 V/m. This low field caused severe malfunc-
tions due to erroneous switching. The research also com-
prehends the difference between a static and transient re-
gime. In the static regime, only perturbations with high en-

Table 1: Standards for EMC emission, susceptibility and impulse immunity measurement of integrated circuit

Standard Description

Status in 2008

IEC 62215 Measurement of impulse immunity up o 1 GHz

IEC 62215 1 Definitions
IEC 62215 2 Synchronous transient injection method Published in 2007
IEC 62215 3 Electrical fast transient (EFT), ESD immurity | New proposal

IEC 62132 Measurement of electromagnetic immunity up to 1 GHz

IEC 62132 1 Definitions Published in 2006
IEC 62132 2 TEM/GTEM Cell method Committee draft for voting
IEC 62132 3 Bulk current injection (BC) Published in 2007
IEC 621324 Direct RF power injection (DPI) Published in 2006
IEC 62132-5 Workbench Faraday cage Published in 2005

IEC 61967 Measurement of electromagnetic emission up to 1 GHz

IEC 61967 1 Definitions Published in 2002
IEC 61967 2 TEM/GTEM Cell method Published in 2005
IEC 61967 3 Surface scan method Published in 2005

IEC 61967-4-ed 1.1

1 Q/150 Q direct coupling methed

Published in 2006

IEC 61967 4 am1

1 Q/150 Q direct coupling method

Published in 2006

IEC 61967-4-1 1 Q/150 Q direct coupling methad Published in 2005
IEC 61967-5 Workbench Faraday cage Published in 2003
IEC 61967 6 Magnetic probe method Published in 2002

IEC 61967 6 am1 Magnetic probe method Published in 2008
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ergy affected logic levels were in the transient regime, even
weak perturbations could affect switching delays.

Two years later J. F. Chappel investigated and proposed a
new technique that raised the immunity level of ICs from
less than 1,5 V to over 5 V in the frequency range 1 to 10
MHz. Other circuits have been proposed because of their
high immunity to radio frequency interference (RF1) includ-
ing Schmidt triggers, low-voltage differential swing circuits
and delay-insensitive structures.

In year 2000, NASA published an updated version of the
handbook on EMI immunity /11/, which gave valuable in-
formation on the immunity of integrated circuits with fre-
qguency up to 10 GHz. The author presents measurement
results concerning simple components and comparison
with measurements taken in the 70’s.

Fiori published a study of RFi effects on analog amplifier
up to 2 GHz /12/. The measurement equipment involved
microwave probes, positioned directly on chip, to main-
tain 50-chm impedance from the measurement equipment
to the integrated circuit. The author observed that DC shift
of the amplifier offset increases with RFt amplitude but it
remained almost constant from 100 MHz to 2 GHz.

3. EMC measurement methods

3.1. EMC Standards

A set of EMC regulations which fixed the maximum limits
for parasitic emission and immunity levels for electronic
devices were established in Europe in 1996. The proba-
ble result of these regulations was revived interest of the
researchers and engineers for this subject.

The International Electrotechnical Commission (IEC) is one
of the standard bodies that are addressing the need for
standardized IC EMC measurement methods. At the com-
ponent level, the most important standards were devel-
oped under the supervision of the Technical Committee
47A, which is focused on integrated circuits.

This committee prepares international standards with a fo-
cus specifically on logic circuits, memory, converters and
hybrid modules.

3.2. Measurement of IC emission

The measurement of the conducted or radiated emissions
from IC, under specified conditions, can give useful infor-
mation about the potential and severity of emissions in a
tested application. IEC 61967 standard defines measur-
ing method, measurement conditions, test equipment,
specific PCB requirements, consistent test procedures as
well as contest of the test report.

3.3. Radiated emission

There are two basic methods for evaluating ICs of being
the source of radiated EM emissions: TEM/GTEM cell test
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and near-magnetic field scan. The transverse electromag-
netic mode (TEM) cell and the gigahertz TEM (GTEM) cell
are commonly used for measuring EM emissions radiated
by an IC, but can be also used for measuring IC immunity
to EM fields. EM radiated emission measurement method
by TEM/GTEM is standardized as IEC 62967-2 (Table 1).
The TEM cell (Fig. 1) is an expanded rectangular waveguide
with an inner conductor called the septum, whose charac-
teristic impedance is set to 50 Q. It is terminated by two
tapered ends to connect 50 £ - adapted coaxial cables.

Custom EMC
/ Evaluation PCB

™

EM] receiver or
spectrum analyzer

Preamplifier

50 Ohm TEM Cell
Termination

Fig. 1: IEC 62967-2 TEM cell radiated emissions test
setup /13/

The GTEM cell (Fig. 2) was designed to overcome the TEM
cell frequency limitation. It consists of a tapered section of
rectangular transmission line, with an offset and sioping
septum plate. The septum is tapered so that the charac-
teristic impedance is maintained to 50 Q along the length
of the cell. The wide extremity is terminated by a distribut-
ed resistive load that operates as a 50 Q load circuit at iow
frequency and by pyramidal foam absorbers that attenuate
the EM wave at high frequency.

Fig. 2: a) GTEM cell, b) IEC 62967-2 GTEM cell
radiated emission test setup /14/

Measuring the radiation from the same IC in TEM or GTEM
cells can be compared using the correlation factor between
two cells /14/.

The near-field scanner was introduced to the EMC prob-
lem of the IC by K. Slattery /15/. Measurement methods
which determine the EM field by using RF receiver can be
classified in two main techniques. The direct technigue
involves a coaxial cable who connects the probe to the
receiver (Fig. 3).

The second technique creates a perturbation by introduc-
ing a scatterer at the desired observation point, to enhance
the spatial resolution and to reduce the parasitic coupling
between the probe and device under test (DUT).
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to spectrum
analyzer

o

T = ER

»
Controt unit

IEC 61967-3 near-field radiated emission test
setup /14/

Fig. 3:

3.4. Conducted emission

Another method for evaluating ICs is to measure the con-
ducted noise currents on each pin.

Infegrated Cirou;
Amp
Ouiputi= —>
Praampiifier

SA!

[

EMI receiver or
spectium analyzer

EN receiver or
spectrum analyzer

Supply
source

i

Fig. 4: IEC 61967-4 conducted emission test setup
/14/

IEC 61967-4 defines a method of determining an IC’'s con-
ducted electromagnetic emissions by measuring the RF volt-
age developed across a standardized load as shown in Fig.
4. For high power ICs, the 1 Q probe is replaced by a 0.1 Q
resistance, or split among the return current paths /14/.

The Workbench Faraday Cage (WBFC) method is used for
conducted emission measurements. IEC 61967-5 defines
a method of measuring the conducted electromagnetic
emissions at defined common-mode points in order to es-
timate the emissions radiated by connected cables in an
application /16/. A schematic of the test setup are shown
in Fig. 5.

The method will apply for those cases where the wires and
cables connected to the sources and victims are much
longer than the largest dimension of the integrated circuit.

IEC 61967-6 is defines a method of calculating the con-
ducted electromagnetic emissions from an IC pin by using
a magnetic field probe to measure the magnetic field as-

SA oG
‘WJ,T Supply

E#I recaiver f
of spectrum ey source
analyzer® M ‘—r-‘““

Signal

Audliary

Signal
g load

source

* shaii be interchanged at each port

Fig. 5: IEC 61967-5 WBFC conducted emission test
setup /13/

SA

EMI recaiver
or spr [
analyzer

[29]
=

Supply
source

Fig. 6: IEC 61967-6 conducted emission test setup
/13/

sociated with a connected PCB trace /16/. A diagram of
the test setup is shown in Fig. 6. The preferred test config-
uration is with the DUT mounted on an IC EMC test board
with standardized layout patterns to maximize repeatability
and minimize probe coupling to other circuits. With care,
this method can also be applied to application boards.

3.5. Measurement of IC immunity/
susceptibility

As for emissions, the assessment the conducted or radiat-
ed immunity performance of an IC, under controlled con-
ditions, can yield useful information about the potential and
severity of RF immunity in an application. The test meth-
ods in IEC 62132 standard utilize a continuous wave sig-
nal, either modulated or unmodulated. The required mod-
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ulation, if any, is specified in the individual test method.
This standard consists of five parts: a general guidance
document and four immunity test methods /17/.

3.6. Radiated immunity

The TEM/GTEM cell can be used also as immunity tests
setup. Test setup is similar to emissions setup only that
EMI analyzer and pre-amplifier are exchanged with signal
generator and power amplifier. DUT is tested in at least
two orientations to ensure complete exposure to the gen-
erated electric field. Signal generator generates signal,
which is amplified to achieve strength of electric field in
the TEM/GTEM ceil specified by the standard.

Injection
Probe

11
DC

ﬁ— SA Amp Amp Signal

= - ]

= | I T<H < @
Supply E ; — -
source Mireceiver  Preamplifier  Power Signal

or spectrum Amplifier generator

analyzer

Fig. 7. IEC 62132-3 BCI conducted immunity test
setup /13/

3.7. Conducted immunity

IEC 62132-3 is a standard that defines a method of evalu-
ating the conducted electromagnetic immunity of an IC to
noise currents injected on connected cables (Fig. 7). This
method is based on bulk current injection (BCI) methods
used for equipments and systems such as ISO 11452-4.
The intent of this method is to evaluate the immunity of IC
pins connected to cables. The injection coil induces by
magnetic coupling a current (usually up to 100 mA) that
may produce faults on the DUT at particular frequencies.
The faulty state is recognized by a reak-time monitoring of
the device activity.

Direct power injection (DPI) method (Fig. 8) evaluates the
immunity of IC pins connected to cables. The immunity
signal is directly injected (capacitively coupled) onto the
conducted conductor (cable, trace, etc.) instead of being
inductively coupled to the cable or cable bundle. Signals
issued from the DUT are analyzed in realtime by special
oscilloscopes that alter the control software in case of ab-
normal waveform.

Other susceptibility measurement method for evaluating
the conducted immunity of an IC to noise signals injected
at defined common-mode points in order to simulate ex-
posure to any connected cables to the radiated electro-
magnetic environment in an application is workbench fara-
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Oseitloscops

Fig. 8: IEC 62132-4 DPI conducted immunity test
setup /18/

day cage method (IEC 62132-5) (Fig. 9). The DUT is mount-
ed on either IC EMC test board or an application board
subject to the size limitations of the WBFC. With al! input,
output and power connections to the test board filtered
and connected to common-mode chokes, the conducted
noise is injected at PCB locations specified by the stand-
ard.

Signal Amp DC
Signal Power ’:_J;“ Supply
generator @ Amplifier Pl SoUICS
T

Signat

Auxitiary

Signat
Y ioad

” shall be interchanged at each port

Fig. 9: IEC 62132-5 WBFC conducted immunity test
setup /13/

3.8. Impulse immunity

Areason for investigating the IC immunity to impulse wave-
forms is that the impulse immunity tends to decrease with
newer technology, as observed by researchers /19/. Rea-
sons might be the decreased noise margins, the clock fre-
quency increase or the increase of IC complexity /18/.

A new standard (IEC 62215) is under discussion to estab-
lish measurement techniques for measuring impulse im-
munity of ICs. Most of the documents are at the status of
new proposals, as shown in Table 1 /20/.
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4.

Conclusions

This paper has presented some important aspects of EMC
in ICs and its history. While the EMC evaluation of ICs is
still in development, international standardized methods
(IEC 61967, IEC 62132 and IEC 62215) are available for
use. A comprehensive set of standardized IC EMC test
methods with application has been presented. As it is
shown in table 1, standards for radiated/conducted emis-
sions and immunity has been developed and published by
IEC in recently. In the future, focus will be on transient im-
munity evaluation, which is still in its infancy.
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OPTICAL ENCODER HEAD WITH IMPROVED LINEARITY
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Abstract: We present a high precision optical scanner, combining averaged optical sensors array with appropriate 10 um graduated scales on measure-
ment - fix plate and Vernier sliced parallel scale on reading plate. The generated sine wave signals are at least 30dB less distorted by distributing and
mismatching optical edges over a number of sine wave periods within a number of Vernier scaled periods. Reading plate which is positioned along optical
array has a unit division smaller than those on a fixed scale - permit a far more precise positioned optically generated sine wave current. Position-like
averaging of four generated signals was distributed over an opto-array and reading scale. Background of reduction as well as prototype is presented.

Good matching was found between mathematically analyzed optical scanner and measurement, where comparable measurements were performed on
optical head having redistributed and fixed opto-edges.

Opticni dekodirnik z izboljSano linearnostjo

Kjuéne besede: dekodirnik, opti¢ni pretvornik, Vernierjeva skala, opticni senzor, interpolator.

lzvle€ek: V ¢lanku predstavijamo opti¢ni dekodirnik z visoko toénostjo pretvorbe. Sestoji se iz polja opticnih senzorjev, namenjenih povpredenju signala
ter iz fiksne in Gitaine letve z 10 um rastrom in z Vernierjevo porazdelitvijo. Zgradba sistema omogoéa periodicno prerazporeditev opticnih robov znotraj
periode sinusnega signala in znotraj Vernierjeve periode ter s tem zmanijsanje popacenja proizvedenih sinusnih signalov za 30dB. Gitalna letev ima raster
zmanj$an v primerjavi z rastrom merilne letve kar posledicno pomeni veliko bolige pozicioniranje in razpréen vpliv uklonskih pojavov. Princip delovanja in
prototipni optiéni dekodirnik so opisani v ¢lanku.

Izdelana matemati¢na analiza se dobro ujema z izsledki meritev. Poleg rezultatov meritev je podana primerjalna analiza sistemov z Vernierjevo porazdelitvijo

- insicer s konstantnim in s prerazporejenim rastrom.

1 Introduction

Accurate measurement of displacement is of prime impor-
tance inany computer controlled machine (CNC). The need
to manufacture “something” requires the ability to move
“something” with a very high level of accuracy. And for this
accurate position sensors are needed, also called posi-
tion encoders /4/.

Such encoders can be roughly split by the type of displace-
ment they detect (rotary, linear) or by the quantity they de-
tect {optical, magnetic) or by the type of output data they
produce (incremental, absolute).

This work deals with linear optical incremental position
encoders.

As this work deals with a very narrow field of research not
much literature is available. Most information can be found
in books about automatics and robotics /1, 2/. Our solu-
tion is also much differ from that in patents /10, 11/.

2  Optical encoder

An optical encoder (Figure 1) is typically composed of a
light source (LED), the main scale with a built-in optical
grating with period PM and the optical scanner that is com-
posed of an optical sensor and a reading scale with a built-
in optical grating with period PR /3/. The main and read-
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ing scales are glass plates on which a thin layer of metal
(chromium Cr) is deposited and then a regular pattern is
etched into this layer. If periods PM and PR are the same
then as the scanner moves along the main scale the pat-
terns on the main and reading scale overlap to a different
degree, depending on the momentary position of the scan-
ner. In short, as the scanner moves along the main scale
the amount of light from the light source (LED) is modulat-
ed. Therefore the electrical signal produced by the photo
sensor is also modulated. In our case the photo sensor is
areverse polarized photodiode and the signal is in the form
of electrical current.

Real encoders use four such sensors placed apart L of
the grating period (PM, PR) so that they produce four sig-
nals that are 90° shifted between each other. Figure 2
shows the four ideal quadrature signals +A, -A, +B, -B that
are produced by the four sensors. The two pairs of signals
are amplified with a differential amplifier to remove the large
DC components and suppress even harmonics to produce
the signals A and B.

The signals in figure 2 are periodic; this corresponds to a
movement of the scanner head with constant velocity along
the main scale. One period of the signal corresponds to a
movement of the scanner head equal to the grating period
{PM, PR). The signals are not periodic in time but they are
periodic in relation to the displacement along the main
scale. The signals in figure 2 are also not pure sine/co-
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Fig. 1: Optical encoder.

sine in reality they are distorted and contain harmonic com-
ponents.

Fig. 2:  Quadrature signals.

2.1 Interpolation

As we have seen the encoder produces two 90° shifted
(quadrature) signals A and B as can be seen in figure 3.
The two quadrature signals enable us to detect the posi-
tion of the scanner head at all time just by measuring the
values of signals.

The signals can be digitized directly so that the resolution
of the encoder is determined by the grating period (PM,
PR). Or interpolation can be used to increase resolution.

. i
/ - \>\/ \
¢ " -

»/ b "

Fig. 3: Ideal signals.

If we have available two quadrature (sine/cosine) signals
then we can by scaling and adding or subtracting of the
two signals produce a new signal shifted by an arbitrary
amount as is illustrated by the simple circuit in figure 4 and
the two trigonometric formulas (1) and (2). We can pro-
duce a number of such shifted signals and make XOR op-
erations on them (figure 5) to produce a quadrature signal
with four times higher frequency which results in a four
times higher encoder resolution.

sin(x + o )= cos . sin x +sin o cos x (1)
cos(x+ 0 )= —sinol sin x + cos ot cos x (2)
R, R,
e o
R, |
sin(x) —=—{___J—-

cos{)—— - (
R,

x|

vvvvvvvvvv |

b TI> intxta)
:
1

Fig. 4:  Shifted signals.
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Fig. 5: Interpolation by factor 4.

One example of an integrated interpolation system is the
IDS-EN400 /4/ which has a selectable interpolation fac-
tor 5, 10, 20, 25, 50, 100 and integrated signal condition-
ing circuitry.

The main emphasis of this work is the improvement of the
quality of the quadrature signals to enable higher interpo-
lation factors and higher encoder resolution. With the in-
dustry standard grating period (PM, PR) of 20um, interpo-
lation factors of 100 and more would enable resolutions in
the nanometric range.
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3 Improved encoder

The old scanning head (figure 6) was composed of four
photodiodes (+A, -A, +B, -B) that produced the quardra-
ture signals and an additional photodiode (R!) that gener-
ates the index signal which is used for absolute position
encoding (for more information see /3/). Such a scan-
ning head was basically described in Section 2. The spec-
tral purity of such a scanning head is mainly determined by
the diffraction and reflection of light by the two optical grat-
ings in the main and reading scales. Without this the sig-
nals would have a triangular shape not sinusoidal.

We have used several techniques to improve the signal
guality as described below.

3.1 Vernier (Nonius) pattern

In figure 7 we can see how two patterns with period P1=1
and P2=0.9 produce a third pattern which has a much
larger period P=9 (9 is the least common multiple of P1
and P2). This new Vernier pattern corresponds with the
movement of the scanning head along the main scale there-
fore we can place four photodiodes in one period of the
Vernier pattern for generating the quadrature signals as
depicted in figure 7.

[ S B s G o

Pl=1-

Fig, 7: Vernier (Nonius) pattern.

The actual encoder uses a main scale with the grating pe-
riod (pitch) of 20um and we chose a reading scale period
of 19um to produce a Vernier pattern with a period of
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380um. Inside this 380um we could place four photodi-
odes with maximum width of 95um but the semiconductor
technology chosen limits the width to 83um. These dimen-
sions are illustrated in figure 8. The two square shaped
transmittances of the main and reading scales interact to
create the Vernier pattern (380um) which corresponds to
the intensity of the light that falls on the photodiodes. As
the scanning head moves 20um the Vernier pattern moves
380um. This movement of the pattern is detected by the
four photodiodes placed 95um apart to produce the 90°
shifted signals. The “chopped” shaped of the Vernier pat-
tern as seen in figure 8 is averaged (filtered) by the width
of the photodiodes.

transmittance of the marn scale

trapsmittance of {he reading scale

photediodes

+A -4 +13 ~13

0 100 200 300 400

Fig. 8:  Scanning cell.

This filtering can be simply described if we assume that
each narrow strip of the diode produces the same small
current in the only difference being that, as the pattern
moves across the photodiodes, the currents iy are shift-
ed/delayed depending on the position of the strips that
are producing them. Therefore we can find the total photo-
diode current ip by summing all these small currents i, over
the photodiode width W,

w
)= i )i @)
This can be rewritten in the form of a convolution integral,
. 1% .
ip(x)= P [@)-uk -w)i,(c-)dr (4)

where u(t) is the unit step function. The impulse response
of the linear system which is defined by (4) is
(x)= V—;— @k )-ul - w)). The frequency response is obtained
by applying the Fourier transformation,

H(jo)= [hE)e " de=e” 7 | — 2

Vo
2
and the amplitude response,
. (Wm j
sin )
[ Go)=—55— (5)
2
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This is the typical %C response which has periodic ze-

roes and these zeroes can be moved to a suitable place
with the right selection of the photodiode width W. Please

note that here x is displacement not time and © :2%.

