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Obnovitev ¢lanstva v strokovhem drustvu MIDEM in iz tega
izhajajoce ugodnosti in obveznosti

Spostovani,

V svojem vec desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo privlacno in koristno vsem ¢lanom.Z delovanjem drustva ste se sreéali
tudivi in se odlo¢ili, da se v drustvo vélanite. Zivljenske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazlicnejsi dogodki, izzivi in odlocitve
so vas morda usmerili v povsem druga podrocja in vas interes za delovanje ali
¢lanstvo v drustvu se je z leti mo¢no spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu se vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam c¢lanstva postal dolg, ocitno pa je, da mnogi nekdanji ¢lani ni-
majo ved interesa za sodelovanje v drustvu, se je lzvrsiini odbor drustva odlodil,
da stanje &lanstva uredi in vas zato prosi, da izpolnite in nam posijete
obrazec priloZzen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vasega Clanstva. Kot
¢lan strokovnega drustva prejemate revijo »informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali srecate stare znance in nove, povabljene predavatelje s po-
drocja, 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.

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

Upamo, da vas delovanje drustva Se vedno zanima in da boste ¢lanstvo ob-
novili. Zal pa bomo morali dosedanje Clane, ki ¢lanstva ne boste obnovili do
konca leta 20086, brisati iz seznama c¢lanstva.

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, marec 2006

[zvrsilni odbor drustva
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SILICON OPTICAL MICROSTRUCTURES BASED ON WET
MICROMACHINING

D. Resnik, D. Vrtacnik, B. Batagelj*, U. Aljanc¢i¢, M. Mozek, S. Amon

University of Ljubljana, Faculty of Electrical Engineering, Laboratory of Microsensor
Structures and Electronics, Ljubljana, Slovenia

*Radiation and Optics Laboratory, Ljubljana, Slovenia
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Abstract: Optical microstructures were designed and fabricated with the purpose of out-of-plane and in-plane light beam manipulation. Microstruc-
tures were realized on {100} silicon with improved wet etching technique. Successful implementation of Triton-x-100 surfactant as an additive to the
25%TMAH-water etching system is reported, resulting in improved etching anisotropy and realization of smooth {110} silicon crystal planes,
representing 45° mirrors. For in-plane reflections, thin {010} vertical walls were realized, serving as beam splitters or mirror reflectors. Fabricated
microstructures were characterized in order to obtain information on the morphology of reflecting planes and their optical properties at three
wavelengths.

Silicijeve optiche mikrostrukture realizirane z mikroobdelavo

Kjuéne besede: silicij, mikroobdelava, surfaktanti, mikrozrcala, delilniki, hrapavost

Izvieéek: V prispevku so predstavijene opti¢ne mikrostrukture, realizirane na {100} siliciju s postopki anizotropnega mokrega jedkanja. Nacértane in
izdelane so bile mikrostrukture, ki omogocajo manipulacijo svetlobnega Zarka tako v {100} ravnini, kot tudi pravokotno navzven. Z dodatkom Triton-
x-100 surfaktanta pri mokrem jedkanju silicija s 25%TMAH jedkalom smo dosegli izbolj$anje anizotropije med posameznimi kristalnimi ravninami, kar
nam je omogodilo realizacijo 45° zrcal z izredno gladkimi {110} povrsinami. Za manipulacijo Zarka v ravnini so bila izdelana vertikalna zrcala, omejena
z {010} kristalnimi ravninami, ki sluzijo kot odbojne povrsine ali polpropustni delilniki vpadnega Zarka. lzvedena je bila opti¢na in morfoloska

karakterizacija izdelanih mikrostruktur.

1. Introduction

Integration of MEMS and micro-optics has created a new
class of microsystems, termed micro-opto-electro-mechan-
ical systems (MOEMS), covering a very broad spectrum of
microsystems and functionalities, from telecommunications
and optical instrumentation to imaging systems. Excellent
survey on the state of the art MOEMS was given recently by
Motamedi/1/.

Optical communications require various types of light beam
manipulations that can be realized monolithically on a sin-
gle silicon optical bench. This approach enables integra-
tion of mechanical, electrical and optical components and
functions in a single complex microstructure, resulting in
improved performance and reduced cost. Furthermore, it
is expected for the future that many electrical connections
on/between chips will be replaced by optical waveguides.