Figure 9 shows an example where ¥ = 380“”% =126.66m

therefore the first zero of the amplitude response is at the
third harmonic. This arrangement would remove the third,
sixth, ninth ... harmonic component. The disadvantage is
that not all four photodiodes would fit in one Vernier period
(380um). Therefore we did not choose this option. Al-
though the chosen 7 = 83um doesn’t completely remove
any higher harmonics it still suppresses them o some ex-
tent.
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Fig. 9: Amplitude response (W = 3 period),

RY

-~ reading scale (19 um)

Fig. 10: Vernier distributed scanning head.

As shown in figure 8 four photodiodes were placed in the
380um period so that a scanning cell was created. The
whole scanning head contains 16 such cells (figure 10
shows only 3 cells). This was done to average out various
unwanted effects like defects in the main and reading scale
patterns or uneven illumination of the scanning head...

3.2 Shifted scanning cells

We could see in section 3.1 that by adding together shift-
ed signals a favorable filter function was created therefore

we tried this approach by shifting the scanning celis (fig-
ure 11) in the scanning head to remove the third harmonic
component.

Let's write the combination of shifted signals as
gl)=fG)+ f(e—a)t flx—2a).
Then by applying the Fourier transformation,
Fle@l=Flrel+FlG—all Flr (c—2a)]...
6(j0) = F(jo) + F(jee™ + F(jo)e ..

H(jco)=F—(/:—z—§=l+e‘f“°+e“f2"m...

We get the frequency response H(;m) of a system that adds
signals that is shifted by x = a.

RI

- reading scale (19um)

|

A A +B -B

Fig. 11: Scanning head with shifted cells.

Qur scanning head has 14 scanning cells and we wanted

to remove the third component therefore 14a :380“%, SO

we have to shift each cell by about 9 ym. The resulting
filter function is shown in figure 12.

3.3 Rotation of the scanning head

We have also investigated the influence of scanning head
rotation (figure 13) on the generated signals and discov-
ered that this has a similar effect of shifting the signals as

shown in eguations (3)«(5) and a % filter function is

created.

If for example the scanning head is rotated so that the up-
per edge of the scanning head is 6.66 um (1/3 of the
main scale period) left or right from the lower edge then
the third harmonic component is removed similar as in fig-
ure 9.

4 Results

For comparison the harmonic components of the old scan-
ning head (figure 8) were first measured (figure 14). As
expected the largest is the third harmonic which is only
27dB smaller than the fundamental component.
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-Fig. 12: Amplitude response (shifted cells).

Figures 15 and 16 show harmonic components of the dis-
tributed Vernier scanning head (figure 10) and the scan-
ning head with shifted cells (figure 11). The Vernier distrib-
uted scanning head has the second and third harmonic
52dB below the fundamental component. For the scan-
ning head with shifted cells only the second component

can be seen 56db the third component is suppressed as
predicted.

Figures 17 and 18 also show harmonic components of the
two improved scanning heads. Here rotation was used to
further suppress the second and third component. For the
scanning head with shifted cells (figure 18) all harmonic
components are below 60db.

In figures 15-18 the black line shows the FFT of the differ-

ential signal and the grey line shows the FFT of the single
ended signal.
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Fig. 13: Scanning head rotation.

Fig. 15: Vernier distributed scanning head.
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Fig. 18: Scanning head with shifted cells (rotated).

5 Conclusions

The aim of this work was to improve the scanning head of
alinear encoder already used in the industry /5/. As shown
in section 4 the improved scanning heads have the har-
monic components suppressed by about 30db compared
to the old scanning head. Furthermore with the introduc-

tion of multiple scanning cells into a single scanning head
the influence of various unwanted effects were reduced
like for example defects in the main and reading scale pat-
terns or uneven illumination of the scanning head. Also by
manufacturing all the photodiodes on a single chip diode
matching was improved.
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IZKLOP TRIFAZNEGA KRATKOSTICNEGA TOKA S TRIPOLNIM
NIZKONAPETOSTNIM ODKLOPNIKOM

Martin Bizjak
Iskra MIS d. d., Kranj, Slovenija

Kjuéne besede: nizkonapetostni odklopnik, enopolini odklopnik, tripolni odklopnik, kratkostiéni tok, izklop trifaznega kratkosti¢nega toka, tokovna ome-
jitev izklopa, cepitev na delne obloke

lzvle€ek: Za izklop velikih tokov, ki nastanejo pri kratkih stikin v energetskih tokokrogih nizke izmeni¢ne napetosti, uporabliamo odklopnike. V njih izko-
riséamo pojav tokovne omejitve, s katerim omejimo tako velikost toka, ki ga izklapljamo, kot tudi &as,v katerem doseze nielno vrednost, kjer lahko tok
prekinemo. V enopolnih odklopnikih s tokovno omejitviio po nastanku kratkega stika napetost na prikljuckih odklopnika naras¢a najprej sorazmerno
razmikanju kontaktnega para, potem pa hitreje, ko se oblok razsirja v obliki zanke v deion komoro. Tam doseze napetost, ki je primerljiiva z napetostjo vira,
zato se tok hitro zmanjSuje proti nicli in se prekine. Casovni potek napetosti je kvantitativno odvisen od faznega kota nastanka kratkostiGnega toka in
pogojev v tokokrogu, vendar poteka kvalitativno po funkgiji Gasa, ki je znacilna za izklop izmeniénega toka z odklopnikom ali z varovalko na taljivi vioZek.

Med izklopom trifaznega izmenic¢nega toka s tripolnim odklopnikom pa se potek napetosti v kakem od polov lahko bistveno razlikuje od tistega, ki je
znacilen za enopolni izklopni pojav. Vzrok je v medsebojnem vplivu tokov na sosedniih polov, zaradi ¢esar gibanje obloka povzroéa rezultanta sil, ki ga ne
usmerja proti deion komori. Zato je kljub porazdelitvi tokov vseh treh faz enakomerno po celi periodi s faznim zamikom po 120° izklop kratkosti¢nega toka
pri nekaterih faznih kotih nastanka kratkega stika tezji, kot pri drugih.

Breaking of three-phase short-circuit current by three-pole
molded-case circuit breaker

Key words: low-voltage high-current circuit breaker, single-pole MCB, three-pole three-phase MCCB, short-circuit current, breaking of three-phase
short-circuit current, break with current limitation, arc splitting

Abstract: Circuit breakers are switching apparatus used to break short-circuit currents. Low voltage circuit breakers operate in short-circuit conditions by
applying method of current limitation in order to reduce the magnitude and the duration of let-through current. The break is possible at current zero. The
rapid increase of voltage between breaker's terminals, which forces the current rapidly toward zero, is provoked by the lengthening of arc column between
opening contacts and forming of an arc loop, which finally enters the arc chutes, reaching voltage comparable to the source voltage. The waveform of
voltage increase is typical for breaking events regardiess of circuit conditions or even of the methods of current breaking, either by electromechanical
circuit breaker or by melting fuse.

In contrary to breaking of single-phase shori-circuit current, at three-phase short-circuit breaking event the voltage waveform of each particular phase
does not always follow the typical single-phase one. The sum of influences of currents in the adjacent phases can result on the arc of particular phase in
the sense to decelerate them on its way to arc chutes and the current limiting effect can be substantially delayed. Irregardless of uniform distribution of
phase angle difference between phases of three-phase currents it is found out, that the conditions of break are harder for circuit-breaker at some specific
phase angles of short-circuit event.

Vedidel obloka izpolnjuje plazma oblo¢nega »stolpcas, svet-
la elekiricno prevodna sled deino ioniziranega plina, to je v

1. Uvod

V elektricnem omrezju imamo za varovanje pred udinki
kratkega stika inétalirane odkiopnike. Njihova naloga je hitro
prekiniti tokovno pot, da ne pride do pogkodb tokokroga in
naprav, ki so nanj priklju¢ene. Odklopnik je stikalo, ki je
sposobno izklopiti za ve¢ velikostnih redov vedji tok, kot v
normalnem stanju v tokokrogu. Vgrajeni nadtokovni sproznik
zazna prevelik tok in sprosti mehanizem, da se kontakti
glavnega tokokroga stikala fizicno razmaknejo. Pri tem pa
nastane v rezi med razmikajocimi se kontakti vroé plinski
elektricni »vodnik«, oblok, ki omogoc¢a, da tok Se dalje tede
po tokokrogu. Izklop je uspesno opravljen, ko med odprti-
mi kontakti nastali oblok »ugasne«, kar pomeni, da ni ved
elektricno prevoden. V nizkonapetostnih energetskih
tokokrogih so kontakti stikalnih aparatov v atmosferskem
zraku, torej oblok nastane v zraku kot izolacijskem mediju,
ki zagotavlja elektri¢no logitev odprtega kontaktnega para.
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tem primeru zrak, ki ima lastnosti elektricnega vodnika z
neko od temperature odvisno ohmsko upornostjo. Ob kon-
takinih povrsinah pa sta dve prielektrodni plasti, ki sta pri
atmosferskem tlaku zelo tanki, reda velikosti 0,01 mm. V
prielektrodnih plasteh potekajo procesi ionizacije plinske-
ga medija in rekombinacija ionov v neviraine osnovne delce
plina. Potencialna razlika na anodni in katodni plasti je pri
tokih reda 1 kA ali ve¢ je reda 10 V. Plazma v splosnem
nima ostrih mej z okolico, a pri toku nad 0,5 A zaradi stanja
zZ nizjo energijo kontrahira v omejen volumen »stolpcas, na
katerem obstaja napetostna razlika, ki jo doloda vsiljeni tok,
ki teCe skozi oblo¢ni stolpec. V prosto gorecem obloku, ki
ni omejen s stenami, je potencialna razlika skoraj neodvis-
na od toka in je kakih 30 V. Le pri zmanj$evanju toka pod 1
A potencialna razlika zaéne strmo nara$éati. Stopnja ion-
izacije plina je eksponentno odvisna od njegove tempera-
ture in za oblok v zraku mora tok skozi obloéni stolpec
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vzdrzevati temperaturo ve¢ kot 4000 K /1/. Pri dovolj
majhnem toku oblok »ugasne«, ker energijski pogoji ne
morejo vzdrzevati zadostne stopnje ionizacije plina. Priizk-
lapljanju izmeni¢nega toka zato pri¢akujemo, da bo ta ugas-
nil pri prvem prehodu toka skozi ni¢lo, ker energijske raz-
mere ne morejo vzdrzevati stanja plazme. Prehod v brez-
tokovno stanje tokokroga, ki vsebuje ohmsko, induktivno
in kapacitivno kompenento impedance prikazuje Slika 1.
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Slika 1: Prekinitev izmeniCnega toka v tokovni nicli,
simulacija z racunskim modelom

Na grafu izklopa je prikazan ¢asovni interval ob izteku ene
polperiode izmeniénega toka 50 Hz in napetost na kon-
taktnem paru, med katerima je oblok s stalno napetostjo
30V. Virenutku, ko tok i doseze ni¢lo, oblok ugasne in tok
ostane na vrednosti ni¢, kar pomeni, da je izklop uspedno
opravijen. Napetost med kontakti ug se vrme v napetost vira
s prehodnim pojavom dusenega nihanja s frekvenco v redu
velikosti nekaj 10 kHz, kot reakcija tokokroga na prekinitev
toka.

Tak primer uspesne prekinitve izmeni¢nega toka v »narav-
ni« ni¢li tokovne polperiode z enostavnim razmikom
(odprtjem) kontaktnega para je pri izklopu velikih tokov zelo
redek. Plazma oblo¢nega stolpca ima neko maso in to-
plotno kapaciteto, na mejni plasti odvaja v okoliski zrak to-
ploto, vedidel pa izseva svetiobo. Zato se oblok odziva na
spremembo zunanjih pogojev z neko ¢asovno konstanto,
ki je reda velikosti és /2/. V trenutku prehoda toka skozi
niclo je lahko temperatura plazme e toliksna, da je v za-
Setku naslednje tokovne polperiode oblok se dovolj ele-
ktricno prevoden, kar omogoci ponoven razvoj obloka.
Ponovni vzig obloka po kratkotrajni ugasnitvi imenujemo
»povratni vzig« obloka. Pojav je prikazan na Sliki 2, kjer po
prehodu skozi niclo tok za kratek ¢as preneha teci, a za-
¢ne ponovno narascati pri neki manjsi napetosti med kon-
takti, ki se pri povratnem vzigu sesede na raven oblo¢ne
napetosti. Vsak zaporedni povratni vZig nastane pri manjsi
napetosti, dokler tok oblok niti v tokovni nicli tudi za kratek
éas ne ugasne. Povratni vZig je seveda uni¢ujoC tako za
odklopnik kot tudi za komponente tokokroga, ki naj bi jih
varoval.

Povratek v elektri¢no prevodno stanje lahko povzrodijo tudi
velike napetostne amplitude oscilacij prehodnega pojava,
ko se kontakti Sele razmikajo in je napetostna trdnost med
njimi manjsa, kot v odprti legi. Ce amplituda prehodne pov-
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Slika 2: Zaporedje povratnih vZigov v slededih
polperiodah izmeniénega toka, simulacija z
racunskim modelom

ratne napetosti preseze izolacijsko trdnost plina med odpira-
jo¢imi kontakti, se razelekiritev »vzge« na dielektri¢ni nacin.
Tudi to privede v povratni vzig obloka.

Pri izklopu kratkosti¢nega toka reda nekaj kA se v eni sami
polperiodi izmeni¢nega toka (10 ms) lahko sprosti nekaj
MJ toplote, kar termi¢no zelo obremenjuje odklopnik in
lahko preseze njegovo termi¢no vzdrzljivost. Izklopna zmo-
gliivost odklopnika je podana z velikostio razpoloZijivega
foka (prospective current), ki ga lahko daje vir pri dani na-
petosti v tokokrog brez odklopnika, ki pa ga je ta sposo-
ben uspesno izklopiti in ostati pri tem sposoben opravljati
osnovne stikalne funkcije. Pomemben podatek za izklop
ie joulski integral pri izklopu prepusc¢enega toka, to je inte-
gral % po dasu v intervalu od nastanka kratkega stika do
prekinitve kratkosticnega toka. Sodobni odklopniki za niz-
konapetostne energetske tokokroge uspejo skrajsati tok-
ovni interval na ¢&as, ki je manj od ene polperiode iz-
meniénega toka, in amplitudo prepuscenega toka Ip za
precej manj, kot jo omeji impedanca stikala. To dosezemo
z metodo »tokovne omejitve« izklopnega toka, kjer med
izklopom naraste napetost na prikljuckih odklopnika ug na
1,5-kratnik do 2-kratnik napetosti vira. Udinek je nadelno
opisan z (1), kjer pri kateri koli impedanci Z v tokokrogu z
zmanjsanjem razlike med napetostjo ug in napetostjo vira
Us omejimo tok /, ki v tokokrogu doseze vrednost O takrat,
ko sta obe napetosti izenaceni:

iZRLC)=u, —u, (1)

Obstaja nekaj nacinov, kako povecati napetost med kon-
takti ug s povecanjem potencialne razlike na obloku.

Ce oblok stisnemo na majhen presek v kanal ali v rezo s
toplotno dobro prevodnimi stenami, mu zmanjSamo ele-
ktricno prevodnost, zato se mu pri danem toku povecéa
njegova napetost. Upornost obloka Ropiok V Splosnem pov-
eCamo s podaljsanjem ali zoZzenjem oblocnega »stolpcac,
ter z zmanjsanjem elektriéne prevodnosti medija, kot velja
splosno za elektricni vodnik. V nizkonapetostnih odklopni-
kih je razmak med kontakti reda velikosti do 10 mm, kar
predstavija zaCetno dolzino oblo¢nega stolpca, z obliko-
vanjem v zanke in zavoje ga lahko precej podaljSsamo, a
samo s tem oblo¢ne napetosti ne povec¢amo na zeleno
vrednost. Vecji ucinek nudi stisnjenje obloka v ozek kanal,
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kar s pridom izkorid¢amo v talilnem viozku varovalke /3/,
stiskanje obloka med odpiranjem kontaktov v ozko $pran-
io z zaslonom, ki ga poganja mehanizem odklopnika, pa
se zaradi pocasnosti mehanizma ni izkazal kot upostevan-
ja vredna alternativa sedaj uporabljenim nadinom /4/.
Ucinkovito pa je vodenje obloka po kovinskih letvah z Biot-
Savartovo silo na tokovno zanko obloénega »stolpca«, ven-
dar ga zaradi magnetohidrodinamskih zakonov ne more-
mo enostavno stlaili v poljubno ozko rezo. Lahko pa ga
speljemo med kovinske ploscice »deion« komore, kjer ga
razdelimo na vec¢ zaporednih deinih oblokov. Napetost
razsekanega obloka znatno naraste, ¢eprav se mu skupna
dolzina ne poveca. Vsak delni oblok, ki je ume&éen med
dve plosci »deion« komore, ima svojo anodno in katodno
plast z ustrezno anodno in katodno napetostjo. Vpliv dolZine
oblo¢nega stolpca delnega obloka je zanemarljiv, zato je
razmak med ploséami deion komore majhen, od 1 mm do
2 mm. Obloéna napetost Ugpiok vV zraku med jeklenima
ploséama z razmikom za nekaj mm je podana z (2) in prak-
ticno neodvisna od toka /5/:

U V1= 18,5V + 2,25V/mm- d]mm] 2
Kjer je konstantni &len vsota obeh prielektrodnih napetos-
ti, drugi ¢len pa vsebuje gradient napetosti v oblodnem
stolpcu. Ceprav ta zavzema skoraj vso dolzino med plosda-
ma, k napetosti obloka najve¢ doprinesejo tanke priele-
ktrodne plasti. Jeklo je zaradi svojih feromagnetnih last-
nostih pogosto uporabljen material za »deion« komore.
Celotna potencialna razlika med koncema obloka, ki je
razdeljen med N kovinskih plo$¢ na N+1 zaporednih deln-
ih oblokov, je Uobiok = (N+1)*25 V. Stevilo plose N nadelno
navzgor ni omejeno, vendar je praktitna zgornja meja.za N
ta, da naj bo 1,5 < Ugpiok < 2 Us. V komoro z velikim Stevi-
lom plo3¢ je oblok tezko spraviti dovol; hitro in ga drzati v
njej dovolj dolgo.

2. Potek izklopa enofaznega toka v
enopolnem odklopniku za
izmeniéni tok nizke napetosti

Izklop kratkosti¢nega toka ene faze zadovoljivo opravi enop-
olni odklopnik. To pomeni, da izklapljamo tok v enem
tokokrogu z enim sklopom sproznika, kontaktov in deion
komor. Danasnji enopolni odklopniki vedidel izkoriséajo
nadin izklopa z uginkom tokovne omeijitve in dosegajo izk-
lopno zmogljivost do 10 KA pri napetosti vira 230 V. Hkrati
je odlodilno, da je odkiopnik v primeru kratkega stika ¢im
hitreje zaznati prevelik tok in razmakniti kontaktne dele kon-
taktnega para v varovanem tokokrogu. V ta namen izko-
ris¢amo ucinek odskoka kontaktov (blow-off) zaradi odpi-
ralne sile toka skozi kontaktnc mesto /6/ in sunek udarne
kotve na odpiralni kontaktni del, ki jo pospegimo z magnet-
nim poliem izklopnega toka skozi tuljavc nadtokovnega
sproznika, katerega naloge je zaznati prevelik tok in sproziti
razmaknitev kontaktov. Zazeleno je dosedi zacetno odpi-
raino hitrost kontaktov vsaj 5 m/s. V trenutku fizicnega
odmika kontaktov napetost obloka takoj naraste na mini-
malno vrednost Uobiok, ki znasa od 10 V do 12 V, in nar-
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asCa sorazmerno z razmakom kontakinega para. Vsak od
kontakinih delov ima podaljSke oblikovane v »rogove«, ki
olaj8ajo obloku oblikovanje v zanko in njeno Sirjenje zaradi
Biot-Savartove sile, pa tudi priblizevanje ploséam deion
komore. Ta razvoj obloka traja nekaj ms in Ugniox doseZe
vrednost do 100 V. Tok /, ki je narascal skoraj po sinusoidi
izmenicnega toka, doseze na koncu te faze izklopa svojo
koni¢no vrednost Ip. Oblok se nahaja pred vstopom v deion
komoro obiok in Ugpiok hitro naragéa, ko se zadne proces
delitve na delne obloke. To ne uspe vedno v enem koraku,
veckrat se vrne v prostor pred komor in ponovno vstopi
med plosce. Ko je oblok dokondéno razdeljen na delne
obloke, je njegova napetost neodvisna od trenutnega toka
in staina. Na Sliki 3 je prikazan oscilogram napetosti med
prikljucki enopolnega odklopnika, ki je priblizno enaka
poteku oblo¢ne napetosti. Zacetnemu podasnej$emu nar-
ascanju napetosti, ko je oblok $e med kontakti, sledi hitrejse
narascanje v fazi podalj$evanja obloka v zanko in strm dvig,
ko vstopa v deion komoro in se deli na delne obloke. Vstop
uspe Sele v treh korakih, kar se vidi iz treh napetostnih
konic pred segmentom, ko napetost dokonéno doseze
kakih 400 V in drzi to vrednost. Medtem pa se tok i strmo
spusca od Ip proti vrednosti i = 0. Vrednost i je ostala v
nicli in napetost je z Uoniok presla na potek napetosti vira
us, kar pomeni, da je oblok ugasnil. Prekinitev toka je bila
uspesna in izklop je opravljen. Izklopne koligine, kot je &as
trajanja izklopa tizu, Ip in joulski integral (integral () dt od
pojava kratkega stika do ti), s0 odvisne od tega, v kater-
em tokovnem faznem kotu je bil izklop zacet, vendar je
Gasovni potek napetosti po teh fazah izklopa znadilen za
izklop izmeniénega toka z enopolnim odklopnikom. Potek
izklopa je pri drugem faznem kotu tokovne sinusoide in pri
drugih parametrih tokokroga kvalitativno identi¢en prika-
zanemu poteku izklopa, tudi ¢e je izklop opravijen z dru-
gacnim tipom odklopnika ali s taljivo varovalko.

Slika 3: Oscilogram izklopa enopolnega odklopnika,
preskusni enofazni tok 3 kA pri 230 V

3. lzklop trifaznega toka v tripolnem
nizkonapetostnem odklopniku
Veépolni odklopnik ima prikijucke za izkiop ve& neodvisnih

tokokrogov. Vsak polu ima svoj lasten sistem zaznavanja
prevelikega toka in stikalni sistem za izklop s tokovno ome-
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jitvijo. Skupen za vse pole je le vklopno-izklopni mehanizem.
Vsi poli, ki so namenjeni za prikljucitev posameznih faz,
imajo identi¢no zgradbo in nacin delovanja, le pol za nev-
tralni tokokrog (¢e ga odklopnik ima) se po zgradbi lahko
razlikuje od polov za posamezne fazne tokokroge. Poli
odklopnika so elektriéno vezani vzporedno in tudi prostor-
sko razmesddéeni vzporedno drug ob drugem. Medsebojno
s0 izolirani s pregrado iz izolacijskega materiala.

Primer razporeditve polov za posamezne fazne tokokroge
v odklopnika za trifazni sistem prikazuje Slika 4. Prikazana
je izvedba kontaktno-oblo¢nega sistema z dvojnim parov
kontaktov, ki dvakrat prekinjata tokokrog posameznega
pola. Na sliki je videti le gibljivi kontakini del z dvema kon-
taktnima mestoma in ob vsakem kontakinem paru deion
komoro, zaradi dvojne prekinitve ima odklopnik v vsakem
polu po dve komori.

Slika 4: Razpored polov tripolnega odklopnika za izklop
trifaznega tokokroga nizke napetosti

Izklop trifaznega toka ima v primerjavi z izklopom toka ene
faze nekaj posebnosti. Kot faznega zaostanka med nape-
tostmi in tokovi v posameznih fazah pri simetricnem
bremenu je 120°. V primeru hkratnega nastanka kratkega
stika v vseh treh fazah, kot pri preskusih kratkosticne izk-
lopne zmogljivosti odklopnika, sinhroniziramo trifazni krat-
ki stik pri izbranem vklopnem faznem kotu na eni od faz,
npr. v L1. V trenutku vklopa preskusnega vira kratko-
sticnega toka tok v vsaki fazi narasc¢a zvezno od ni¢, potek
pa je zaradi faznega zaostanka med fazami L1, L2 in L3 v
vsaki fazi drugacen in odvisen od trenutka vkiopa vira in
impedance tokokroga. Zmogljivost preskusnega vira
omogoca nastaviti razpoloZljivi tok /, na 50 kA pri 400 V
medfazno. Z bremenskim uporom in dusilko nastavimo
zeleni tok in faktor modi (kosinus kota fazne diference med
tokom in napetostjo) v vsaki fazi. Preskusi kratkosti¢ne izk-
lopne zmogljivosti potekajo v specializiranih preskuseval-
iSCih po zahtevah standardov IEC 60947.

Ko s sinhronskim stikalom v izbranem trenutku v vseh treh
fazah (L1, L2 in L3) vklopimo nastavljeni kratkostic¢nitok 1, ,
odklopnik samodejno opravi izklopni manever. Pritem os-
ciloskopsko spremljamo potek napetosti in toka v vsaki od

faz in ugotavljamo uspesnost izklopa (eventualen nastanek
povratnega vZiga), uéinek omejitve toka, ¢e pa ima regis-
trator hitrih pojavov dograjene matematic¢ne funkcije, pa
e integral i’ v Gasu trajanja izklopa. |z posnetih oscilogram-
ov se da razbrati tudi obnasanje obloka med izklopom. Sli-
ka 5 prikazuje oscilogram izkiopa trifaznega toka s tripoln-
im odklopnikom, ki ima v vsakem polu kontakte za dvojno
prekinitev tokokroga.

Slika 5:  Oscilogram izklopa trifaznega toka 25 kA pri
400V

Napetost vira je bila 420 V medfazno, nastavijeni
razpoloZljivi tok Ip pa v vsaki fazi 25 kA. Faktor modi je bil
nastavljen z dodatno zra¢no dusilko, da simulira induktivno
breme. Za bremenom so bili fazni vodniki povezani v
zvezdisce brez prikljucitve na nevtraini vodnik N. V takem
primeru se tok vedno prekine najprej v eni fazi, v ostalih pa
je tok po velikosti enak in nasprotne polaritete. Zato preki-
nitev toka v teh dveh fazah nastane hkrati.

Ucinek tokovne omejitve v enem polu je doloéen s ¢as-
ovnim potekom napetosti na priklju¢kih tega pola, tega pa
vecidel dolo¢a potek napetosti obloka. Na polu, ki prvi prek-
ine tok, je potek napetosti ug podoben temu pri izkiopu
enopolnega odklopnika (primerjaj z oscilogramom na Sliki
3). V enem od ostalih dveh polov tok v za¢etku narasca
sorazmerno pocasi, kar je pogojeno z vkiopnim faznim
kotom toka v tem polu, zato se tudi kontakti razmikajo
pocasneje. Oblo¢na napetost naras¢a pocasneje in tre-
nutek vstopa obloka v deion komoro je kasnejsi. Najvedja
vrednost ug je kakih 400V, ko ta doseze stalno vrednost
pred prekinitvijo toka. Cas trajanja izklopa je 5 ms do 6 ms
od nastanka kratkega stika. Ta ¢as dolocéa pol, na katerem
Ug narasca najpocasneje. Potek napetosti na tem polu se
razlikuje od tistega, ki je znacilen za enopolni izklop: v za-
Getku napetost naradéa tako, kot naraséa obloéna nape-
tost med razmikajocimi se kontakti in doseze priblizno 100
V na kontaktni par, potem pa njen dvig kaze zastoj, saj se ji
vrednost za kake 2 ms ne spremeni. Sele potem se dvigne
proti 400 V, kar kaze na vstop obloka v deion komoro in
delitev na delne obloke. Primerjava med potekom napeto-
sti ug na obeh polih, v katerih je tok prekinjen nazadnje,
kaze na medsebojni vpliv sosednjih faz. Biot-Savartova sila
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na tokovno zanko ne deluje samo na vedanje zanke ob-
lo¢nega stolpca v enem polu, ampak v sosednjem polu
izriva oblok stran od deion komore zaradi istega udinka
povecevanja tokovne zanke. Ker medsebaojno vplivajo drug
na drugega vsi trije poli, je potek ugv L1, L2 in L3 odvisen
od izbranega vklopnega faznega kota kratkosti¢nega toka.
Izkiopni pojav pri vklopnem faznem kotu 0° vira preskus-
nega toka v L1 je prikazan na oscilogramu Slike 6a, pri
faznem kotu 30° v L1 pa na Siiki 6b.

Slika 6a:lzklop trifaznega toka z zaGetkom pri faznem
kotu 0°

Slika 6b:lzklop trifaznega toka z zaéetkom pri faznem
kotu 30°

Posiedica interference tokov med poli je, da pri nekem
vklopnem faznem kotu kratkosti¢nega toka odklopnik teze
izklopi. Merilo za oceno, koliko je izkiop blizu zmogljivosti
odkiopnika, je izklopni integral /% po ¢asu t v frajanju izk-
lopa. Za nekaj razli¢ic tripolnih odklopnikov istega tipa je
bil med preskusom izklopa trifaznega toka kratkega stika /p
= 25 KA pri 400 V medfazno izmerjen izklopni integral in
ugotovljena njegova najvecja vrednost, pri ¢emer so bili
izbrani trije razli¢ni vklopni fazni koti: 0°, 30° in 60°. Rezul-
tati so prikazani na grafu Slike 7: najvedje vrednosti izkiop-
nega integrala najverjetneje nastopajo pri kotu 60°.
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vklopni fazni kot kratkosti¢nega toka

Slika 7: Joulskiintegral izklopa pri razliénih faznih kotih
zaCetka preskusnega toka

4. Sklep

V veépolnem odklopniku se med izklopom velikih tokov
pojavlja interferenca med poli, zaradi ¢esar je izklop toka v
enem od zadnjih polov, v katerem se tok prekine, otezen.
Interferenca se izraza kot oviranje gibanja obloka zaradi
magnetnih ucinkov toka sosednjega pola. Zato kasneje
vstopi v deion komoro in kasneje doseze predvideno na-
petost, ki zagotavlja u¢inek tokovne omejitve. Ker nastopa
interferenca med vsemi tremi poli odklopnika, odlodujoda
pa je v Casu trajanja ene polperiode izmeniénega toka, je
njen u¢inek na izklop odvisen od razporeditve toka po vseh
polih in njegovega ¢asovnega poteka v Gasu trajanja izk-
lopa. Oboje pa je odvisno od faznega kota nastanka kratke-
ga stika. Zato je tezavnost izklopa za odklopnik odvisna
tudi od tega kota.
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Abstract: In our research we aim to reduce the computation time spent on the evaluation protocol of a criterion function for rigid registration tasks. The
basic evaluation protocol is performed on N uniformly distributed sampling lines in the K-dimensional transformation space. Similarity between two images
is measured at each of the equidistantly placed points on each sampling line, which is a computationally intensive process. We hypothesize that the
computational complexity can be reduced if attention is paid to the selection method of the sampling lines. In the research we compared four sampling
methods which affect density and distribution of sampling lines: basic regular sampling, pseudo-random, Sobol quasi-random and Halton quasi-random
sampling. We show that the use of Halton quasi-random generator yielded the most uniform distribution of sampling line. Thus, with proper sampling, the
number of sampling lines could be systematically reduced in comparison to pseudo-randomly generated lines. This would resuit in shorter computation
time spent on the protocol. The reduction of computation time is especially important when many criterion functions need to be evaluated (e.g. texture
feature based image registration). The evaluation protocol was tested on a set of 11 2-D DRR (Digital Reconstructed Radiograph) and EPI (Electron Portal
Image) image pairs. The tests have been conducted on intensity feature images as well as texture feature images extracted from the original intensity
images. The paired Student’s Hests (p<0.05) indicated that results obtained from Halton quasi-random sampling were statistically significantly more
consistent than the results based on regular or pseudo-random sampling.

Ucinkovito vzoréenje za vrednotenje kriterijskih funkcij za 2-D
togo poravnavo slik

Kjuéne besede: poravnava slik, vrednotenje kriterijskih funkcij, pseudo-nakjuc¢no vs. kvazi-nakljuéno vzoréenje.

lzvieéek: V svojih raziskavah poskuSamo zmanjsati ¢as, ki je potreben za kvantitativno vrednotenje kriterijskih funkcij pri togi poravnavi slik. Osnovni
protokol za vrednotenje kriterijskih funkcij temelji na N nakljuéno porazdelienih vzorénih premicah v K-dimenzionalnem prostoru parametri¢nega transfor-
macijskega modela. Podobnost med slikama izrac¢unamo v ekvidistanénih tockah, kileZijo na N vzorénih premicah. Ra¢unanje podobnosti med slikama je
racunsko potraten postopek. Predpostavijamo, da bi racunsko zahtevnost postopka zmanjsali, ¢e uspemo najti optimalno metodo vzoréenja za generiran-
je vzorénih premic. V ta namen med seboj primerjali §tiri razliéne metode vzoréenja, ki vplivajo na gostoto in porazdelitev vzorénih premic v prostoru.
Metode vzorcenja, ki smo jih v testih med seboj primerjali, so bile naslednje: enakomerno vzoréenje po mrezi, pseudo-nakljuéno, Sobol kvazi-nakljuéno in
Haltonovo kvazi-nakljuéno vzoréenje. 1z rezultatov testov se je izkazalo, da nam Haitonovo kvazi-naklju¢no vzoréenje omogoca najbolj enakomerno in s
tem »pravi¢no« porazdelitev vzorénih premic v prostoru. Enakomerna porazdelitev premic bi nam omogodila, da bi Stevilo vzorénih premic lahko sistem-
ati¢no zmanjsali v primerjavi s Stevilom pseudo-nakljuéno generiranih premic. ZmanjSanje Stevila premic bi direktno pomenilo skraj$anje ratunskega ¢asa,
potrebnega za vrednotenje kriterijskih funkcij. Pohitritev postopka za vrednotenje kriterijskih funkcij $e posebej pride do izraza v primerih, kjer je potrebno
ovrednotiti vedje Stevilo kriterijskih funkcij, za primer, poravnava s teksturnimi znacilnicami. Teste razli¢nih vzoréenj smo izvedli na setu 11-ih dvodimenzion-
ainih DRR (Digital Reconstructed Radiograph) in EPI (Electron Portal Imaging) slikovnih parih. Teste smo izvedli tako na originalnih svetiostnih slikah kot
tudi na slikah teksturnih znadilnic. Studentov t-est (p<0.05) je pokazal, da so rezultati, dobljeni na podlagi Haltonovega kvazi-nakljuénega vzoréenja
statisti¢no signifikantno bolj konsistentni od rezultatov, dobljenih z uporabo pseudo-naklju¢nega vzoréenja.

In general, image registration is implemented as an optimi-
zation task of finding such transformation parameters that

1 Introduction

Clinical diagnosis, as well as therapy planning and evalua-
tion rely increasingly on multiple images of different mo-
dalities. For example, in radiation therapy planning a CT
(computer tomography) scan is needed for dose distribu-
tion calculations, while the contours of the target lesion
are often best outlined on MRI (magnetic resonance im-
age) /1/. Image registration is a procedure, where imag-
es of the same anatomical structures, acquired using the
same or different imaging devices, are brought into the
best possible spatial correspondence with respectto each
other. Image registration is therefore a fundamental step
of information integration. Detailed classifications of regis-
tration technigues applied to medical images have been
reviewed in a number of surveys /2,3,4,5,6,7/.

maximize or minimize a criterion function (CF), which meas-
ures a similarity between images as a function of registra-
tion. A criterion function can be considered as a function
mapping from K-dimensional continuous space to a sub-
set of a real line, where K is the number of parameters
(degrees of freedom) of the parametrical spatial transfor-
mation model /8/. For example, for rigid registration of
two-dimensional (2-D) or three-dimensional (3-D) images
the value of Kis 3 or 8, yielding in 3-D or 6-D optimization
problem, respectively. The outcome of registration heavily
depends on the criterion function profile.

The quality of CF in terms to registration, as proposed by
Skerl et al, can be described by the following parameters:
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accuracy (ACC), risk of non-convergence (RON), distinc-
tiveness of the global extremum (DO) and capture range
(CR) /8/. First, the accuracy of the CF is defined as a dis-
tance from an optimum of the CF to the 'gold standard’ trans-
formation, which corresponds to the aligned position of im-
ages. Next, the risk of non-convergence is a measure of
robustness of CF. it includes the number, position and dis-
tinctiveness of local extrema. RON also describes how sen-
sitive is a CF to interpolation, sampling, partial image over-
lap and noise. A DO measures how distinctive is a maximum
(minimum) in respect to the decreasing (increasing) values
of CF away from the optimum. Capture range is referredto a
limited range of transformations around the optimum for
which CF is a monotonic decreasing (increasing) function.

Exhaustive search of the parametrical transformation space
would be an obvious and the most precise method to evalu-
ate CF prior to registration at every transformation estimate
in K-dimensional space. However, in terms of computation-
al demands, this approach is prohibitory expensive.

Let us take for example a simple 2-D rigid registration prob-
lem with K=3 transformation parameters (two transiations
and one rotation), with a grid step size of 1 mm and a cap-
ture range of 50 mm. For these modest requirements we
would get 50% (=125 000) transformation estimates at
which CF should be evaluated. If the same requirements
were to be met for a 3-D registration problem with K=6
degrees of freedom (3 translations, 3 rotations), 1.56-10°
estimates of CF would follow.

The protocol for evaluation of similarity measures for rigid
registration /8/ is an improvement of the exhaustive search
method, as it applies random sampling to the parametrical
space. The protocol has been tested for various multi-mo-
dal rigid registration tasks, therefore it is becoming a refer-
ence method for evaluation of similarity measures. It was
devised by Skerl et al /8,9,10/. The continuous K-dimen-
sional space is first normalized so that equal changes of
each of the parameters in the normalized parametrical
space produce the same mean voxel shift. Next, the nor-
malized K-dimensional space is "pierced” by N randomly
selected lines, where the intersection points with a hyper-
sphere are uniformly distributed on the surface of the hy-
per-sphere with radius R. All sampling lines converge in
the 'gold standard’ (GS) transformation which corresponds
to the aligned position of two images. Each sampling line
is subsequently sampled by M equidistant points and the
step size between points is defined as (2R/M). Let's de-
note Xp as the origin or GS transformation and X, m as one
of the sampled points. Each of X, m represents a K-dimen-
sional vector of transformation parameters (see (Figure 1 )

For the evaluation protocol as described above, the densi-
ty and distribution of sampling lines are crucial to obtain
representative estimates of the continuous K-dimensional
transformation space. Following the recommendations in
/8/,the number of sampling lines N, defined by a pseudo-

random generator should be set to 50 for a 6-D optimiza-
tion task. This way, sampling points should be uniformly
distributed on the surface of a sphere.

Fig. 1. 2-D parametrical space, sampled by N lines and
M points per line. The maximal displacement
from the GS is denoted by R, which is a radius
of the K-dimensional hyper-sphere. M and R
define the step size between sampling points:
2-R/M. The left figure depicts sampling lines,
which directions are generated by pseudo-
random generator. The right figure depicts
sampling lines, which are maximally avoiding
each other.

Nevertheless, examples in the literature show that pseu-
do-random generator is not the optimal choice to fill a n-
dimensional space uniformly. Sequences of n-tuples that
fill n-space more uniformly than uncorrelated random points
are called quasi-random sequences /11/. The main prop-
erty of sample points given by a quasi-random sequence
is that the points are maximally avoiding each other. By
this means the same number of sampling lines defined by
a quasi-random sequence should cover K-dimensional
space more evenly than if lines were defined by a pseudo-
random sequence.

The following example (Figure 2) shows 2500 points on a
sphere, generated by four different sampling methods. The
first one is an example of a basic regular sampling of a
sphere, the second one is an example of the pseudo-ran-
dom generated points, the third one for the Sobol quasi-
random /12/ and the last one for the Halton quasi-random
sampling method /13/.