In parallel optical communications, aligning of optical fi-
bres to a second group of elements with low coupling loss-
es is a demanding task. One segment of optical links where
the losses can be optimized are reflecting mirrors, reflect-
ing the in-plane to the out-of plane optical signal, or vice
versa. Monolithic optical silicon benches with microma-
chined mirrors that meet demands for desired reflecting
angle and low beam scattering, in conjunction with appro-
priate U or V shaped fibre aligning grooves are an attractive

solution /2/. Compared to {111} crystal planes where mir-
ror is under 54.74° with respect to the {100} surface, the
{110} mirror planes with an angle of 45° toward surface
allow more efficient coupling with single mode fibres hav-
ing a small angle of acceptance /3,4/.

In our study, beside standard IPA additive to TMAH etchant,
nonionic surfactant Triton-x-100 is investigated as an addi-
tive to the TMAH etching solution to improve the anisotropy
ratio. Besides, Triton is also commonly used in the microe-
lectronics processing. Another advantage over IPA is that
the etching temperature can be increased due to higher
boiling point of Triton. Our investigation was carried out by
adding small amounts of Triton to the 25%TMAH-water etch-
ant in the range of 0.1-1000ppm.

Monolithic optical benches were designed and fabricated
to allow the characterization of etching parameters. De-
signed benches included 45° mirrors for out-of- plane re-
flection, corner splitters as well as vertical walls bounded
by {010} planes for in-plane manipulation of light beam.
Experimental validation of these planes was performed by
measurement of angles and intensity profiles of reflected
beams as well as by measuring the morphological parame-
ters of reflecting planes. '

By applying two step anisotropic etching (mask/maskless)
we found a possibility of obtaining reflecting planes with

1
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very low angle. In this case the mirror planes are {311}, with
the angle of 25.24° toward {100} surface. By implement-
ing our original approach, it is also shown that a mirror com-
posed of {111} and {811} plane can be fabricated, thus act-
ing as a beam splitter.

Optical mirror planes are characterized by several quality
factors, mostimportant being the degree of reflectance and
dispersion angle of reflected light. Dispersion of reflected
light is a function of mirror surface microroughness which
causes scattering, the fibre distance from the mirror and the
numerical aperture of single mode fibre. Optimal condi-
tions for implementation of Triton, such as agitation, etch
rates, anisotropy and surface roughness were investigated.

2. Experimental work

The experimental work was carried out on a low resistivity
(1-50hmcm), n-type, single side mechanically polished
float zone (FZ) silicon wafers with <0O01> crystal orientation
(Topsil). Silicon wafers were thermally oxidized at 975°C to
grow 800nm of SiOz and some were additionally covered
with 70nm of LPCVD nitride (SizN4) deposited at 800°C, to
provide accurate masking against aggressive etchants.

Chromium mask was designed to fabricate optical bench
microstructures (10x10mm?) with parallel fibre grooves of
different widths (240-400um) and 200pm pitch between
them (see Fig.5). Designed V grooves were terminated with
mirror at one side of the groove and with open end on the
opposite side to insert the fibre. Mask orientation versus
primary wafer flat determines the sidewall angle of the groove
and the slope of end mirror toward the surface plane and
was chosen according to the requirements of the micro-
structure functionality.

Wet anisotropic micromachining of photolithogaphically
defined areas was performed in 25%TMAH -water solution
(Honeywell) and aiso in 33%KOH-water solutions in some
cases.

A new additive, which was used with TMAH in our experi-
ments, the non-ionic surfactant (i.e. surface active agent)
Triton-x-100, is a mild surfactant often used in biochemical
applications. Chemically, this additive is a stable octylphe-
nol-ethyleneoxide condensate (Union Carbide). Beside
compatibility with CMOS processes, the advantage of Tri-
ton-x-100 is higher boiling temperature point compared to
IPA. This enables etching at higher temperatures, thus re-
ducing the etch time.

Samples were etchedin a closed thermostated (x1°C) glass
vessel with the total content of 500ml of etching solution,
with agitation by a magnetic stirrer in the temperature range
70-100°C.

Geometrical dimensions and accordingly the etch rates
were determined by measuring lateral distances under the
microscope. Surface quality, described by average rough-
ness Ra, was evaluated by Taylor-Hobson surface profiler

2

and surface morphology was characterized by AFM, SEM
and optical microscope.