One can notice, that point density increases towards the poles
when the basic regular sampling of a sphere is used. Further-
more, the pseudo-random generated points build small clus-
ters and the vacant space between them is evidently large.
The Sobol quasi-random generator delivers more uniform dis-
tribution of the points and less vacant space between them.
One can see, that the most uniform distribution of the points
is generated by Halton quasi-random generator.

The aim of this paper is to evaluate the performance of the
evaluation protocol by comparing the consistency of its
results for three random sampling methods: pseudo-ran-
dom, Sobol quasi-random and Halton quasi-random. In

1 The figure is upgraded from /8/.
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Regular sampling Pseudo-random

Sobol quasi-random Halton quasi-random

Fig. 2. 2500 points generated by four sampling methods.

addition, the comparison has been performed for the use
of basic regular sampling method. Our goal is to find the
sampling method that would exhibit similar consistency as
the accepted pseudo-random sampling, but with signifi-
cantly reduced number of sampling points. The compari-
sons were conducted on a set of 11 2-D DRR (Digital Re-
constructed Radiograph) and EPI (Electron Portal image)
images. The evaluation protocols have been applied not
only to criterion functions based on intensity features but
also to several texture feature images extracted from orig-
inal intensity images/14/.

Generally, a large number of texture features may be ex-
tracted from intensity images. Therefore, the evaluation
protocol should be conducted as many times as many fea-
tures (or potentially their combinations) are available. In
general, this may be more than 100 times. If the number of
sampling lines was reduced in comparison to the pseudo-
random sampling, the time spent on the protocol would be
reduced as well and one could evaluate considerably larg-
er number of criterion functions.

We anticipate that the modified evaluation protocol - as
proposed in this paper - will be used for the evaluation of a
larger number of texture feature based criterion functions
prior to registration. The final goal is to select the most
appropriate features for a specific registration task. Re-
duced computational time directly increases the number
of texture features that we can afford to evaluate. This in-
creases the chance the best features will be found.

This paper is organized as follows: first, the generation of sam-
pling lines is described in detail. Then, the design of experi-
ments is presented and the data set on which the tests have
been conducted is introduced. Finally, some details about
texture features used for registration are explained, and the
comparisons of results among different sampling methods
are shown. Discussion and conclusions complete the paper.

2 Methods and materials

2.1 Generation of sampling lines

In our modified evaluation protocol, the sampling lines in
3-D parametrical space (two translations and one rotation)

are generated first by use-of the Sobol quasi-random and
second by Halton quasi-random generator. To compare
with random sampling methods, the 3-D parametrical space
is additionally sampled by a basic regular sampling.

The azimuthal angle ¢ and the polar angle 6 of spherical
coordinates are the outputs of the regular sampling or the
guasi-random generators. r is a distance (radius) from a
point to the origin (Figure 3).

The spherical coordinates (r, ¢, 6) are related to the Carte-
sian coordinates (x, y, z) by the following equations /15/:

x = rcos (P )sin (0) Mm
y =rsin (@) sin (8) (2)
z = rcos (0) (3)

where r e [0,e<), ¢ € [0,2n] and O € [O,7].

Each of the N sampling lines in 3-D parametrical space is
defined by randomly selected starting position Xn -m/2 on a
sphere at the distance R from the origin and its mirror point
Xn,m/2. The starting points are defined by a 3-D vector [x,y,z]
(Eq. (1), (2) and (3)).

Fig. 3. Our notation of 3-D spherical coordinates.
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The following two examples (Figure 4) show 2500 points
generated by the method as described above. In the first
example, the Cartesian coordinates of the points are de-
fined by the Sobol quasi-random generator and in the sec-
ond example by the Halton quasi-random generator.

Sobol quasi-random Halton quasi-random

Fig. 4. Distribution of sampling points, where angles
@ and 6 have been selected by quasi-random
generators.

It can be easily seen that points are not uniformly distribut-
ed over the sphere surface since they group in two clus-
ters at the poles. The reason is, that the area element dQ2
= sin{6)d8de depends on 6, and therefore points select-
ed in this way are clustered near the poles /16/. To obtain
points such that any small area on the sphere is expected
to contain the same number of points, we choose v and v
to be guasi-random variants on [0,1]. Then:

¢ =2nu
8 =arccos(2v - 1)

gives the spherical coordinates for a set of points, which
are uniformly distributed over Q.

(4)

Using this correction, the uniformity of sampling points im-
proves as shown in Figure 2. The above correction was used
throughout the paper for all but regular sampling methods.

2.2 Test image set

The tests have been conducted on 11 pairs of DRR (Digit-
al Reconstructed Radiograph) and EP! (Electron Portal
Imaging) images of the pelvis (Figure 5). By correctly match-
ing the two modalities, it is possible to verify the position-
ing of the patient during radiation therapy and automatical-
ly adjust the positioning if necessary.

The registration of DRR/EP! images is not a trivial problem
due to 2-D representation of 3-D data. Several papers have
been published proposing and/or investigating various reg-
istration methods using these image modalities for patient
positioning applications /17,18,19/. However, we found
that intensity based registration is not reliable, since the
intensity features do not comply with some giobal intensity
relationship, expected by intensity-based registration ap-
proaches/20/. Therefore, an alternative registration ap-
proach based on texture features has been proposed to
register DRR/EP! images/14/.
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(a) DRR image of the pelvis (b) EPl image of the pelvis

Fig. 5. An example of one of the intensity image pair.
(a)The reference image of resolution 582 x 517
pixels of size 0.56 x 0.56 mm. (b) The floating
image of resolution 495 x 364 pixels of size
0.52 x 0.52 mm.

1) Laws texture features from DRR (b) Laws texture features from EP!

(a) Laws texture feature extracted from the
intensity image of the reference DRR image.
Dimensions of the texture images are smaller,
since we had to crop the images to get rid of
the filtering artifacts at the image borders. (b)
Laws texture feature extracted from the intensity
image of the floating EPI image.

Fig. 6.

The images used for the tests were initially aligned as they
were used during the radiotherapy practice. The image
alignment is achieved with employment of three lasers (sag-
ittal, coronal and axial) for marking the patient reference
coordinates/21/. The gold standard-GS registration in our
tests was a transformation vector 0 with its tolerance of 3
mm. However, due to the design of our experiments im-
precise GS registration did not influence our results.

2.3 Experiment Design

The comparison between the reference evaluation proto-
col, as implemented by the authors /22/ and three modi-
fied versions of the protocol has been performed. The
modified versions used regular sampling, Halton and Sobo!
quasi-random sampling instead of pseudo-random sam-

pling.

First, tests on the intensity images have been conducted.
We assume, that images of each image pair are initially
aligned. Mutual information (M) /23,24 ,5/ has been used
to measure similarity between the reference and the trans-
formed floating image at each sampling estimate X, . Ml
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was estimated from joint density, which was approximated
by using a Parzen kernel. The Parzen kernel was applied
to the 2-D joint histograms, quantized into 256 x 256 bins.
Each joint histogram was created by plotting an (i,j) point
for every pair of corresponding pixels in the overlap re-
gion, where / was the pixel intensity in the reference im-
age, and j was the interpolated pixel intensity of the float-
ing image.

The experiments were designed exactly as described in
/22/ except for the number of sampling lines N and the
way those lines were generated. The number of sampling
lines has been systematically lowered from the recommend-
ed value of 50 in steps of 5: N=50, 45, 40, ..., 10, 5, 1.
The normalization parameters used to generate sampling
lines are listed in Table 1. For the parameter explanation
see /8/.

Each sampling line provides a transformation profile of a
criterion function. To observe the behavior of criterion func-
tions we checked two parameters: accuracy (ACC) and
risk of non-convergence (RON). Accuracy as it is defined
in /8/ is a root mean-square of distances between the
maximum value of a criterion function X, max and origin Xp
on each of the n sampling lines; n=1,2,...N.

1 2

ACC = =X, e —Xo 5)
N n=l

Risk of non-convergence RON(r) is defined as the aver-

age of positive gradients d, » within distance r from each

of the N giobal maxima:

max+k

1 N
RON(r) e Zl ;k d, . )
In our tests, the consistency of ACC and RON values be-
tween sampling lines has been compared for four different
sampling methods. Furthermore, the consistency check
of ACC and RON values have been performed for reduced
numbers of sampling lines.

Moreover, the original and the modified evaluation proto-
cols have been applied to the texture feature images (Fig-
ure 6) and the results have been compared. The conveyed
texture information between texture images was measured
again by MI.

The experiment details are identical as described above.
Again, the effect of using the pseudo-random, regular or
quasi-random generator was observed, while lowering the
number of sampling lines from 50 in steps of 5.

2.4 Texture features used for registration

Apart from intensity images, the evaluation protocols have
been tested on Laws texture features, which were extract-
ed from both of the original intensity images. Laws /25/
developed a set of two-dimensional filter masks, which are
composed of combinations of several one-dimensional fil-
ters /26/.

For the tests we chose Laws texture features extracted by
combinations of level-L. and spot-S filter masks. Both 1-D
filters were of size 20 mm. L-S texture features were
summed up with texture features obtained by S-L filter
masks /25/, again of size 20 mm.

Each filtered image was subsequently converted to a tex-
ture energy image. Texture energy image was obtained by
convolving the local texture feature image by a Gaussian
averaging window. We used a Gaussian kernei of size 20
mm and cut off frequency at 3c. Finally, the 2% extreme
values of each texture energy image were saturated and
the rest were scaled from 0O to 255 integer level yielding 8-
bit quantization. See Figure 6.

2.5 Criterion functions

Our criterion functions are computed by measuring the
conveyed intensity and texture feature information between
images being registered. We choose mutual information
(MI) o measure similarity between images. Ml can be com-
puted by using the following formula:

Tab.1. Floating image sizes, pixel sizes, translation and rotation units of normalized parametrical space, radius R,
number of points along a line M and a step size between two sampling points.

Image size (mm) Pixel size (mm) . .

Image set X Y X > Unit(mm) | Unit(rad) | R(mm) M d(mm)
01 203 170 0.52 0.52 17.0 0.13 51.0 400 0.26
02 205 179 0.52 0.52 17.9 0.13 53.7 400 0.27
03 258 190 0.52 0.52 19.0 0.12 57.0 400 0.29
04 203 151 0.52 0.52 15.1 0.12 45.3 400 0.23
05 246 140 0.52 0.52 14.0 0.10 42.0 400 0.21
06 194 165 0.52 0.52 16.5 0.13 49.5 400 0.25
07 254 173 0.52 0.52 17.3 0.11 51.9 400 0.26
08 201 162 0.52 0.52 16.2 0.13 48.6 400 0.24
09 206 123 0.52 - 0.52 12.3 0.10 36.9 400 0.18
10 248 188 0.52 0.52 18.8 0.12 56.4 400 0.28
11 195 107 0.52 0.52 10.7 0.10 32.1 400 0.16
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Ml A4,By=H(A)+H (B)— H(4,B) (7)
with H(A) and H(B) are the Shannon entropies of image
features for both of the images and H(A,B) is their joint
entropy. Entropy H(-)is computed as:

H()==2 p(i)-log,p(i) (8)

where p is a probability distribution of features on an im-
age.

3 Results and discussion

3.1 Test on intensity features

The tests are performed on 11 DDR/EP! image pairs (Fig-
ure 7, 8) following this protocol:

1. Foreach of the 11 DRR/EP! image pairs the sampling
lines in 3-D transformation space are generated:

- 400 sampling lines obtained by regular sampling
of o and 0,

- 400 sampling lines for the reference evaluation
protocol are obtained through the web-interface
122/,

- 400 sampling lines generated by Sobol quasi-
random generator, and

- 400 sampling lines generated by Haiton quasi-
random generator.

2. The criterion function is evaluated in each of the 400
X 400 sampling points Xp,m.

3. The evaluation parameters of ACC and RON are - to
consider statistics - calculated for the following con-
secutive sub-ranges of 400 sampling lines:

- 8 sub-ranges of 50 sampling lines,

- 8 sub-ranges of 45 sampling lines,

- 10 sub-ranges of 40 sampling lines,

- 11 sub-ranges of 35 sampling lines,

- 13 sub-ranges of 30 sampling lines,

- 16 sub-ranges of 25 sampling lines,

- 20 sub-ranges of 20 sampling lines,

- 26 sub-ranges of 15 sampling lines,

- 40 sub-ranges of 10 sampling lines, and
- 80 sub-ranges of 5 sampling lines.

The results are depicted as scatter of ACC and RON val-
ues. The scatter is computed as normalized standard devi-
ation of the consecutive subranges of sampling lines. We
expect that better random generator would yield lower scat-
ter of the resuits. Lower scatter means more consistent
results which is the aim of our tests. For purposes of clar-
ity, results are shown only for N=50,40,30,20 and 10.

The paired Student’s t-test (p<0.05) which compares the
scatter of ACC values in Figure 7 of the four sampling
methods indicated no significant difference between pseu-
do-random and Sobol-quasi random sampling at any of dif-
ferent numbers of sampling lines. On the other hand, there
exists significant difference between results of pseudo-ran-
dom and Halton-quasi random sampling when the analysis
is performed on N=40,30,20 and 10 sampling lines. In
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Fig.7.  Results for intensity features. Box-and-whisker
plots are showing scatter of values of 11 DRR/
EPlimage pairs for the parameter ACG and four
sampling methods: regular, pseudo-random,
Sobol quasi-random and Halton quasi-random,
respectively.

these cases the pseudo-random generator based resuilts
show significant higher scatter of the values in comparison
to Halton quasi-random sampling based resuits. However,
there exists no significant difference between results of
the two generators when the analysis is performed on N=50
and N=5 sampling lines. 50 sampling lines seems to be
enough in 3-D transformation space to overcome a defi-
ciency of pseudo-random generator, but 5 sampling lines
are too few to achieve satisfactory consistence even with
Hailton quasi-random sampling.

The comparison between regular and pseudo-random sam-
pling shows significantly higher scatter of ACC values for
N=20 when the regular sampling method is employed.

Fig.8.  Results for intensity features. Box-and-whisker
plots are showing scatter of values of 11 DRR/
EPlimage pairs for the parameter RON and four
sampling methods: regular, pseudo-random,
Sobol quasi-random and Halton quasi-random,
respectively.

Similar to the scatter of ACC values, the paired Student's t-
test {(p<0.05) indicated no significant difference between
pseudo-random and Sobol-quasi random sampling based
scatter of RON values in Figure 8. However, Halton quasi-
random sampling yielded significantly lower scatter of RON
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values for all but N=5 sampling lines in comparison to pseu-
do-random sampling. Again, the reason is that 5 sampling
lines are too few to cover 3-D transformation space dense
enough with any of the generators.

The regular sampling shows no significant difference in the
scatter of RON values compared to pseudo-random based
results for any of N sampling lines.

3.2 Tests on texture energy images

The tests are performed on 11 texture image pairs derived
from original intensity images (Figure 9, 10). The experi-
ment protocol is the same as the one used for intensity
features.

Fig. 9. Results for texture features. Box-and-whisker
plots are showing scatter of values of 11 DRR/
EPIlimage pairs for the parameter ACC and four
sampling methods: regular, pseudo-random,
Sobol quasi-random and Halton quasi-random,
respectively.

Fig. 10. Results for texture features. Box-and-whisker
plots are showing scatter of values of 11 DRR/
EPIimage pairs for the parameter RON and four
sampling methods: regular, pseudo-random,
Sobol quasi-random and Halton quasi-random,
respectively.

Note, that overall, the scatter values are much lower for
texture features in comparison to intensity features. This is
a strong argument to use texture features instead of inten-
sities for this registration task. However, from the tests

performed on the texture feature images similar conclu-
sions may be drawn than from the resuits for intensity fea-
tures. Again, the Halton quasi-random sampling cutper-
formed both regular and pseudo-random sampling as it
yielded more consistent results for both, ACC and RON
values. Student t-test indicates significant difference be-
tween samplings for all systematically reduced number of
sampling lines, except N=30 - ACC values and N=5 - RON
values.

The recommended number of sampling lines N which
would yield enough consistent results for our 3-D optimi-
zation task was initially not provided. Since our dimension-
ality was significantly lower than in the original work by Skerl
et al, we started our tests with N=50 as reasonably safe
margin. From the results of our tests we can hypothesize
that by using Halton quasi-random generator the smallest
number of sampling lines N, which would yield enough
consistent results for 3-D optimization task, is as low as
10. This hypothesis is confirmed by paired Student t-test
(p<0.05) which compared scatter results between pseu-
do-random N=50 sampling lines and systematically re-
duced N from 50 to 5 for Halton quasi-random generator.
t-test indicated that for N=50 and N=40 Halton quasi-ran-
dom delivered significantly lower scatter values in compar-
ison to pseudo-random sampling with N=50. From N=35
to N=10 Halton quasi-random sampling indicated no sig-
nificant difference to pseudo-random sampling with N=50.
For N=5 Halton quasi-random sampling delivered signifi-
cantly higher scatters in comparison to pseudo-random with
N=50.

For our registration task the recommended pseudo-ran-
dom sampling with 50 sampling lines yields comparable
scatter of results to the Halton-random sampling with 10
sampling lines.

4 Conclusion

The evaluation protocol described in /8/ assesses the
quality of similarity measure used in a specific registration
problem prior to registration. This is done by evaluating the
behaviour of a similarity measure for simulated transforma-
tions. The evaluation of a similarity measure includes the
following parameters: accuracy, robustness and capture
range.

We are using this evaluation protocol for assessment of
criterion functions based on the intensity and a bank of
texture features - such use requires the evaluation of many
criterion functions. It is therefore important that the evalu-
ation protocol is as efficient as possible, while retaining
the truthfulness of the results.

The obtained results from our tests show that Halton qua-
si-random outperformed regular, pseudo-random and
Sobol quasi-random sampling for our specific registration
task. Additionally, the tests have shown, that if the compu-
tational time is of prime concern, the number of sampling
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lines may be reduced, which vields a significant reduction
of computation time spent on evaluation of one CF. Thus,
a targer number of CFs may be evaluated to select those,
that woulid provide the best registration.

Additionally, we can also see that values ACC and RON
based on texture features deliver considerably lower scat-
ters than values based on intensity features. It may be con-
cluded that a lower scatter of results may be one of the
additional parameters to assess the quality of a criterion
function. The lower the scatter of the results the more rep-
resentative are the criterion functions defined on each of
the sampling lines. Moreover, it is less likely that a criterion
function is ill-defined by containing a false global optimum
and strong local maxima /27/.
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Abstract: Simulations of telecommunications networks have become very important tools for their evaluation. A very important influence in simulations
has network traffic. This paper introduces new concepts for the modeling of measured network traffic in simulation tools. With these new concepts, we
can improve descriptions of the random packet-size process, especially for maximal-packets of network traffic, which have a very great impact on the bit
or packet rates of network traffic. The suggested methods improve the contents of packets, especially maximal packets in modeled network traffic
simulations, which leads to smaller differences in bit and packet-rates between measured and modeled network traffics,

Nov pristop k modeliranju samo-podobnega prometa v
simulacijah

Kjuéne besede: samo-podobnost, modeliranje omreznega prometa, Pareto porazdelitev, maksimaina dolzina paketa

Izvieéek: Simulacije telekomunikacijskih omrezij postajajo pomembno orodje za ovrednotenje le teh. Zelo pomemben in velik vpliv v simulacijah ima tudi
omrezni promet. Ta Clanek predstavija novi koncept modeliranja izmerienega omreznega prometa v simulacijskih orodijih. Z tem novim konceptom lahko
izbolisamo opis nakljutnega procesa velikosti paketov omreZnega prometa, zlasti maksimalnih paketov, kateri imajo zelo velik vpliv na srednjo vrednost
celotnega prometa v bitih in paketih na casovno enoto. Predlagane metode izboljSajo opis vsebnosti paketov v omreznem prometu, e posebej maksimal-
nih paketov v modeliranem prometu,kar posledi¢no vodi do manjsih razlik v srednji vrednosti bitov in paketov na Gasovno enoto med izmerjenim in
modeliranim prometom.

cy in regard to the measured histogram and chosen distri-
bution, which is usually a consequence of maximal-pack-

1. Introduction

Statistical analysis in Ethemet networks show that, in many
cases, network traffic can be described by self-similarity /1/.
This model appeared before fifteen years as an alterna-
tive, at that time, to the used models such as Poisson and
Markov /2/. It was also shown, that heavy-tailed distribu-
tions, such as Pareto and Weibull, are more suitable for
describing network processes, such as process packet-
size and inter-arrival time /1, 3, 4, 5/.

One of the main goals of researchers was, and still is, the
modeling of network traffic in simulations, such as OPNET
/6,7, 8/. In simulation we try to model the measured net-
work traffic, which is the best possible approximation of
the measured traffic in the sense of bit or packet-rates,
bursts or variance. For evaluating discrepancies between
measured and simulated network traffic, we chose differ-
ent measures such as bit or packet rates, Hurst parame-
ter, variance and also discrepancy between histograms of
statistical network process for packet size and inter-arrival
time.

During measuring and modeling we saw that discrepan-
cies between measured and modeled fraffic are derived
from an inaccurate description of the packet-size process.
We also saw that, especially for longer and maximal length
packets (MTU- Maximal Transmission Unit), have a sub-
stantial influence on modeled network traffic. The captured
histogram of the packet-size process had great discrepan-

ets. Maximal packets are a consequence of data fragmen-
tation in TCP/IP stack. Usually with classical modeling,
where a captured histogram of packet size process is de-
scribed with distribution, we do not derive at a good enough
description regarding the packet-size process of measured
traffic, especially the content of maximal packets. This,
consequently, leads to great discrepancy between meas-
ured and modeled network traffics, especially in bit and
packet-rates, and also traffic bursts.

For this reason, we present three methods for describing
a measured traffic histogram of packet-size which achieve
more accurate descriptions of network traffic in simulations.

1. The first method is based on using “mixed distribu-
tions” for describing random processes, a similar
concept is used in the area of image processing /9/,
and already steps in the area of traffic modeling
/10, 11, 12/.

2. The second method is based on estimating data files
of a measured traffic histogram by defragmentation in
a communications network /3, 4, 5/.

3. The third method combines the first and second meth-
ods.

This paper is organized as follows. The second section
describes statistical modeling of network traffic by distri-
bution and Hurst parameter. The next section describes
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the packet-size process of network traffic. New approach-
es with suggested methods are in the forth section. The
fifth section represents the simulation results. Finally, we
finish this paper with the conclusion.

2 Statistical modeling of measured
network traffic

Network traffic can be described as a combination of two
random processes:

1. packet-size process X({)
2. inter-arrival time Y(?)

L ets describe network traffic Z(t) as

Z( =y (X0, Y1) (1)
where \f is the function of packet-size X(t) and inter-arrival
time process Y(t). Both processes are described by prob-
ability distribution function (pdf). The choice of suitable dis-
tribution for a traffic process depend the measured net-
work traffic’s properties. For network traffic with a short-
range dependence property, light-tailed distributions (ex-
ponential) are the more suitable for describing packet-size
process, such as exponential. In the case of network traf-
fic with long-range dependence, heavy tailed distributions
are the more suitable distributions for describing such traf-
fic, such as Pareto and Weibull. The probability density
function (pdf) of Pareto distribution is

p()=ak® x ', k<x, o,k>0 2)
where k is local parameter and «is shape parameter. Prob-
ability density function of Weibull distribution is:

o—1 X
=(=)
p(x):%.(%) % x20 0k>0 )

where K is local parameter and « is shape parameter.
Definition of the self-similar random process /3, 13, 14,

15/ is based on autocorrelation function r{k), which is de-
scribed as

kY =~kPL(k), k—>wo, 0<B<l, (4)

where L1(k) is slowly varying at infinity, that is for all x > 0
(i.e., L1(t) = constant, L+{f) =log(t)). Hurst parameter H is
used for described arrival process and it is defined by

H=1—%, 0<p <1 (5)

and presents the measure of self-similarity. For describing
arrival process, beside parameter H, are also needed pa-
rameters such are average arrival-rate, fractal onset time
scale, source activity-ratio, and peak to mean ratio.

3  Problem of statistical packet size
process
From measured traffic by sniffer /8/, we can obtain infor-

mation about a packet-sizes, inter-arrival time, packet-rate. ..
Based on histograms, we can evaluate both random traffic
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process X(f) in Y({) and choose distributions, which are the
best approximations of histograms. During research, where
we estimate parameters of traffic processes we found that,
in the case of estimating packet-size process parameters
much larger discrepancies appear than in the case of in-
ter-arrival time. Discrepancy between the histogram of
measured traffic and distribution, which describe this proc-
ess, can be evaluated by goodness of fit tests, such as
Kolmogorov-Smirnov or Chi-square /16/. The greatestim-
pact on these discrepancies is MTU, which as mentioned
in the first section. MTU packets cause a strong disconti-
nuity in the histogram and it is very difficult to describe
such a histogram using the classical method. In our re-
search, we paid attention to a statistical description the
packet-size process of network traffic.

Probability Density
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Fig. 1:  Histogram of measured packet size process
and distribution parameters estimation with
classical method with EasyFit fitting tool.

Figure 1 shows an example of a packet-size histogram of
measured network traffic and classical distribution param-
eters’ estimation. From the captured histogram, we can
see that minimal length size packets of around 54 B pre-
vail. But there are also a lot of packets of maximal length,
which also have a great influence on the bit-rate of the
entire network traffic. The classical parameter estimation
method (Figure 1) does not describe the process very well,
especially those maximal packets, which usually lead to
great discrepancies between measured and modeled traf-
fic, in the sense of bit or packet rates. Such an estimation
method also has very big difference between the contents
of packets between measured and simulated traffic. We
cannot solve this problem by using other methods for esti-
mating distribution parameters for the packet-size process
of network traffic, such as the CCDF method /3/.

The greatest discrepancies appear when describing net-
work traffic with long-range dependence (LRD) property,
where heavy tailed-distribution is used, such as Pareto.
Smaller discrepancies also appear in the case of describ-
ing network traffic with short-range dependence (SRD),
where exponential distribution was used, but these dis-
crepancies are smaller than in the previous case.
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3 Suggested methods for estimating
distribution for packet-size process

All suggested methods are based on the transformation of
captured-traffic. The first method is based on using mixed
(multiple) distributions to the describe packet-size proc-
ess, the second method is based on defragmentation of
captured-packets and the third method is a combination
of the first and second methods.

3.1 Mixed distributions

Using this method, we will describe network-traffic by mul-
tiple~distributions, which will be implemented using multi-
ple traffic generators in the same simulation workstation.
By using mixed distributions for describing the stochastic
process of network traffic, we will achieve a smalier dis-
crepancy between the measured histogram and the fitted
distributions for packet-size process (Figure 2). Network
traffic Z(t) defined in (1) can be described as the sum or n-
th data sources:

Z() =Z,() + (1), ... Zu()
Z(0) =y (X (W1 () +. v, (X, 0. Y1) =

Z(t)= Y Z:(t)= D wi(X (0,5 ®)
1 1

where Z{t) is traffic for each traffic generator and s is a
function of two random processes Xi{t) and Y{(t), where X{t)
represent packet-size process and Y{f) inter-arrival time. So,
we can divide network traffic into separated segments mod-
eled by different distributions. Points which separate the
packet size process in multiple parties described by inde-
pendent distribution, are threshold points. The simplest way
to separate network-traffic for mixture distribution is to de-
fine the first traffic Z(f), where are packets, which are long-
er than the threshold value, and ancther traffic Zx(f), with
packets that are shorter than the threshold. In many cases,
MTU size represents the threshold point.

Brobability Density

THRESHOLD

Fig. 2: Example of using two distributions for
describing packet size process of captured
network traffic.

Z)=Z () +Z,(1) =
_ 2@ =yi (X 0.1 (9); packet _size >threshold @)
2,0 =y, (X, (), Y (0); packet _size < threshold

We must also estimate the belonging distributions for both
inter-arrival time processes Yi(t) and Y»(f) and packet-size
processes X1{t) and Xo(?).

3.2 Defragmentation method

Whilst transmitting files across a network, {P packets are
fragmented because of MTU limitations. The fragmenta-
tion process is executed in a model of IP encapsulation in
TCP/IP stack. From the captured traffic in Figure 1, we
can see that MTU packets impact on the discontinuity in
the histogram, this causing the common distribution de-
scriptions, with the help of the classical method. This new
method is based on histogram estimation of the transmit-
ted data file before fragmentation /4/. For a distribution
estimation of the packet-size process we execute with the
addition of maximal packets, which are fragmented in the
fragmentation process during transmission. So, we com-
bine all packets from a sequence of MTU packets, includ-
ing the first packet shorter than the maximal size, from the
same source in the new bigger packet. These newly de-
rived at values, together with captured non-fragmented
packets, are used designating the histogram of data, which
will be described by new distribution.

Z(0) =y (X0, Y(®) = Z () =y (X (). 1 (1)
2() = Z,(1)

Z7 (1) represents the transformed traffic, which is a func-
tion of the transformed processes for packet-size X7 and
inter-arrival time Y7. The transformed histogram represents
the originally transmitted files Z{t). We spray the distribu-
tion of maximal packets in the captured histogram over a
new range, using the defragmentation method, which rep-
resents the transmitted files. This method leads to more
continuous histograms, such as in Figure 3, which can be
described by the classical method more precisely using
distribution, than the histogram in Figure 1. Estimation
parameters of file sizes are used in traffic generators dur-
ing simulations. Because of the limitation of MTU, which is
a defined in model of a communication device, the files
are fragmented into maximal packets during the simulation
run. So estimate traffic is a good approximation of cap-
tured traffic.

3.3 Combination of distributions and
defragmentation

The third method is based on a combination of mixed dis-
tributions and defragmentation methods. The basic idea is
to describe captured traffic with two or more distributions,
but for captured-traffic we can also execute the defrag-
mentation process. For example, we can execute the de-
fragmentation process of captured-traffic Z(f), and then
describe with one distribution X(t) fraffic of packets Z4(f),

43



Informacije MIDEM 39(2009)1, str. 41-45

M. Fras, J. Mohorko, Z. Cudej:

A new Approach to the Modeling of Network Traffic in Simulations

Prohability Density

TRANSFORMED HISTOGRAM OF CAPTURED PACKETS
WITH DEFRAGMENTATION METHOD

Fig. 3:  Transformed histogram of captured histogram
on Figure 1 with chosen distribution.

which are shorter than the maximal packets. With the sec-
ond distribution Xo(f), we can describe the traffic of the
fragmentation packets Z(t), which was equal to the maxi-
mal values before fragmentation.

2O =Z()+24(1) =
_{ZI O=w(X( X)), packet _size# threshold (9)
a0=v,(X,0), %), defragmentaion _packets

For both processes Xi(t) and Xo(t) we also define and es-
timate distributions and their parameters for the belonging
processes of inter-arrival time Yi(t), Ya(f), and also Hurst
parameter, which can also be used in the modeling of ar-
rival process.

4. Simulation results

We model the captured self-similar network traffic, which
is shown on Figure 4, with short-range dependence by
simulations with both classical and presented methods.

packet-rate {pfs)

a 30 140 130 200
time {s}
Fig. 4: Measured test network traffic captured by
Wireshark sniffer.

In the case of classical estimation, we chose exponential
distribution for describing the packet-size process, because
the value of Hurst parameter is near 0.5 and also has short-
range dependence. For the first and third methods we
define threshold, which is equal to MTU size, because the
bin with MTU packets is withdrawing from other neighbor-
ing local bins in the packet-size histogram (Figure 1). This
bin is described by separated distribution, for the first and
third methods. Table 1 shows parameters of measured
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network traffic and all estimated parameters for presented
methods, which was used in OPNET simulations tool.

Table 1: Parameters of measured and simulated network
traffic

acket size inter-arrival
;’rocess time pls kb/s a MSE
?:;.f:“ed X X 356 | 1145 | 058 | X
classical exponential Wfibull
method 1i=4165 a=0.57326 334 113.4 0.53 0.024
’ £ =0.01895
packets <MTU
1. exponential ;Vzlgu61§792
method VA=23041 | o 002587 | 341 | 1249 | 054 | 0016
packets = MTU
Rayleigh
constant 1482 o= 0.17435
2 exponential :V Sgusnszl 310 | 1145 | 052 | 0.026
method 1/4=452,48 B=0.0244
packets < MTU
exponential W:ﬂo)ué;,/
3, /4 =106.7 ="
method £=0.02932 37.2 120.0 0.57 0.003
defragmentation data
Rayleigh Rayleigh
o=2181.7 oc=10.1871

Table 1 shows the comparison between measured and
modeled signals in bit and packet-rates, without method
and suggested methods. There are also estimated param-
eters H, which are measure of a self-similarity. There are
also mean square errors (MSE) between the measured and
modeled histograms of the packet-size process, which also
show the contents of the packets, shown in Figure 5. Us-
ing this test, we proved that presented methods impact
the minimal discrepancy between measured and modeled
signals and better describe measured traffic than classical
estimation (without method).

=2
=)

0,4

probability

0,2

6 7

Sy 8 g

# histogram of measured traffic Dins (bin = 1508) 10
# histogram of modeled traffic withou method

& histogram of modeled trafficwith 2. method

Fig. 5:  Histograms of packets size process of
measured traffic and modeled traffic with
classical and 3.method

Figure 6 present the three simulated network traffics, which
were modeled by estimated parameters from Table 1.
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packet-rate {pfs)

packet-rate (pfs)
EN
o]

£
g
g
a 30 100 150 220
time {s}
Fig. 6: Simulated network traffics in OPNET simulation

tool. First graph presents simulated traffic,
which was model by first method. Second graph
presents simulated traffic, which was model by
second method. Third graph presents
simulated traffic, which was model by third
method.

5. Conclusion

The presented methods show very good results in the case
of modeling network traffic with short-range dependence,
where we achieved better contents of packets, sometimes
even better bit or packet-rates in the modeled traffic and a
more accurate description of captured-traffic, then in the
case of using classical manner of modeling the measured
traffic. For future research we plan modeled network traf-
fic with long-range dependence with purposeful methods,
because in these cases classical estimation (without any
methods) totally failed and lead to great discrepancy be-
tween measured and modeled traffic in the sense of bit
and packet-rates, and also in bursts’ intensities.
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EKSPERTNI SISTEM ZA ANALIZO REZULTATOV SIMULACIJ
TAKTICNIH RADIJSKIH OMREZIJ
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Kju€ne besede: ekspertna analiza, ekspertni sistem, simulacija, OPNET modeler, statistike, komunikacijske enote, uspesnost prenosa sporodil, prenos-
ni kanal, izkorisCenost kanala, zakasnitve, radijska vidljivost, baza znanja, uporabniski vmesnik, pravila, sklepanje, mehke mnozice.

lzvledek: Clanek opisuje metode analize in zasnovo sistema za avtomatizirano analizo simulacijskih rezultatov pridobljenih iz orodja za simulacije komu-
nikacijskin omrezij - OPNET modelerja. Pri tem smo se omeijili na temeline gradnike, ki jih sistem mora vsebovati, da ga lahko uvrstimo v razred ekspertnih
sistemov. V prvem delu ¢lanka smo za vsak gradnik podali temeljit opis. Dodali smo tudi opise mehanizmov mehkih mnozic, baze znanja in pravil, ki se
uporabljajo v procedurah sklepanja in iskanja konénih resitev. V drugem delu &lanka predstavijamo ekspertni sistem, ki smo ga zasnovali za analizo
rezultatov simulacij takticnih radijskih omrezij. V nadaljevanju je opisana funkcionalnost sistema, metode analize posameznih komunikacijskih parametrov
in nadini podajanja rezultatov.

Expert system for analysis of tactical radio
networks simulations

Key words: expert analysis, expert system, simulation, OPNET, statistics, communication units, message completion rate, transfer channel, channel
utilization, delay, radio visibility, knowledge base, user interface, rules, decision procedure, fuzzy sets.

Abstract: Now days the use of simulation tools rapidly increases because they are quite precise and gives satisfactory results, which are comparable with
measured results on real communication networks. Most of available simulation tools have possibilities to present final results in graphical form. Such
approach is suitable in cases, where expert user operate with small number of graphs and simulated scenarios. In cases where must user compare more
than two individual graphs, analysis became complex and time voracious. We can decide that manual analysis of graphical resuits takes-up a iot of
precious time, especially in cases of simultaneously analysis of multiple graphs. This time is economized by our system.

Expert system (ES in the following explanation) is defined as intelligent computer program which includes certain level of expert knowledge. Such
knowledge is stored in knowledge data base. Knowledge data base quality is one of the most important factors for such systems. It is some kind of
function concerning data base dimensions and knowledge quality. A wide-spread base with high expert knowledge leads to a high-performance expert
system. Knowledge must be stored into the base in the right format, because an expert system has to understand this knowledge, to create right
decisions based on that knowledge. Detailed description of knowledge base is given in section 2.1. Some of the most important parts of ES are user
interface, reasoning mechanism and fuzzy set for sorting and arranging simulation values into proper classes.

Reasoning mechanism is one of the main parts of an expert system. It controls the operation of the whole ES. The mechanism must actively use the
knowledge base for dealing with data, coming into the system, and for the derivation of suitable facts. The mechanism is composed of inquiring and
reasoning processes, which helps in the solution search process. The most useful reasoning methods in the cases when we want to derive knowledge
using production rules are: forward reasoning and backwards reasoning. Detailed description of reasoning mechanism is given in section 2.2.

Fuzzy sets as main part of ES are generalization of regular crisp sets /1, 2/. Meanwhile, the appurtenance function of a crisp set has a stock value {0, 1}
(specific element belongs or does not belong to this set) the appurtenance function of a fuzzy set (lLa) has a stock value within the interval [0, 11. We can
reason, that a specific element in fuzzy set is contained by appurtenance, which is €[0, 1].

For example we observe OPNET simulation graph for tactical radio received power data. For this data we define set A={x; data in x is acceptable}. Such
a set contains all acceptable data. If we look at this set as an ordinary binary set, we can specify that data fully belongs to it or even does not fully belongs
to it (two possibilities). A problem appears about ‘acceptability definition. In regular sets, passages between appurtenance and nonappurtenance are
sharp (discrete). Passages between appurtenance and nonappurtenance in fuzzy sets are soft, slow and continuous (section 2.3). Fuzzy setis in our case
used for analyzing results from transmitter utilization statistics and packet delay statistics, meanwhile radio visibility and message completion rate uses
approach based on direct comparison between sent packets and received packets between communication units. Section 2.8 describes expert system
user interface and manners to present resuits. Section four concludes the paper.

strokovnega podrocja oblikovati inteligentne odloditve.
Posnema torej delovanje izvedenca ali eksperta za to strok-
ovno podrocje in njegovo sposobnost analiziranja, re$evan-
ja in utemeljevanja odlocitev znotraj problemske domene.

1. Uvod

Ekspertni sistem lahko opredelimo kot inteligentni racu-
nalniski program, ki uporablja znanje in procedure sklepanja

za reSevanje problemov. Vse definicije ekspertnega siste-
ma v literaturi so si enotne, da vsebuje ozko specializirano
znanje iz doloCenega strokovnega podrodja (problemske
oz. raziskovalne domene) in da je le ta zmoZen znotraj tega
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Ekspertni sistemi tako niso splosni resevalci problemov
sirokega podrocja, temved so namenjeni reSevanju zak-
ljucenih, dobro definiranih problemov.
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Literatura ekspertne sisteme uvrs¢a med sisteme, ki temelj-
ijo na znanju (Hart /11/, 1988, str. 7), oz. med sisteme za
ravnanje z informacijami. Tako npr. Sauter /10/ uvrSca
ekspertne sisteme na desni konec daljice sistemov za
ravnanje z informacijami, saj v nasprotju s sistemi, ki lezijo
na levi strani daljice, ne delujejo s preprosto, temved z vi-
soko specializirano logiko in znajo sami oblikovati odlogitev
iz problemske domene.

Hevristiéni pristop ,

sistem samodejnega odloganja
ni rednih i;oroéil

Ponavljajota logika ,
redna porodila ,
ni podpore odio&itvam

Informacijski sistemi

Slika 1: Sistemi, ki ravnajo z informacijami
Fig. 1: Systems which handle with informations

Ekspertni sistem uporabniku omogoc¢a spremijanje in
spreminjanje procesa reSevanja problema, zna pa tudi
utemeljiti odloc¢itev. Transparentnost ekspertnega sistema
omogoca uporabniku razlago rezultatov in analizo, kako bi
se rezultat spremenil, e bi vhodne podatke spremenili (kaj
se zgodi Ce.. ).