Fabricated benches and mirrors were characterized opti-
cally by measuring the beam dispersion angle and by ana-
lyzing the intensity profile of reflected beam. Fibres used in
characterization setup were standard single mode fibres
with diameter 125um and numerical aperture NA=0.12.
The intensity of reflected beam was measured at three wave-
fengths: 832nm (HeNe laser), 1.33um and 1.54um (Fab-
ry-Perot type laser diodes).

3. Results and discussion

3.1. The role of additives in the etching
process

In a manner to reveal {110} crystal planes on commonly
used (100) silicon wafers, two conditions have to be met
simultaneously. The first is that the structures are oriented
at 45° toward the <110> oriented wafer flat and secondly,
additives to the anisotropic etchant are essential to properly
adjust the anisotropy ratio.

It is known that IPA additive to KOH or TMAH /5,6/ does not
affect significantly the {100} etch rate; however, it does
decrease {111} and {110} etch rates and therefore also an-
isotropy. It was shown recently that not only IPA, but also
other alcoholic moderators have similar effect /7/.

Another type of additives was reported by Sekimura /8/
showing that small amounts (0. 2%) of added surfactant NCW-
601 to 22% TMAH solution exhibits improved surface per-
formances for fabricated {110} planes with roughness
Ra=100nm. Anisotropy and convex corner underetching
were improved in both cases as well as surface roughness
of {100} and of {110} planes. Presented work is focused on
detailed investigation of TMAH-Triton etching parameters in
order to obtain smooth {110} crystal planes with good ani-
sotropy.

3.2. Effect of Triton-x-100 additive

Surfactants generally tend to accumulate and/or adsorb at
solid-liquid interface, thus decreasing the contact angle
between solid (silicon) and agueous phase (anisotropic etch-
ant). Triton surfactant acts as modifier of etchant surface
tension. It is also very likely that Triton enters also in the
polymerization process of the etching products by surround-
ing the etching products with the hydrated layer. This layer
acts as a steric barrier to particle coalescence /9/. It is
presumed that these effects play also a role in the observed
etching characteristics. Etching experiments were per-
formed with Triton content in the range 1-1000 ppm added
into the 25% TMAH-water solution and optical bench sam-
ples were finally etched in the temperature range from 70-
100°C.

In our previous work /10/, significant increase of etching
anisotropy ratio Ro0)/R10) was found in the range 10-
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200ppm of added Triton to 25%TMAH. Over three orders of
magnitude of added Triton (1-1000 ppm) very small varia-
tions of {100} crystal plane etch rate Ry100; were observed.
Major contribution to the increased anisotropy is a reduc-
tion of lateral etch rate R<igo> which is related to Ryi10)
(Re10y=Re100>/V2).

Minor influence of Triton on the Ryso0; etching rate is com-
parable to IPA influence observed by Merlos /5/ in the
case of TMAH-IPA (reduction of 10 %). Compared to pure
25 % TMAH-water system, it was found that the {100} etch
rate difference at these three temperatures is less than 15%.
It was determined that the anisotropy ratio also increases
with the increased etch temperature, mainly due to smaller
increase of Ry110y compared to R<1o0>. Anisotropy ratio of
3.6 is achievable, which is much higher than for TMAH-IPA
or KOH-IPA (0.9 and 1.8, respectively).
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Fig.1.  Normalized convex corner underetching for
corners oriented in <110> and <100> direction
for TMAH-Triton (50ppm) etching system.

Important figure of merit for an etching system in microma-
chining of silicon microstructures is low convex corner
underetching. This phenomenon is more severe for struc-
tures having convex corners pointing in <100> direction
compared to corners pointing in <110> direction. In our
optical microstructures both directions are implemented
and were investigated for TMAH-triton etchant. The corner
underetching rate Rccu was measured for both types of
corners and then normalized by Ry1o0; etch rate as shown in
Fig.1. This ratio indicates how efficient is a specific etching
system in preserving convex corers within the original
shape during the etching process. Dependence of Recu/
Ri100; ratio on Triton content as presented in Fig.1 demon-
strates that low content of Triton is favorable for decreasing
the underetching in both cases. For the microstructures
oriented in <100> direction having convex corners orient-
ed in <110>, only etched bottom of corner is rounded while
on the mask level, convex corneris completely preserved.