Za delovanje ekspertnih sistemov so uporabljene metode
umetne inteligence. Praviloma zdruzujejo kvantitativhe in
kvalitativne informacije, teorijo verjetnosti, teorijo mehkih
mnozic, aritmetiko Stevil in logi¢na pravila, utemeljena na
hevristiénih pricakovanjih. Pri tem so odlocitve, ki jih poda
ekspertni sistem, praviloma dobre, ne pa nujno tudi opti-
malne. Ekspertni sistemi se uporabljajo na prakti¢éno vseh
podrodjih ¢lovekovega delovanija. Ukvarjajo se z razliénimi
vrstami problemov interpretacije, napovedovanja, diagnos-
ticiranja, oblikovanja, nacrtovanja, popravijanja,
razhroséevanja, indtrukcij in nadzora. Ker nasa aplikacija
temelji na ekspertnem sistemu, si bomo najprej ogledali
temeljne gradnike ekspertnega sistema, med katere spada-
jo baza znanja (poglavie 2.1), mehanizem sklepanja
(poglavie 2.2), mehke mnozice (poglavie 2.3) in uporabni-
ski vmesnik (poglavje 2.8). Poglavja 2.4, 2.5, 2.6 in 2.7
predstavljajo postopke analize opazovanih parametrov, ki
podajo sliko o dogajanju v omrezju. Tretje poglavie pred-
stavlja rezultate eksperine analize v obliki izhodnega po-
rocila, kjer so v slednjem zajete vrednosti povprec¢ene na
dolZino ¢asovnega okna, ki ga doloCi uporabnik. S tem
pridobi okvirno oceno o dogajanju v omrezju, brez potrebe
po opazovanju celotnega intervala simulacije. V okviru ze
omenjenega poglavia predstaviiamo Se nadin analize re-
zultatov za doloditev posameznega problema v omrezju ter
funkcionalnosti ES sistema. Cetrto poglavie s podanimi
sklepi, ugotovitvami in povzetki rezultatov ekspertne anai-
ize zakljucuje clanek.

2  Gradniki ekspertnih sistemov

2.1 Bazaznanja

V bazi znanja je shranjeno znanje iz strokovnega podrodja,
ki ga podpira ekspertni sistem. Vsebuje znanje dveh vrst:

- deklarativno znanje, ki opisuje objekte (dejstva in pravi-
la), ki jih obravnava ekspertni sistem in relacije med
temi objekti,

- proceduralno znanje, ki vsebuje informacije, kako
uporabljamo te objekte, da bi prisli do nekih skiepov
in koncne resitve.

Baza znanja je najpomembnejsi del ekspertnega sistema,
saj velia, da je kakovost ekspertnega sistema v glavnhem
funkcija obsega in kakovosti baze znanja. Znanje je vanjo
zapisano v obliki, ki jo ekspertni sistem razume in zna upo-
rabiti za oblikovanje odlocitve, za kar uporabljamo razli¢ne
predstavitvene metode ali formalizme za predstavitev znan-
ja. Znanje mora biti predstavljeno na nacin, ki omogoda
prilagodljivo, hierarhiéno urejeno, heterogeno in aktivno
strukturo zapisa. Prilagodljivost strukture zapisa znanja je
potrebna zaradi naknadnega vklju¢evanja novih spoznanj
in omogocanja spreminjanja zapisov, hierarhi¢nost pa zara-
divertikalnih povezav med objekti nadrejenih in podrejenih
tipov v bazi znanja. Heterogenost strukture pomeni moznost
zapisa tako deklarativnega kot proceduralnega znanja, ak-
tivnost strukiure pa moznost povezovanja objekiov v bazi
znanja s pravili oz. metodami. Med formalizmi ali metodami
za predstavitev znanja prevladujejo simboli¢ne predstavitve,
ki jih lahko razvrstimo v stiri glavne vrste: produkcijska pravi-
la, logi¢na predstavitev, semanti¢ne mreze in okviri.

Najpogosteje uporabliena metoda so produkcijska pravi-
la. Logi¢ne relacije med objekti problemskega podrocja
opisemo s pravili tipa ¢e-nato, posploseno torej, &e A, nato
B, ali, ¢e je izpolnjen pogoj P, velja sklep S s faktorjem
zaupanja G. Primer logiéne relacije je npr. CE je koli¢ina
padavin visoka IN Se vedno dezuje, POTEM lahko z veliko
verjetnostjo trdimo, da vode ne primanjkuje. Leva stran
pravila (A) predstavlja pogoj ali situacijo, v kateri je pravilo
uporabno, desna stran (B) pa doloéa posledico, sklep ali
akcijo pravila. Vsaka stran lahko vsebuje ved ¢lenov, ki so
med seboj povezani z logi¢nimi operatorji IN (and), ALl
(or) in redkeje NE (not). Produkcijsko pravilo si razlagamo
v skladu z nacelom, ki pravi, da ¢e velja Ain daiz A sledi B,
lahko sklepamo, da velja tudi B. To nacelo je osnova
izpelievanja dejstev oz. skiepanja iz aktiviranih produkci-
jskih pravil. Skiepanje je proces, sestavljen iz dveh korak-
ov, selekcije in aktivacije. V prvem, selekciji, sistem ugo-
tovi, katera pravila so primerna, ter eno od njih izbere za
aktivacijo, kjer razlaga izbrano pravilo in iz njegovega jedra
izpelie dejstvo, ki ga doda v bazo znanja. Vsa komunikacija
poteka preko dejstev v bazi znanja, saj pravila ne morejo
neposredno sproziti drugih pravil.

SemantiCna mreZa je struktura, ki predstavija znanje na
nacin, da ga organizira v vozlis¢a, med seboj povezana s
povezavami /1/.
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Okvir je opis objekta, v katerem je prostor za vsako infor-
macijo o tem objektu. Kot okvir lahko $tejemo zbirko med
seboj povezanega znanja o dolo¢enem strokovnem po-
droc¢ju ali njegovem delu, ki lahko vsebuje dejstva, relaci-
ie, pravila, dogodke ali privzete vrednosti. Teorija okvirov
izhaja iz spoznanja, da ¢lovek, ko se nahaja v njemu do
tedaj nepoznani situaciji, uporabi znanje, ki je plod izkusen;,
povezanih z dolo¢enimi situacijami, objekti in podobno.
Namesto da bi temeljito raziskal in analiziral novo situacijo,
si v spomin prikliée podobne, Zze poznane situacije, ele-
mente nove situacije pa skusa vkijuciti v Ze obstojeco struk-
turo vedenja ¢ neGem, v tako imenovane okvire /3, 4/.

2.2 Mehanizmi sklepanja

So tisti del ekspertnega sistema, ki upravljajo in nadzoru-
jejo delovanje celotnega ekspertnega sistema. Zadolzeni
S0 za aktivno uporabo znanja iz baze znanja, za ravnanje s
podatki, ki vstopajo v sistem, in za izpeljevanje ustreznih
sklepov. Mehanizme skiepanja v ekspertnem sistemu ses-
tavljajo poizvedovalni postopki in postopki sklepanja, s ka-
terimi ekspertni sistem izvaja iskanje ustreznih resitev kot
svoj rezultat. Njihova glavna lastnost je zmoznost vpogleda
Vv svoje delovanje.

Najpogosteje uporablieni metodi sklepanja v mehanizmih
sklepanja pri zapisu znanja s produkcijskimi pravili sta sk-
lepanje naprej in sklepanje nazaj. Pri sklepanju naprej sis-
tem sklepa induktivno - iz mnoZice znanih dejstev skusa
priti do dolo¢enega sklepa oz. cilia. S sklepanjem is¢e
koncni cilj - neko zadovoljivo resitev z znanim dejstvom, ki
ga primerja z vzorci produkcijskih pravil na levi strani pravi-
la. Ce se leva stran ujema z dejstvom, se pravilo aktivira.
Aktivirano pravilo v delovni pomnilnik doda novo dejstvo,
izpeljano iz jedra oziroma desne strani pravila. Izpeljano
dejstvo zdaj enakovredno nastopa v procesu sklepanja: pri
ponovilvi postopka se lahko sprozi pravilo, ki ima na levi
strani prav to izpeljano dejstvo. Opisani postopek se pon-
avlja vse dotlej, dokler v mnozici produkcijskih pravil se
obstajajo pravila, ki se lahko aktivirajo ali dokler mehanizem
sklepanja ne izpelje dejstva, ki predstavlja zadovoljivo re-
Sitev. Sklepanje naprej torej ugotavija, do kaksnih zakljudkov
pridemo glede na dana dejstva, uporabljamo pa ga, ko ni
mogoce vnaprej predvideti, kateri od moznih zakijuékov je
najprimernejsi.

Sklepanje nazaj poteka deduktivno, njegov cilj se nanasa
na potrjevanje ali zavradanje pravilnosti ciline hipoteze.
Mehanizem sklepanja najprej preveri, ali lahko ciljno hipot-
ezo potrdi z dejstvom v delovnem pomnilniku, sicer is¢e
pravilo, ki hipotezo lahko potrdi. Takéno pravilo ima na svo-
ji desni strani vzorec, ki je enak ciljni hipotezi, levo stran pa
potriujejo dejstva iz delovnega pomnilnika. Ce se leva stran
izenaciz dejstvi iz delovnega pomnilnika, je sklepanja konec
in mehanizem sklepanja potrdi pravilnost ciline hipoteze. V
nasprotnem primeru levo stran razume kot podcilj, ki ga
poskusa potrditi na enak nacin kot cilino hipotezo. Post-
opek ponavlja, dokler mehanizem sklepanja ne potrdi vseh
podgiljev ali dokler ne zmanjka pravil, s katerimi bi podcilje
potrdil. Praviinost ciline hipoteze je dokazana, ko so doka-
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zani vsi podcilji, sicer ciline hipoteze ni mogoce potrditi.
Obicajno so sistemi s sklepanjem nazaj udinkovitejsi od
sistemov s sklepanjem naprej, saj tezijo k reduciranju
iskalnega prostora in tako obicajno hitreje pridejo do re-
Sitve, uporabljamo pa ga, kadar obstaja manjse Stevilo ciljev
oziroma zakljuckov, ki jih je mozno dologiti vnaprej.

2.3 Mehke mnozice

Mehke mnozice (ang. fuzzy sets) so razsiritev obidajnih,
ostrih mnozic (anglesko crisp sets). Medtem ko ima lahko
pripadnostna funkcija ostre mnozice zalogo vrednosti {0,1}
(ti. dolocen element pripada ali ne pripada tej mnozici),
ima pripadnostna funkcija mehke mnozice (U4) zalogo vred-
nosti znotraj intervala [0,11. Torej je lahko dolo&en element
v mehki mnozici vsebovan s pripadnostjo €0, 1].

2.4 Uporabniski vmesnik sistema
ekspertne analize simulacijskih
rezultatov

Uporabniski vmesnik ekspertnega sistema skrbi za udob-
no sporazumevanje med sistemom in (nevesdim) uporab-
nikom, ki mu omogoéa vpogled v proces resevanja proble-
ma, ki ga izvajajo mehanizmi sklepanja. Uporabniski vmes-
nik prevaja podatke, ki jih poda uporabnik, v obliko, primer-
no za racunalnisko obdelavo, sklepe in pojasnila, ki jih poda
sistem, pa predstavi uporabniku v razumiljivi pisni ali grafié-
ni obliki. Navadno omogoca tudi interakeijo z okoliem in
drugimi sistemi, npr. zunanjimi bazami podatkov. Najpog-
ostejsi vmesniki, ki jin uporabljajo ekspertni sistemi, so
vprasanja in odgovori, meniji, hipertekst, naravni jezik,
graficni vmesniki ipd.

Uporabniski vmesnik je eden od najbolj kriticnih elemen-
tov ekspertnega sistema, saj slab uporabniski vmesnik
lahko vodi v omejeno ali neudinkovito uporabo. Tudi oblik-
ovanje uporabniskega vmesnika je na sploséno zahtevne-
j8e kot pri obi¢ajnih radunalniskih aplikacijah, saj so infor-
macije, ki se izmenjujejo med uporabnikom in sistemom,
navadno kompleksnejSe, procesiranje, ki ga sistem izvaja,
pa zahtevnejde.

2.5 Analiza izkoris¢enosti pasovne Sirine
oddajnika in sprejemnika s pomogéjo
mehke mnozZice

V simulacijskem okolju OPNET Modeler sestavimo simu-
lacijsko strukturo, ki je prikazana na sliki 4.

Promet med udelezenci v takticnem radijskem omrezju je
doloCen z tako imenovanimi pogodbami, ki definirajo, kdo
s kom komunicira in kolik$na je intenzivnost podatkovnih
izvorov. Iz primera na sliki 3 je mo¢ razbrati da gre za P2P
tip pogodb. V primeru analize izkori§éenosti prenosnih
kanalov oddajnika in sprejemnika, je potrebno izbrati sta-
tistiko ‘utilization’ na vsaki enoti. To pomeni, da se bodo v
izhodni vektor, ki doloca statistiko za posamezno enoto
shranile vrednosti obremenjevanja oddajnega in spre-
iemnega kanala. Za vsako enocto, ki ima izbrano statistiko



S. Kiampfer, J. Mohorko, Z. Cudej:

Ekspertni sistem za analizo rezuitatov simulacij takti¢nih radijskih omrezij

Informacije MIDEM 39(2009)1, str. 46-52

‘utilization’ se ustvari po en izhodni vektor s ¢asovno kodo
in amplitudno vrednostjo izkori¢enosti (ang. utilization).
Ce v drobnogled vzamemo enoto ‘1bataljon/brigada’ le ta
sprejema in oddaja promet v dve smeri. To je primer, ko se
bodo vrednosti za obe smeri sestele in odrazale na skupni
izkoris¢enosti, saj je enota omejena zgolj z enim sprejem-
nikom in oddajnikom. Z analizo vsake posamezne statis-
tike za oddajnik in sprejemnik, posamezne enote lahko z
uporabo mehke mnozice definiramo naslednje relacije: if
(izkoris¢enost < 50%), potem postaja lahko potencialno
sprejme Se vedjo koli¢ino prometa, if (izkoriséenost > 50%
&& izkoris¢enost < 80%) potem je stanje relativno velika
izkoriséenost...itd. Med 80 in 90% izkorisCenostjo zacne-
jo enormno narascati zakasnitve v Wi-Fi omrezju, kar pome-
ni, da je taksno stanje izkori§¢enosti oddajnika oziroma
sprejemnika lahko ze alarmantno, podobno, kot je stanje
100%. Nata nadéin definiramo relacije, ki v celoti sestavija-
jo mehko mnozico in definirajo posamezne vrednosti, s
kaksno pripadnostjo pripada vrednost mehki mnozici.

Pripadnost mehki
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Slika 4: Primer mehke mnoZice za sprejeto mo¢
Fig. 4: Example of Fuzzy Set for received power

Ogleimo si preprost primer vrednosti sprejete moci pri anal-
izi rezultatov statistike sprejete moci na strani sprejemni-
ka. Iz izmerjenih vrednosti sprejete moci brezzi¢nih omrezij
lahko postavimo mejo, nad katero se brezziCne postaje
medsebojno slisijo, oziroma obratno, pod katero se komu-
nicirajo¢e postaje ne slisijo. Predpostavimo, da je teoretic¢-
nameja 4 mW, kar v prakti¢ni uporabi ostre mnozice pome-
ni, da se bodo postaje s sprejeto mocjo npr. nad nivojem 4
mW med seboj slidale, v primeru 3.9999 mW pa ne, kar je
nesmisel. 1z prakticnih eksperimentov lahko zagotovo
potrdimo, da se bodo postaje medsebojno slisale celo pri
3.9 mW sprejete modi, vendar bo razmerje signal/sum
nekoliko slabse. iz tega razloga uporabimo mehko mnozico
z definirano pripadnostno funkcijo, s ¢imer zagotovimo
vkljuditev mejnih vrednosti, za katere Se velja obmocdje rad-
ijske slisnosti, vendar vrednost pripada funkciji z nekoliko
manjso pripadnostjo, kot podatek, ki se nahaja nad vred-
nostjio 4 mW (slika 4).

2.6 Analiza zakasnitev prometa na
posamezni enoti

Analiza zakasnitev je identi¢na analizi izkoriséenosti prenos-

nega kanala, le da v tem primeru uporabimo definirano

mehko mnozico v bazi znanja za statistike tipa ‘Delay’. Pro-
cedura analize je enaka predhodni metodi, le da so tukaj

definirana obmocja z drugimi mejnimi vrednostmi. Naved-
imo primer obmocja zakasnitev, ki ustreza VolP aplikaciiji.
Ce (zakasnitev < 150 ms) potem oznaéi vrednost kot
primerno za izvedbo VolP aplikacije, v primeru obmodja
od 150 ms do 250 ms doloci zakasnitev kot manj primer-
no za izvedbo VolP aplikacije itd.

2.7 Analiza uspesnosti prenosa sporoéil
med posameznhimi enotami z
definiranimi komunikacijskimi
pogodbami

Kot smo ze v predhodnem razdelku ugotovili imajo enote
medsebojno lahko sklenjenih ve¢ komunikacijskih pogodb,
izmed katerih lahko vsaka izmed njih zavzame tip ‘broad-
cast' oziroma ‘peer-to-peer. V primeru ‘broadcast’ pogodbe
lahko npr. ‘brigada’ posilja eno ali vec vrst sporodil po ‘broad-
cast pogodbi svojim podrejenim enotam, katere ob spre-
iemu sporocil ne odgovarjajo nadrejeni enoti. Za razliko
od ‘broadcast’ pogodbe pa enota, ki ima sklenjeno ‘peer-
to-peer pogodbo sprejema tudi povratni promet, ki se
generira zaradi procedure potrievanja. Iz tega govoreca
postaja ugotovi, ali je bilo sporodilo sprejeto aline. V postop-
ku analize uspesnosti prenosa sporocil, smo se osredo-
tocili predvsem na P2P pogodbe. V kodni nivo (C jezik)
strukture simulacijskega modela smo dodali funkgiji izmed
katerih prva ustvari datoteko oddanega prometa, druga pa
datoteko sprejetega prometa za vsaki IP naslov sodelujo-
¢e postaje v komunikacijskem procesu. Vsaka datoteka
vsebuje gledano po posamezni vrstici naslednje parame-
tre; velikost generiranega paketa, ¢as nastanka paketa,
izvorni IP naslov in ciljni IP naslov. |denti¢na je struktura
druge datoteke. Na tem mestu se pojavi vprasanje zakaj
dve datoteki? Razlog je preprost, promet, ki je oddan, po-
tuje po omrezju in precka stevilne ¢akalne vrste, in ker lahko
isto¢asno posiljajo promet tudi druge komunikacijske enote
ne pride do cilja v enakem zaporedju, da bi lahko gledali
isto-lezne vrstice v obeh datotekah. Svoj vpliv doprinese
Se vec-nitnost. Iz tega razloga je potrebno za oddan paket,
ki je zapisan v prvi datoteki, poiskati isti paket v drugi da-
toteki, in s tem ugotoviti ali je paket prisel na cilj ali ne. Za
posamezen poslan paket se torej postavi $tevec poslanega
paketa na vrednost 1, in ¢e le tega najdemo na cilju v drugi
datoteki inkrementiramo $e Stevec sprejetega prometa na
vrednost 1, oziroma v nasprotnem primeru pustimo le tega
na vrednosti 0. Iz primerjave stevcev za vsak trenutek, ka-
dar je kaksna enota oddajala pakete lahko ugotovimo, ali
iih je cilina enota tudi sprejela. Na osnovi primerjave lahko
izraGunamo, koliksen je delez uspesnosti prenosa sporodil
tekom celotne simulacije za posamiéno enoto. Tudi v
primeru analize uspesnosti prenosa sporocil za vsako
posamezno sporocilo k vrednosti dodamo Se komentar,
npr. “100% uspesnost prenosa’ ipd. Na uspesnost preno-
sa, kakor tudi na ostale opazovane parametre lahko vpliva-
jo tevilni dejavniki, kot na primer, razgibanost terena, veg-
etacija, mo¢ oddajnika, osumljenost kanala, razdalja med
komunicirajoéimi enotami itd.
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2.8 Analiza radijske vidljivosti enot na
terenu

Za razliko od predhodnih analiz uporabljamo tukaj pose-
ben scenarij v simulaciji, kjer ima vsaka enota to¢no
dolo¢eno ¢asovno rezo s periodo kjer lahko odda mini-
maini paket (npr. ping). V tem scenariju ne moreta oddajati
dve enoti hkrati v istem ¢asovnem okviru. Tako imajo komu-
nicirajoCe enote s pogodbami vsaka svojo dasovno rezo s
taksno periodo, da se ne pokrije z nobenim drugim komu-
nicirajo¢im parom. Pri analizi enostavno pogledamo za
enote s sklenjenimi pogodbami, ali so v danem ¢asovnem
intervalu oddan paket sprejele ali ne. Obdobje, kjer paket
ni bil sprejet se smatra kot podrocje ¢asovnega obmodija
simulacije, kjer radijske vidljivosti med posameznimi eno-
tami ni bilo. Marsikomu se tukaj pojavi vprasanje, zakaj pre-
nasati minimalne velikosti paketov? Raziog je preprost, s
simulacijo Zelimo zgolj ugotoviti ali obstaja med enotama
radijska vidljivost ali ne, ob tem pa ne Zelimo vplivati na
zasicenost in zakasnitve v omrezju, zaradi katerih bi lahko
pri analizi prisli do napacnih zakljudkov.