3.3. Influence of agitation on roughness
(Ra) and etch rate R

To study the nature of etching mechanism in the presence
of Triton and to distinguish whether the reaction is diffusion
limited or surface reaction limited, the investigation was
performed, how the agitation of the solution in the range
from moderate (10rpm) to vigorous (900rpm) affects the etch
rate of silicon. Therefore, etching in TMAH-triton (50ppm)
at 90°C and equal etch time was chosen for all samples
(60min). Results are shown in Fig.2. By measuring the
{100} etch rates it was determined that the solution agita-
tion does not influence severly the latter, and that the etch-
ing process is therefore almost surface reaction limited.
However, lateral etch and therefore {110} plane etch rate
Ri10y show strong dependency on the agitation and points
toward the diffusion controlled etching process in the pres-
ence of Triton. As well, convex corner underetching as a
function of agitation was monitored for both directions,
(<110> and <100>, respectively). Convex corners pointing
in <110> direction were not influenced by agitation. How-
ever, corners pointing in <100> direction were significant-
ly affected by agitation, i. e. corner high index crystal planes
show diffusion limited behaviour.

0.8

07 .- T g e e e e e o > T
= e
é GE 4y —e— Rej 1y e
‘:i . v Reeys 100+ .
j 03T | e Rypgpy
ICHE. —+ - Recne 1o
o4 A
= v
*f-': 43 Yy v
.’_2 02
01 . D . . . .
— e e — e .,
0.0 T . ; : .
0 200 400 600 300 Logo

. .-l
Agitation rpm [min "]

Fig.2.  Dependency of vertical and lateral silicon etch
rates on the agitation of TMAH-Triton (50ppm)
solution at 90°C.

Regarding the surface quality of the reflecting {110} crystal
planes etched by 25%TMAH-50ppm Triton-x-100, the ag-
itation of the solution showed significant influence on Ra.
Average roughness Ra is given by arithmetical mean value
and was measured by surface profiler. At least four meas-
urements on each sample were performed and etch exper-
iments were repeated three times with fresh solutions.
Therefore, results presented are an average of 12 meas-
urements. It must be stressed that cut-off lenght {(scan length)
must be the same to obtain consistent results. Fig.3. shows
that for the etching setup used, the most suitable range,
where almost three times better {110} surface smoothness
can be obtained is around 600rpm. Surface roughness
appears as paralell elongated pits. Interplay beween the

3
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mechanism of fresh solution reaching the interface and dis-
turbance of turbulent flow at the interface result in homoge-
neous etching with low Ra.

08
T=90°C
06 A
S
S04
é
02
0.0 ; ; ; ; ; ;
4] 200 400 Q00 804 1000
Agitation rpm [min 1]
Fig.3.  ({110jcrystal plane roughness vs. agitation of

TMAH-Triton (50ppm) solution .

3.4. Activation energy of {110} and {100}
plane

Beside TMAH-Triton, two other etching systems were taken
into consideration, which also enable the formation of {110}
planes. Activation energy for TMAH-Triton was established
experimentally by measuring temperature dependence of
etch rate for two planes of interest, i.e. {100} and {110}.
The removal of silicon atoms is mainly a consequence of
sufficient activation energy of the etching species. Arrhen-
ius plot presented in Fig.4 shows the measured tempera-
ture dependency of etch rate for both crystal planes. From
these plots activation energies for different etchants were
derived, taking into account the well known Arrhenius ex-
pression {R=k.exp(-Ea/RT)). Here, R is the measured etch
rate of specific crystal plane, k is the pre-exponential factor
corresponding to the total number of the events and Ea is
the activation energy. Ea is actually proportional to the
number of molecules which are capable of removing Si
atoms from the surface. This, so called, collision theory is,
however, not sufficient to explain the activation energy dif-
ferences when using different additives. By introducing
activating complex theory, which is describing the transi-
tion state of the reaction, Ea corresponds to the molar en-
thalpy of the reaction and the factor k represents the molar
entropy of the activation process /11/. Due to the fact that
the reaction and transport take place in a solution, which
affects events macroscopically, the explanation is even more
complicated. Beside sufficient energy of reactant species,
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Fig.4.  Arrhenius plot showing temperature dependency
of efch rates of {110} and {100} planes, for three
etchants.

the orientation of species necessary for the reaction and
the necessary distance is important as well.

Calculated highest activation energy for TMAH-Triton-
50ppm (0.71eV) is in a good correlation with significant
increase in anisotropy which is actually a consequence of
reduced {110} etch rate. The lowest activation energy for
{110} plane exhibits TMAH-IPA etching system, what com-
plies with highest {110} etch rate. KOH-IPA activation ener-
gy is in-between, but with very rough surface (Ra>200nm).
At lower temperatures it was observed that etch rates were
inhibited, probably due to prevailed growth of passivation
oxide layer. Table1 presents values of activation energies
and preexponential factors, derived from measurements of
etch rates for two crystal planes and three etching solutions
of interest.

Triton is affecting the accessibility of etching species to-
ward preferential crystal planes which have more open net-
work structure, such as {110} and higher index planes. Prob-
ably it plays a role also in the removal of etching products at
the interface of {110} plane more dominantly compared to
{100} interface Additional factors, such as polarity effects of
surfactant, which are connected to binding energy on the
specific preferential planes, angle and type of bonds may
also affect the characteristics of Triton-etchant-silicon sys-
tem /12/.

Table 1: Calculated activation energies and pre-exponential factors

KOH-IPA | KOH-IPA | TMAH-IPA | TMAH-IPA | TMAH- TMAH-TRITON
{100} | {110} | {100} {110} TRITON {100}| {110}
Ea [cV] 683 651 735 553 579 709
Preexp.factor | 3.74E11 | 3.94E10 | 7.56El1 1.14E9 4.64E9 147E1L
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3.5. Fabrication of optical benches

Three different types of optical benches were designed
and fabricated on (100) silicon substrate. First optical bench
was designed for aligning out-of-plane mirrors and optical
fibres, where fibres enter the optical bench from the same
direction (Fig.5a). Second optical bench was designed for
optical fibres entering from both directions, where V grooves
and the out-of-plane 45° mirrors are interdigitated (Fig.5b).In
the third optical bench design, four optical functions were
taken into considerations with in-plane light paths (Fig.5¢).
This optical bench enables function of corner beam splitter
and function of retroreflection (reflecting light beam of 180°)
in {100} plane. Furthermore, the structure of thin vertical
{010} wall beam splitter should enable partial reflection and
partial transmission of the input light signal, depending on
the wavelength and angle of incidence. However, due to
limitations in the etching process (anisotropy, roughness) it
is not always possible to provide simultanousely good per-
formances for all of the above functions in the same etching
system.

Fig.6.  Three different designed and fabricated
monolithic silicon optical benches with fibre
grooves and reflecting mirrors (a,b-size
5x10mm?, c-size 10x10mm?).

3.5.1. {110} crystal plane mirrors

On the basis of etching experiments and measurements,
optimal conditions were chosen for a fabrication of 45° mir-
rors. TMAH-Triton (50ppm) attemperature 90°C and agita-
tion of 550rpm was selected. Fig.6a presents a detail of the
fabricated groove terminating with a broad {110} mirror.
Grooves are 130um deep, sufficient to accommodate sin-
gle mode fibres. The micromachined peninsulas formed
by superposition of squares (convex corners in <110> di-
rection) at each side of the groove are dedicated to limit the
lateral movement of inserted fibre and can be well trimmed
with etching process paraméters

Additionally, in Fig.6b fibre and beam reflection is also illus-
trated to obtain clear view of light path and beam widening
for the standard groove and mirror. Fig. B¢ is presenting
45° mirror with recorded beam pattern of reflected 632nm
light. Beam width angle b is estimated to 25°. Fibre with
NA=.12 corresponds to beam width of 15.3°, thus the dif-
ference 10° is due to scattering. Surface roughness for
TMAH-Triton system of these mirrors was measured by AFM.
Average roughness Ra was between 6-14nm and the ap-
pearance of shallow, elongated pits is significantly mini-
mized.

Fig.6.  Detail of the groove, ending with {110} mirror
plane (a) and design accompanied with a
structure for precise horizontal aligning (b),
etched by TMAH-Triton-x-100 (50ppm), while (c)
shows pattern of the reflected out of plane beam.