3. Zasnova ekspertna sistema za
vrednotenje simulacij taktiénih
radijskih omrezij

Ekspertni sistem analize rezultatov je bil razvit za potrebe

analize simulacijskih rezultatov raziskovalnega projekta s

tematsko vsebino modeliranja brezzi¢nih radijskih takti¢nih
omrezij za kontrolo in poveljevanje /5, 8, 7/.

Slika 3: Simulacijska struktura omrezja
Fig. 3:  Network simulation structure

Sistem za simulacijo takti¢nih omreZij smo oblikovali kot tri
pomozne podprograme, pri ¢em TPGEN /5/ skrbi za
pripravo parametrov simulacije, Expertni sistem za analizo
rezultatov in Tactical Player za pregledovanje analiziranih
podatkov. Ekspertni sistem je torej kljucen sestavni del v
sklopu gradnikov, ki so predstavljeni na sliki 2. Ker smo
gradnike slednjega Ze opisali namenimo $e par besed orod-
ju OPNET in takticnemu predvajalniku.

OPNET Modeler je vodilno simulacijsko okolje v komunikac-
ijski industriji. Omogoca konstruiranje in studije telekomu-
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nikacijskih infrastruktur, 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, kivzporedno ponazorijo strukturo protokolov, opreme,
mreze. Omogocena je tudi animacija dogajania 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

Y

Slika 2: Zgradba ekspertnega sistema in medsebojne
relacije
Fig. 2:  Block diagram of an expert system

Takticni predvajalnik je programski paket namenjen prika-
zovanju rezultatov (slika 6), ki jih generira ekspertni sis-
tem. Paket vkljuéuje naslednje funkcionalnosti: branje XML
datoteke, branje EHS datoteke, prikaz podatkov, pomikanje
po podatkih hkrati pa ima tudi sposobnost krmiljenja OP-
NET History predvajalnika.

Komunikacija in izmenjava podatkov med orodjem OPNET,
TPGen in Ekspertnim sistemom poteka na nivoju XML kon-
figuracijskih datotek, porodila, ki jih ES posilja taktiénemu
predvajainiku pa v oliki tekstovne datoteke (slika 6).

3.1 Rezultati ekspertnega sistema

Rezultati simulacijskih tekov se nahajajo v grafiéni obliki, le
ti pa predstavijajo velik zalogaj pri analizi ugotavijanja, ali
rezultati ustrezajo nasim pri¢akovanjem ali ne. Najprepros-
tejSa metoda je izgradnja aplikacije avtomati¢éne racunaln-
i8ke analize, ki mora vsebovati specificne funkcionalnosti.

Ce se na kratko povrnemo na sliko 2, na kratko predstavi-
mo $e orodje TPGen. Le to predstavija programski paket
namenjen vnosu parametrov v vsako posamezno radijsko
postajo, ki sodeluje v procesu simulacije. Gre za most med
OPNET simulacijskim okoljem in konénim uporabnikom.
Vneseni parametri se shranjujejo v XML datoteke, le te pa
se naknadno uvozijo v OPNET simulacijsko orodje.
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Slika 5: Uporabniski vmesnik ekspertnega sistema
Fig. 5:  User interface of an expert system

Po konéani simulaciji prejmemo datoteko izhodnega vek-
torja {primer.ov), ki vsebuje podatkovne vektorje za vsako
posamezno izbrano statistiko v simulaciji. Podatkovne vek-
torje sistem nato uskladi z vsebino XML. datoteke, ki vse-
buje informacije topologije omrezja. S tem poskrbimo za
urejenost posameznih statistik, ki pripadajo posamezni
enoti. Po tem koraku naredi ekspertni sistem analizo Zelenih
podatkov namesto nas. Uporabniski vmesnik omogoéa up-
orabniku izbiro statistik na posamezni komunikacijski eno-
ti, ki jih zeli opazovati in prikazovati v takti€nem predvajaln-
iku. Ti rezultati so pokazatelji zmogijivosti omrezja. Sem
spadajo prenesen promet, prenosne zakasnitve, izko-
ris¢enost prenosnih kanalov, radijska vidljivost itd. Ko upo-
rabnik izbere Zeleno statistiko v ES (slika 5) se lahko pricne
analiza s pomocjo baze podatkov (baze znanja). Kot prim-
er; analiza uspesnosti prenosa med opazovanima postaja-
ma je izvedena s krizno korelacijo med oddanim in spre-
jetim prometom na strani sprejemnika. Ekspertni sistem
enostavno primerja isto-lezeCe vrednosti poslanega in spre-
jetega prometa (paketi/s), kar je opisano v poglavju 2.6.
Vrednosti lahko medsebojno v velikosti malenkostno
odstopajo, kar je razlog za vpeljavo mehke mnozice, s imer
prepre¢imo napacno interpretacijo rezuitatov (poglavje
2.3). Analiza je pokazala, da venomer ni mogodce resiti prob-
lema z analizo posameznega grafa, temvec jih je za to
potrebnih ved. Sistem po opravljeni analizi pripravi porod&i-
lo (EHS), katerega izsek strukture prikazuje slika 6 in je
namenjen taktinemu predvajalniku.

Prva vrstica zapisa na sliki 6 prikazuje enega izmed Stevil-
nih zapisov izbrane statistike. Gledano od leve strani proti
desni najdemo najprej casovno kodo dogodka, nato ime
enote ‘1brigada’, ime statistike ‘visibility’, vrednost opa-
zovanega parametra ‘36E+1’ in sporocilo ‘Check power!’.
Tak8na struktura velja za obi¢ajne vrednosti, v kolikor pa
sistem zazna kriticne vrednosti doda $e dve dodatni vred-
nosti, kjer prva predstavlja postavljeno zastavico problema
z vrednostjo ‘true’ (signalizira na problem). Druga vrednost

{10;1hrigada {visihility }{true)(5.76 0 K. )(detay )(alse)(36.0E+2)(Error. Check powarl);
10batalion (visihility {{false 22 HOK.)
20batalon, (visibilityi(false)(32.3)(0K.};
2Bbatalion (visibility {{false HBI.Z7HO K.Y,
30bataljon, {visibility){false)(120.4 (O K.}
2cetal10bataljons thrigada (visibility {ialse 348 50K}
ot/ 2ceta/ 10bataljon/ Tbrigada,(visibility )ifalse {23} O K.):
2vadiZoeta/10bstalion/ theigada (visibility alse 43O K.

Slika 6: Struktura EHS datoteke z vkiju¢enimi sporodili

vkljuCuje markirano kriti¢no vrednost, ki se z rde&o barvo
izpise v takticnem predvajalniku. Z drugac¢no barvo v tak-
ticnem predvajalniku opozarjamo na obmodja s posamezn-
imi problemi, ki potrebujejo posebno pozornost.

Sistem analize smo testirali na rezultatih simulacij brezzi¢nih
radijskih omreZzij, kjer se enote premikajo po vnaprej defin-
iranih trajektorijah 3D prostora. V takSnem primeru imamo
za analizirati na tisoCe statistik. ¢e Se zraven omenjenega
poudarimo, da ima lahko vsaka statistika po par tiso¢ vred-
nosti (odvisno od dolzine simulacije in stevila tock na sta-
tistiko), lahko enostavno vidimo, da je ekspertni sistem na-
jboljsa resitev. Konéne rezultate uporabnik spremlja v tak-
ticnem predvajalniku v obliki filma s podnapisi. Ob tem ima
v predvajalniku na voljo izbiro, katero enoto zeli opazovati
(lahko eno, dve, deset ali pa tudi vse). Sistem $e dodatno
pripravi resolucijsko porodilo, ki vsebuje povprecene vred-
nosti na vnesen interval s strani uporabnika. Tretje porodi-
lo je namenjeno uporabniku in vsebuje splodne statistiéne
podatke od dogajanju v omrezju (koliko odstotkov celot-
nega ¢asa ni bilo radijske vidljivost, koliksen odstotek od
vseh poslanih paketov je bil izgubljen, itd.).

4. Sklep

Kot smo Ze uvodoma omenili so ekspertni sistemi razvréceni
po Sauter-ju, glede na to, kako upravljajo informacije. Tako
lahko najdemo na desni strani premice sisteme, kot ga pri-
kazuje slika 1, na nasprotni strani pa sisteme s ponavlja-
jo¢o logiko. Z razvr$canjem smo na$ sistem umestili na
sredino med informacijske sisteme in ekspertne sisteme.
Razlog za to so specificne potrebe, ki so implementirane v
nas sistem. Kot primer; iz podroc¢ja ekspertnih sistemov
smo uporabili uporabniski vmesnik, bazo znanja, mehaniz-
me sklepanja, nismo pa uporabili vmesnika za zajem ek-
spertnega znanja. Obseg znanja je v nasem primeru fik-
sen. |z leve strani razvr§éenih sistemov po Sauter-ju smo
uporabili ponavljajoco logiko. 1z tega razloga predstavlja
implementiran sistem za analizo grafi¢nih rezultatov OP-
NET-a hibridni ekspertni sistem. Roc¢na analiza graficnih
rezultatov zahteva precej dragocenega Casa, $e posebejv
primerih analize ve¢ grafov hkrati. Tovrsten ¢as je iz ekonom-
skega vidika z implementiranim sistemom minimiziran na
najnizjo mozno vrednost. Sistem pripravi dve vrsti porodil,
izmed katerih je prvo namenjeno operaterju (uporabniku)
in zajema informacije o zmogljivosti omrezja tekom izvajan-
ja simulacije, in hkrati vkljucuje Se predloge za izboljSavo
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lastnosti v omrezju. Drugo porocilo predstavija EHS (Ex-
pert History Solution), ki vsebuje podatke za vsak simulac-
ijski zapis posebej (slika 5). Z EHS datoteko zagotovimo
$e vedjo uporabnisko prijaznost, saj lahko uporabnik na ta
nacin spremlja dogajanje simulacije v taktiénem predvajal-
niku, ki pripada vijemu programskemu nivoju. Celotna
aplikacija je namenjena uporabnigki prijaznosti in poenos-
tavitvi analize rezultatov dogajanja v simuliranem omrezju.
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Abstract: Over last decades we have been witnessing an ever faster technological development in the area of embedded systems. At the same time
advances in IT and transition to mass higher education worldwide significantly changed the social and cultural environment in which we teach. We had to
respond to these changes with updating the courses and making the teaching of embedded systems more efficient, attractive, and affordable.

The classical approach started with computer architecture combined with assembler. Higher level languages were taught independently. From a motiva-
tional point of view this has become questionable, since the gap between the assembler and students’ pre-university computer experiences, which are
mainly Windows-like applications and Internet, was getting too wide.

Our new curriculum starts with JavaScript, which resembles C, runs in environment familiar to any student, needs no additional software, and motivation-
ally proved a success. Transition to embedded C is now much less painful. The assembler level is left for specialised courses in later semesters.

For the purpose of embedded C courses we developed special hardware platform. Each student can purchase their own professional system, at an
affordable price. To achieve that, we needed a support from sponsors. Most courses related to embedded systems now use the same platform with only
different add-on boards, which further reduces the price and getting-started overhead. That way students needn’t spend too much time with unnecessary
technicalies and can focus more on the subject. As a result, after only three years we have already received some quite positive feedback.

Pristop k u¢enju programiranja vgrajenih sistemov z vrha
navzdol

Kjuéne besede: vgrajeni sistemi, visoko izobrazevanje, racunalnisko programiranje, visji programski jeziki

Izvledek: V zadnjih desetletjih smo prica vse hitrejSemu razvoju na podroc¢ju vgrajenih sistemov. Obenem je tehnoloski napredek in mnozicno visoko
izobrazevanje v svetovnem merilu drasti¢no spremenil socialno in kulturno okolje, v katerem ucimo. Na te spremembe smo se morali odzvati s prenovo
uénega pristopa in narediti Studij vgrajenih sistemov ucinkovitejsi, priviatnejsi in bolj dostopen.

Klasi¢en pristop za¢enja z opisom ra¢unalniske arhitekture v povezavi z zbirnikom. Vi§ji programski jeziki, kot na primer C, se poucujejo neodvisno. Z
motivacijskega stalisc¢a je postal tak pristop vprasljiv zaradi vse veéjega razmika med zbirnikom in izkudnjami, ki jih imajo Studentje z racunalniki pred
vpisom v visoko $olo. Te izku$nje zajemajo predvsem uporabo spieta in okenskih programov.

Nas$ nov pristop zacenja z jezikom JavaScript. Ta je podoben jeziku C, deluje v okolju, ki je domace vsakemu Studentu, ne zahteva dodatne programske
opreme ter se je z motivacijskega stalidca izkazal za zelo uspesnega. Naslednji korak je vgrajen C. Prehod na ta jezik je sedaj veliko enostavnejsi. Zbirnik
smo prepustili specializiranim predmetom v vigjih letnikih.

V namen poucevanja vgrajenega Ceja smo razvili posebno strojno opremo. Vsak student lahko kupi svoj lasten profesionalen razvojni sistem, Cigar cena
ne presega cene povprecnega ucbenika. Cilj smo dosegli s sredstvi, ki so jih prispevali sponzorji. Vedina predmetov sedaj uporablia enotno ucno okolje,
kar dodatno zniZuje ceno in zmanjsuje koli¢ino uvajainega dela. Vse to osvobaja Studenta nepotrebnega poglabljanja v razli¢ne tehni¢ne posebnosti in mu
daje ved Gasa za ukvarjanje z vsebino. Tri leta po vpeljavi novega pristopa smo Ze opazili nekaj zelo vzpodbudnih odzivov.

of thousands lines of code, and handcrafted approaches
to developing small microcontroller applications of the past

1. Introduction

An embedded system is a non-general computing system
which comprises a microcontroller to implement some of
its functionality. The area of embedded systems has un-
dergone tremendous advances over the last few decades.
Microcontrollers are getting cheaper and more powerful
and are practically everywhere. It has been estimated that
an average American came into contact with more than
100 microprocessors per day already a decade ago /1/,
and this number is constantly growing. Apart from that,
systems have become more sophisticated, running tens

are no longer successful. More structured design meth-
odology has become a must. All this rapid changes has
made our embedded system curriculum dangerously out-
dated.

But before we plunge into designing a new curriculum we
must not ignore the social and cultural changes, whose
understanding is crucial to developing a successful edu-
cational programme. A higher education worldwide is fac-
ing a problem of transition from elitism to mass education

* Part of this research was presented at the 7th International Conference on Information Technology Based Higher Education and
Training, held from 10th to 13th July, 2008, in Sydney, Australia
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/2, 3, 4/. In Europe a significant growth of mass higher
education has been observed over the past few decades,
and Slovenia is no exception /5/. From the increased num-
bers stem many problems, like that of funding, organiza-
tion, and of much changed conditions of teaching students
with guite different motivation and academic talents.

Still another problem observed in all advanced societies is
brought about by immense advances in IT development
and extensive use of all kinds of multimedia technologies,
especially TVs and computers, already from early child-
hood. These new video generations are less able to read,
concentrate, and memorize /4/, which further influences
the capacity of coping with abstract mathematical nota-
tions that university lecturers traditionally use to model real
life systems. New means of communication has changed
the very way information is absorbed and processed in stu-
dents’ heads, which is another challenge for traditional
university teaching methods.

Paradoxically, already much increased number of students
has at the same time intensified a struggle to attract more and
more students to engineering sciences. Especially in west-
ern societies these sciences are amongst less popular, which
too calls for an urgent change in teaching fo attract women as
well as some other underrepresented groups /6/.

All these changes are very hard to follow, in some part due
to the inflexible European university systems. Most univer-
sities in the EU are state funded and consequently their
curricula need to be government approved. This ensures
a certain quality level and maintains compatibility. The down
side, however, are relatively rigid curricula, since any ma-
jor change needs to pass tedious bureaucratic procedures.
During the past decade the contents of many courses were
extended by microcontroller related topics. However, this
was done by individual teachers without an overall con-
cept, and only within the approved curriculum structure.
The result was a patchwork of different microcontroller re-
lated courses on different levels. Accordingly, laboratories
were based on all sorts of hardware platforms, so students
had a lot of learning overhead to switch back and forth
between different microcontrollers, compilers and languag-
es. Furthermore, the lack of coordination necessarily led
to overlapping course contents which further reduced the
teaching efficiency. There was also a traditionally disjoined
relation between teaching general purpose programming
languages, which are considered hardware independent,
and hardware specific embedded system topics.

Alongside a major restructure according to the Bologna proc-
ess the Faculty of electrical engineering at the University of
Ljubljana decided to carry out some needed reforms regard-
ing the embedded system curriculum. Our ambition was to
significantly increase the teaching efficiency in this field and
remedy as much of the above mentioned shortcomings as
possible. This may seem rather ambitious, but due to the
rigid nature of our curriculum structure it was now or never.
Once the enforced Bologna changes are clad in stone, there
will be no more room for major restructures.
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In the paper, we describe the design of new embedded
systems curriculum, trying to cover the advances in the
field itself as well as taking into account changed social
and cultural environment. The course consists of three
parts: introduction to general programming using JavaS-
cript language, introduction to embedded systems using
C language, and subject specific embedded system top-
ics. We give some emphasis on developing embedded
operating systems and the hardware development system
we have developed for the educational purposes. At the
end of the paper we comment some observations and
experiences we have had over the last three years.

2. History, analysis of situation and
preliminary steps

The first microprocessor course at the Faculty of Electri-
cal Engineering in Ljubljana started already in the late 70s,
short after an 8-bit Motorola 6800 was released. Because
the 6800 was relatively simple yet complex enough to dem-
onstrate all the basic principles of the microprocessor ar-
chitecture and programming, and because of it's wide-
spread usage, the 6800 (and some of it's improved ver-
sions like 6802 and HC11) was the core processor in al-
most all of our microprocessor oriented courses. The ex-
ception was an introductory course in the first year, where
a so called hypothetic computer was used. It was an ex-
tremely simplified model of a real microcontroiler using only
14 instructions and existed only as a simulated device run-
ning on a DOS. At that time that was quite a successful
approach through which students got a basic idea of the
happenings in an ALU, hardware registers, memory, and
on a system bus when running a program. Later, this sys-
tem was replaced by a real development board based on
HC11, which was designed at our faculty. Before that, the
same system was already used for sometime in higher lev-
el courses, but soon there emerged a need to replace old
and increasingly uninteresting hypothetical computer. For
that purpose we developed a special 1O hardware and IDE
with a graphical user interface, which enabled 1st year stu-
dents to quickly write, compile, run and debug some sim-
ple programs. The programming language used was with-
out exception assembly language.

There were also some lectures teaching higher languag-
es, mostly C, but that was used for programming main-
frames or PCs and many students saw little if any connec-
tion between both words. It even wasn't very rare that a
student who was quite successful in mastering assembly
language didn’t come even close to passing the exam in C
language and vice versa - that who had no difficulties with
C language, was quite lost with assembler.