In the mirror applications, reflectance is a dominant param-
eter. If mirror is perfectly flat, then only specular reflectivity,
which is a function of material properties (refractive index n
and extinction coefficient k), is expected. Specular reflec-
tivity of bare Siis around 35% at 628nm (31%, 32%at 1.33
and 1.54um, respectively). According to measurements
made by Uenishi, reflectance increases with increasing
angle of incident light; at incident angle of 45°, the reflec-
tivity is around 0.5 /13/ and according to Zou / 14/ around
0.4 at 632nm for bare silicon substrate. By covering the
reflecting planes with highly reflective metals such as gold
or aluminum, the reflectivity of mirror can be increased
/14,15/. In our experiments, 50nm thick sputtered Au layer
on the silicon mirror surface was used as reflective surface
on 45° mirrors. This thickness exceeds greatly the required
minimal skin depth. Au exhibits an overall specular reflec-

5



D. Resnik, D. Vrtaénik, B. Batagelj, U. Aljan¢i¢, M. Mozek, S. Amon:

Informacije MIDEM 36(2006)1, str. 1-10

Silicon Optical Microstructures Based on Wet Micromachining

tivity of 97.5% at 632nm and above for higher incident wave-
lengths /15/.

In reality, the reflective surface is rough by nature and this
results in additional reflective component losses due to dif-
fused reflection (light scattering). Light scattering is mainly
determined by surface microroughness, incident angle and
wavelength of incident light. To estimate the reduction of
reflectivity due to scattering component, ratio of scattering
component vs. total reflected light can be calculated by the
following expression (1) from the scalar scattering theory

/16/:

4mRacosd
]Dscat ﬁ[ A
Xl =]-e

tot

] 100 (o] (1)
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Fig.7.  Influence of mirror surface roughness Ra on the
scattering component of reflected light.

According to Cochran /15/, Ravalues that are three orders
of magnitude less than operating wavelength are accepta-
ble. Tradeoffs are needed between the mirror surface qual-
ity and compatible processes required to finalize the whole
microstructure. Fig.7 shows the scattering light contribu-
tion with respect to increased mirror roughness Ra for three
wavelengths taken into account in our study. Roughness is
more severely involved in scattering toward lower wave-
lengths. For measured values of our samples, realized with
optimal Triton conditions (Ra between 5-14nm), the expect-
ed scattering part should be below 5 % for the 632nm and
even less for higher two wavelengths. The overall meas-
ured out-of-plane intensity for Au coated mirrors was about
7 3% of incident light at 632nm and 78 to 80% for 1.33um
and 1.55um, respectively. Additional losses are attributed
to air-fibre interface (6.8% according to Cochran /15/) and
geometrical misalignment. According to measured intensi-
ties, roughness of some samples was probably higher than
shown by AFM results on small scale.

3.5.2. {111}/{311}crystal plane splitter

When the microstructures are oriented in <110> direction,
mirrors with angle 54.74° toward surface are obtained. Using

6

two step etching (mask/maskless) with 25%TMAH etchant,
also grooves and mirrors with {{311}} sidewalls and corre-
sponding angle of 25.24° toward surface are viable /17/.
Interesting features can be obtained by combining the {111}
and {311} planes as a reflective slopes on (100) silicon
bench.

Fig.8.  Beam patterns obtained from three different
stages of micromachining combined {(111}/(311]
crystal plane splitter.

By implementing this approach, the incident beam can re-
flect from two slopes and two out-of-plane beams can be
obtained. Fig.8 is presenting this principle together with im-
ages of reflected optical beam which is detected on transpar-
ent screen, located parallel and above the optical bench.
Fig.8a corresponds to the situation where {311} is just formed
and most of the slope is still {111} plane giving symmetrical
Gaussian beam pattern. After further etching, {311} plane
prevails by consuming the {111} plane. This is seen as re-
duced image from {111} and elongated image appears from
{311} (Fig.8c¢). By accurate fabrication of the two planesin a
desired height ratio, one can tailor the splitter by the actual
requirements. AFM results for {311} and {111} planes are
shown in Fig.9 and can be validated by means of Ra values.
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Fig9. AFM 3D image of 80x80 um? mirror area of
combined {(111}/{311] crystal plane splitter (a)
{311} plane with Ra=180nm and (b) {111} plane
with Ra=2.9nm

As reported earlier /17/, and shown as well on the AFM 3D
plot {(Fig.9), slightly convex shape is obtained, which caus-
es the dispersion of reflected beam shown above. Conse-
quently the optical losses are quite high. However, the dis-
tortion of reflected pattern from {311} is difficult to annulate.
Beam width is proportional to the distance of fibre from the
mirror and the numerical aperture of fibre. By correlating
the screen pattern with AFM results, it is evident that the
high scattering angle is the consequence of a pronounced
convex contour rather than a local microroughness.