Today, the situation has dramatically changed. Modern
microcontrollers are highly sophisticated in design and
functionality. The development systems easily implement
embedded C, or even C++ and compilers with user friend-
ly debugging GU! environments. There is no need to start
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off on the assembly level. Moreover, it has become ex-
tremely difficult to explain the complex machine level.
Therefore it makes sense to skip the registers and start at
a hardware independent level with a modern C based de-
velopment system. The assembly language approach is
by all means necessary, since this is the only way to show
the students what exactly is happening on the machine
level. Many times critical real time primitives are still coded
in assembly language. However, this is not the approach
for a novice any more. Instead, the assembler language
approach has become a speciality and should be tackled
in later courses. Having this concept in mind, it becomes
also obvious that higher languages are not to be taught
separately any longer.

At first we thought that starting with a high level language
such as C would not be a problem since the accessibility
of computers should have contributed to generally higher
level of computer literacy in students entering the electri-
cal engineering studies. But surprisingly, as many years’
experience with teaching computer languages and archi-
tecture to the first-year students has shown, students show
a considerable “fear” of computers. For many first-year stu-
dents to be, the computer is simply a tool for accessing
the Internet, and playing games. The rest is wrapped in
mystery. It was easier to teach students programming a
decade or two ago from scratch than now when they have
certain (misleading) predispositions about what a compu-
ter is.

Understanding the needs and abilities of students is fun-
damental to designing an efficient learning environment.
Many groups of students find computer science and even
programming obscure and unattractive, and they cannot
see any connection to the real life. It has been shown /5/
that women and other underrepresented groups are more
likely to engage in discipline if they understand its connec-
tion to society. First steps for the student should therefore
be concrete and simple, and they should produce (with as
little effort as possible) quickly observable results the av-
erage student would appreciate. Embedded systems
turned out to be too abstract for many beginners to be
able to see their applicability in real life. We chose the area
of computer engineering all students are familiar with from
the user point of view, that is Internet and web based appli-
cations.

Apart from that, as we have learned, many students were
so much frustrated by the failure at the first unsuccessful
attempt to install an IDE that they gave up on programming
altogether. Some of those that by some lucky coincidence
have no problems installing an IDE were frustrated when,
after first compiling a program, a single missing semicolon
produced the list of error messages longer than a code
itself. For lots of students that was enough to quit the fur-
ther attempts altogether. To start out, we somehow want-
ed to avoid the need of compilers. Ideally, student should
do with software already installed on his/her computer,
e.g. a simple text editor and a browser.

According to those findings we decided to design a curric-
ulum starting from the following prerequisites:

1. Computer architecture and assembly language cours-
es should not be taught independently from the high-
er, general purpose languages.

2. Introductory course should start out with a higher lan-
guage, supported with a lot of simple real-life prob-
lems that students will instantly recognise as familiar
and therefore important.

3. Hardware architecture, programming model, assem-
bly language, and lower software techniques such as
bitwise logical operations or bit masking should be
infroduced gradually in later stages, again supported
with solutions of realistic problems.

3. The curriculum - first year level

3.1. General purpose programming

The main objective of our curriculum is that after the first
year students master basic algorithm development, program-
ming and coding skills, learn the most basic elements of
computer architecture, get some idea of system approach,
and start to appreciate the role and importance of embed-
ded systems in modern society. Apart from those subject-
specific topics, we have made a significant effort to try and
achieve some of the more general teaching goals. Above all
we find it important that a student after a first year should to
the certain extend be able to notice and solve problems, to
think critically and to reflect, develop abstract and system-
based thinking, fo analyse and to draw syntheses, and gain
some self-confidence and spirit of enterprise and activity.

Since our final goal after all is embedded system program-
ming, we need to choose appropriate language to back
that up. C language is definitely one of the most appropri-
ate candidates, if nothing else for its widespread usage. C
and its derivatives are by far the most widely used program-
ming languages today. The most heard argument against
C as ateaching language, that it is ugly - which by the way
it is - can be avoided by following some simple rules like
indenting code and strictly writing curly braces at every
beginning end ending of a block, even when syntactically
that is not required.

We have chosen a language according to the following

criteria:

1. First steps should produce instant results with as little
chance of failure as possible. We wanted to introduce
a concept of “speaking” to a computer in a form of a
simple text. This has proved a very important step for
many students. Without the danger of getting tangied
in different conditional and loop statements, compil-
er warning and error messages, students feel free to
explore the familiar effect of an unfamiliar language.
Even the most unenthusiastic students get some kick
when they produce a first document which actually
shows in a browser without much danger of some-
thing getting terribly wrong.
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A mark-up language such as XHTML proved an ap-
propriate candidate for that stage.

2. Verysoon students have enough nerve to try and trans-
fer to the computer some of the burdens of tedious
typing of XHTML tags. Producing simple tables using
JavaScript code is the next logical step. Unobligatory
details such as declaring variables and putting semi-
colons at the end of statements are required by the
lecturer whereas the computer is more forgiving. It is
a matter of debate whether this is good or bad, but
our experience has shown that the allowed sioppi-
ness enabled a beginning student in general to focus
more on the gist of coding, i.e. “explaining” the well
formed idea to the computer.

3. Also very importantly, our language should resemble
C as closely as possible, to avoid the problem of un-
necessary learning overhead when switching between
languages and make the transition to embedded C as
seamless as possible. Again, JavaScript has proved
the best candidate.

In summary, a combination of elementary XHTML and Java-
Script formed an abstract (in view of embedded C program-
ming) yet practical framework for introducing basic con-
cepts of computer programming.

Having once eliminated as much of problems annoying for
beginners as possible, we can focus on real problems right
away. Motivation too is not an issue anymore, since practi-
cally every student has experience using browser and is
keen to producing his/her own pages. Students quickly
want to write more and more complex web pages and soon
realise why programming is so important. That way, we can
emphasize principles of programming like program devel-
opment and stepwise refinement more efficiently rather
than just present and explain sample programs. Students
become very motivated to further develop programs that
have been devised to certain stage in lectures. For exam-
ple, we can present and demonstrate students a simple
program that moves a window, and then tell them they can
shake a window by multiple moves in different directions in
a for loop. They are bound to try that at home.

As another example let us look at a simple code fragment
producing a series of thumbnails in a browser window:

var i;

for (i = 0; i < num_thumbs; i++)

{
document.write("<img src=""):
document.write(thumblil):
document.write(" />");

}

Since students are familiar with pages displaying thumb-
nails, they in general appreciate and understand the ben-
efits of using the for loop for producing such a page. This
practical understanding motivates students directly for the
deeper study of the logic of for loop itself.
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Another benefit of using JavaScript is an early need to think
modularly and write appropriate functions. Experiences
have shown that students tend do avoid decomposing prob-
lems in modules and writing functions. Instead they put ail
code in a main() function. There can be up to several hun-
dreds lines of code and they still don't see why this is wrong.

With JavaScript things are different. If one wants to respond
to an event he/she must write a function to do it. It is crys-
tal clear to anyone that trying to put more than a single line
of code in a HTML tag verges on a suicide.

In order to support the XHTML /JavaScript part of the
course we have written an on-line textbook with embed-
ded live examples. A student is encouraged to experiment
with them without a need to copy them elsewhere or even
type them. If something gets wrong, there is a Reset but-
ton, which restores the original exampie. One such exam-
ple is shown in Fig 1. The example demonstrates the use
of a statement continue. Apart from the JavaScript code
there are some instructions for the student as how to ex-
periment with the code. A student is always encouraged
first to try and forecast the effect of the changes to the
code and only then to reload the page to see the actual
output of the program.

Fig. 1:  An embedded live exampie in the textbook.

3.2. Transition to embedded C

In the second semester the students plunge into embed-
ded C programming. They are already quite familiar with a
basic syntax, program control structures, concept of call-
ing and defining functions, and devising simple algorithms.
The semester starts with pointing out most important dif-
ferences between the languages JavaScript and C. Those
aren't many since we have “hidden” most of the unneces-
sary parts of JavaScript that are too different from C lan-
guage.

For the purpose of teaching embedded C we use a spe-
cial training hardware platform with very rudimentary input
and output, and without an operating system. We describe
the platform in detalil in section Hardware Platform. The



[. Fajfar, T. Tuma, A. Blirmen, J. Puhan:

A Top Down Approach to Teaching Embedded Systems Programming

Informacije MIDEM 39(2009)1, str. 53-60

most important difference between C and JavaScript stems
from the lack of the operating system: the hardware units
used need to be initialized and our program must retain
perpetual control over the system. Some other differenc-
es we notice at that stage are the consequence of strict
typing rules of the C language; once we decided that a
variable is of type double, we cannot change itin e.g. string.
This is somewhat a relief to a minor population of students
that already have some programming experiences. These
differences are not very difficult to grasp for the students,
and we guickly move on.

Connecting simple external hardware devices such as keys,
sensors, and stepper motors is the next important step we
take. Apart from some basic physical phenomena like
bouncing, students learn that from the programmers point
of view the problem of controlling such devices is in fact
trivial.

The next example shows, how the problem of rotating a
stepper motor for a certain degree is surprisingly similar to
the problem of displaying an array of thumbnails we met in
previous section:

int i;
for (i = curpos; i < stop; i++)
{
outportb(switchseq[i % 41);
delay(20);
}

One just needs to replace the array of references to thumb-
nails with the array containing a four-step switching se-
guence. Due to the mechanical limitations a small delay
between switches is also required.

Even more control over hardware is possible when we learn
binary coding principles, bitwise logical operations, bit
masking, and direct addressing of the hardware registers.

3.3. Early detection of multitasking and
real-time problems.

A perceptive student will soon realise that the above ex-
ample works good only as long as there are no other con-
current demands on the system apart from rotating a mo-
tor. Consider for example that the motor is driving a ramp.
A closing ramp should stop immediately after a sensor has
sensed an obstacle e.g. a car or person under it. it wouldn't
be healthy if the system detected the obstacle only after
the motor rotating has been completed.

Students learn that a computer can perform multiple tasks
concurrently even if the microcontroller operation is serial
in nature. The concurrency is achieved by simply distrib-
ute a processor time among different tasks that need to be
done. The concept is not very difficult to understand, more
interesting are the consequences. Without a proper guid-
ance students quickly tangle into dead loops waiting for a
key to be pressed, while a system has frozen.

In most cases concurrency alone is not enough to get the
system working. Some tasks have fo be executed in certain
prescribed time span. Writing programs that meet certain
performance deadline is quite different from ordinary, non-
real-time programming that most students are used to. This
concept again is easy to understand but to engineer a real
time application requires a lot of system knowledge that is
beyond the scope of a first-year student. So in first year we
introduce somehow intuitive polling and assume that all par-
tial tasks execute in a time span that is much smaller than
the time available. To meet the timeliness of execution we
constantly read the system clock and when the time is due,
we simply execute what has to be executed. How really to
engineer areal time program to meet performance demands,
how the real time concepts affect the overall system per-
formance, and how it complicates debugging is left for a
later time, although students already get some idea that
things are quite challenging and not so trivial.

4. Advanced Embedded Systems
Programming

The curriculum at the Faculty of Electrical Engineering in
Liubljana, Slovenia, basically consists of four common se-
mesters covering all fundamental EE topics followed by
several specializing curricula branches. The latter can be
roughly divided into four groups: Automatics, Electronics,
Power Engineering and Telecommunications. All four
groups include microcontroller based courses focusing on
specific embedded applications. Typically, these would
involve systems for control in robotics, power transmission,
RF electronics, etc. So the notion of real-time multi-task
programming is introduced at different levels. Either the
courses discuss respective programming techniques or
they build on embedded operating systems like uSmartX,
which was developed by one of our post graduate students,
and is freely available on the web /7/.

Of course all advanced courses engage students in practi-
cal project work. So far these projects have been based on
arbitrary microcontrollers so there always was the typical
getting-started-overhead. Also, the specific expensive equip-
ment required the students to work in the laboratories on
campus. With our new approach, the overhead is almost
nil. Moreover, since the students are able to purchase their
own development boards at affordable price, a considera-
ble part of the project work can be done at home.

However, it is of utmost importance that the development
board be powerful enough and flexible enough to allow
the docking of any advanced hardware boards. This has
been achieved by an inventive concept, as explained in
the following section.

5. Hardware Platform

We are teaching embedded system knowledge in general
but when it comes to giving students practical skills one
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necessarily needs to resort to one specific microproces-
sor. This is just like getting a driving license. The goal is to
acquire the skill of driving a car, any car. But you have to prac-
tice on one specific model. Although you will drive different
cars in your life, we believe it is inefficient to switch back and
forth between different car models while still in driving school.
With teaching embedded systems it is no different, we need
an affordable and robust workhorse to practice.

In the previous section we have already hinted at the idea
of constructing a common hardware platform for second
and third stage. The design specifications are tough. The
development system obviously needs to be very flexible in
order to accommodate simple user friendly sessions in the
second semester as well as all semi-professional require-
ments of higher level courses.

Above all we wanted students to have an opportunity to
buy their very own development system right from the be-
ginning. Using the comparison to the driving school once
more, it is clear that a student having his/her own car right
from the beginning will be higher motivated, will be able to
work after hours and will keep driving the same car after
passing the license test.

5.1. Development Board

Looking for an all around workhorse between contempo-
rary microcontrollers, we decided to take our chances with
the ARMY core by Philips. We're speculating that this tech-
nology will be around for at least one decade. In order to
keep cost as low as average textbook and still meet pro-
fessional standards we had to get sponsorship backup right
from the beginning. However, in order to attract the atten-
tion of potential sponsors we had to present a faculty wide
support for the project. This was a classic chicken-and-
egg situation since the enthusiasm of participating teach-
ers on the other hand very much depended on the price/
performance of the development tool. After much negotia-
tion on both sides a strong consortium of six companies
was ready to develop and finance our new ARM7 develop-
ment board.

According to the demands identified in previous sections
we designed the basic development module as depicted
in Fig. 2.

The highlight is the integrated on-board debugging hard-
ware linking the ARM7 CPU to the well known profession-
al development environment winIDEA™ by iSystem /8/
which is running on any standard personal computer. The
PC is connected via USB and is providing the necessary
power supply as well.

In this way we can offer full functionality of the entire devel-
opment system to our students. The proprietary software
on the PC is locked to the on-board debugging hardware
in order to prevent unauthorized professional use of the
system. This is an original concept protecting the copy-
right of winIDEA™ and giving the students full development
power at the same time.
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Fig. 2:  ARMY7 Development system overview,

As shown in Fig. 2, the development board has powerful
debugging capabilities but very limited input/output devic-
es. This is because we need to keep the initial costs as low
as possible. Remember, the system is introduced in the
second semester in support of teaching embedded C. It
should provide just basic incentive for novice students. To
this end we have included several very simple /O devices
supported with libraries of (semi}-standard C functions ena-
bling students a quick start. There are four keys, four small
LEDs, a potentiometer connected to one of the A/D inputs,
a general purpose operational amplifier connected to one
of the D/A outputs, a pair of RS232 serial ports, and the
facilities to mount a standard LCD piggyback. That is more
than enough for a beginner course. Advanced level course
on the other hand requires more specific devices.

In order to accommodate these specific needs we have
provided respective connectors to all CPU ports. Any
number of sophisticated add-on boards can be attached
o these connectors. For minimal interference with profes-
sional add-on equipment all on-board /0 devices except
for the serial ports can be disconnected by jumper set-
tings. Individual teachers are designing add-on boards for
their specific needs in smaller quantities. Senior students
are encouraged to experiment with add-ons in their project
work. Many master theses are based on development and
testing add-ons.

Optionally, an external embedded trace monitor can be
connected to a special port, enabling students to trace
their programs in real-time. This, however, requires rela-
tively expensive additional hardware.

From a physical point of view the deveiopment board is
manufactured in SMD technology, based on a four tayer
10 by 10 cm PCB as seen in Fig. 3. In front, the four but-
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tons and LEDs are visible. All ICs are covered by the blue
plate, which serves for protection and for sporting the spon-
sor logos. The LCD piggyback is mounted over this area
as well.

Fig. 3: Student's ARM7 Development board.

Thanks to our sponsors we are able to offer this board, in-
cluding USB cable and winIDEA™ software to our students
at a price less than 40 EUR. In fact the presented develop-
ment board has become quite popular, so our sponsor iSys-
tem is now offering it world wide as their LPC2138 evaluation
board /8/, demonstrating the capabilities of winlDEA™.

5.2. Integrated Development Environment

As mentioned in previous section, we use winlDEA™ as
an Integrated Development Environment. Since the soft-
ware is locked to the on-board debugger, we are able to
distribute a full version of the environment. It turned out
that students quite appreciate the fact that they can work
on a fully professional system at home. This is a strong
motivational factor for them as well as for sponsors. They
understandably expect that many electrical engineers will
want to use exactly the same software in their professional
life after graduation. This belief is secured by the saying
that old habits die hard.

Fig. 4 shows a running winlDEA™ environment. We can
see some basic elements of the environment such as
source code and watch windows. The execution of the
loaded program has stopped at a breakpoint and the user
is able to observe the value of the variable key. The impor-
tant fact is that the program is running on the target board.
After two single steps through the code one is able to ob-
serve the third LED lighting as the conseguence of the
execution of the statement _setleds(0x4); This is extreme-
ly illustrative for an average first year student who still has
difficulties grasping the sequential cause-and-effect con-
cept of computer programming.

6. Observations

It has been almost three years since we introduced the
approach described in the paper. Nevertheless it is ex-
tremely difficult to give any objective measure of the ap-

Fig. 4: The winIDEA™ integrated development
environment.

proach efficiency. We are aware that many parameters
change each year upon which we have little or no control
and are very difficult to measure. These are the quality of
the students enrolled in the program, dates of examina-
tions of other subjects, changes of teaching stuff, to men-
tion just a few. Some may argue that any conclusions made
can be of a post-hoc-ergo-propter-hoc type. There are
however many indicators, mostly empirical, that make us
believe that the approach presented has been successful
in achieving the intended goal.

The first thing we notice is drastic increase in students’ in-
terest in the subject already during the lectures. All of a sud-
den, out of their own initiative, many students are seeking
further explanations and discussions on the subject even
during the lecture breaks, and further through e-mail and
after-hours. An increased number of students having prob-
lems with software and hardware is a sure indicator, that
they actually try things out at home. Last month a group of
students approached us with a wish that we organize addi-
tional summer classes covering the subject more in depth.

In exams, especially oral, where we test higher levels of
abstraction according to Bloom’s taxonomy, we noticed
drastically raised levels of understanding of basic concepts
that we have been teaching for more than two decades.
This subjective observation was also partially confirmed in
numbers. Fig. 5 shows percentage of students that passed
the exam during the first examination period, i.e. during
the first month after the end of the lectures, over the last
seven years. When we introduced the new concept, a sig-
nificant raise in success rate was observed (year 2005).
The percentage is calculated against the population that
took the exam, and not the total student population.

The resuits, however, are not surprising. Starting out on a
too low level, which over the past years assembly language
definitely has become, gives little motivation to the students.
The gap between their experiences of everyday life and
low level computing has simply become too wide. On the
other hand, many students, already quite familiar with In-
ternet, discover instant application of JavaScript in real life
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Fig. 5:  Percentage of students passing the exam
during the first examination period.

problems. This motivational factor is strong enough to lead
many students effortlessly through the first, and for many
the most difficult, part of learning computer programming.
The next step, embedded C programming, turned out to
be a natural sequel to the basic JavaScript programming.

7. Conclusion

In the paper we described a recent redesign of embedded
systems curriculum at the University of Ljubljana. The old cur-
riculum became dangerously outdated due to enormous tech-
nical advances accompanied by not neglect able changes in
social and cultural environment through the last decade or two.

We carried out the reorganisation on a three point action
plan. Firstly, we strove for a unified software/hardware plat-
form, which would serve as much microcontroller and pro-
gramming courses as possible. Secondly, we wanted each
student to posses his/her own microcontroller develop-
ment board right from the first year in order to get more
involved and to be able to work more efficiently. Thirdly,
we had to attract industrial partners in the project by using
professional tools and getting respective sponsorships.

The three components mutually depend on each other:
without uniting a critical mass of teachers, no sponsor could
be attracted. Without a generous sponsorship we could
not offer embedded boards for each student. Without stu-
dents having their own board throughout their studies it
was not possible to have a wide cooperation between
teaches, which closes the loop. In fact, the uniqueness of
our new curriculum lies in our ability to break this dead
loop by implementing all three actions simultaneously.

The new curriculum is in effect for only three years so we
don't have any long term feedback yet. The first experi-
ence however, is very encouraging. The only down side
we can see so far is the fact, that our embedded system
curriculum is strategically dependent on a single micro-
processor architecture and a single development system.
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