3.5.3. {010} wall beam splitter

To enable beam reflection in (100) plane, vertical mirrors
are required. For such vertical {010} walls, design rules
have to take into consideration all the predictive details de-
termined earlier. To accomplish this kind of wall, KOH or
TMAH anisotropic etchant have to be employed and mask
must be oriented in <100> direction. To obtain partial re-
flection and partial transmission at particular wavelength,
proper thickness has to be determined according to the
material properties as will be shown in detail later in this
section. Fig.10 shows SEM micrograph of fabricated cen-
tral region of bench, showing vertical {010} wall, 15um
thick and 150um high. SEM analysis have shown that wall
fabricated by KOH reveals (010) plane with residuals on top
and bottom level, while TMAH gives perfectly smooth {010}
plane (see inset in Fig.10).

IMT ; SEI 150KV~ K45 W00 WD AB8mm

Fig.10.  SEM micrograph of smooth vertical {010} wall
(15umthick, 130um high), fabricated by 25%TMAH.

Fig.11 shows 90° reflection from silicon {010} vertical wall,
with partial tranmission, depending on wall thickness and
incident wavelength. Precise alignment of fibres is mainly a
function of the design and is of utmost importance for min-
imizing optical losses.

Fig.11.  Detail of optical bench with designed in-plane
beam 90° reflection from (010) wall

For the wavelengths in the range of 1.1-2.5um, the absorp-
tion in silicon is very low. Therefore increased transmit-
tance is governed by the following equation given by /18/
for the normal angle of incidence.

I= (GO Rz)e[ms? (2)

_(%

1-R? \*

where Ris the reflectivity of Si, k is the extinction coefficient
of Si, /is the wavelength of incident light and x is the thick-
ness of Si {010} wall. According to the calculated depend-
ency of transmittance vs. silicon thickness, as shown in

Fig.12, vertical wall can act as an attenuator. Small amount
of attenuation is expected for higher two wavelengts and
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Fig.12. Calculated dependency of transmittance vs.

sificon thickness, for three wavelengths
(according to eq.2).
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higher for 832nm (here, transmittance is reduced due to
increased reflectivity and absorption). Attenuating configu-
ration on the fabricated optical bench is presentedin Fig.13.
In this case, 15um thick silicon transmits less than 0.1% of
incident light intensity, what correlates well with the results
of Uenishi /13/.

Fig.13. Detail of optical bench with designed in-plane
attenuation through (010) wall.

3.5.4. Corner beam splitter

Optical microstructure, enabling in-plane division of inci-
dent beam, is also corner splitter, presented in Fig.14. To
elaborate vertical {010} walls, meeting at right angle thus
forming sharp convex corner, structure must be oriented in
<100> direction. To avoid underetching, we designed
square shaped compensation structure that resulted in rel-
atively sharp convex corners. Two different etching solu-
tions were investigated to obtain a sharp convex corner,
which would provide perfect beam splitting without out-of-
plane beam losses. By applying the TMAH etchant in the
fabrication, the splitter convex corner was greatly improved
compared to KOH. The optical paths for splitter microstruc-
ture were designed for 50um wide and 130um high {010}
vertical wall. In this case the insertion loses between input

Fig.14.  Detail of optical bench with corner beam splitter
and inserted fibres.

and output fibres should be minimized. To obtain the ideal
splitter 50:50, convex corner of two orthogonal {010}
planes should have perfect edge and the fibres must be
carefully aligned in the proximity of corner, which is in prac-
tice a very demanding task. Results of our measurements
on this particular corner beam splitter as shown in Fig.14,
showed that each of output fibres received only 20-25% of
incident intensity at 632nm. According to Rosengren /19/,
this corresponds to 3-4dB of optical losses. To minimize
losses, improved compensation structure has to be de-
signed, which will improve the corner quality even further.
For quantitative evaluations, additicnal efforts are required
also in terms of reduced misalignment of fibres.

3.6. Optical characterization of reflecting
{110} mirrors

The setup for optical characterization of 45° mirrors at three
wavelenghts consisted of light sources, collimator, xyz ad-
justing micromanipulators to achieve maximal coupling
between the source and the optical fibre guide, detector
and a microscope with CCD camera to enable precise fibre
insertion in the grooves of optical bench (Fig.15).

. Dietector Mirror sample

Fig.15. Optical characterization setup.

For 45° silicon mirrors, optical measurements with visible
©632nm wavelength beam were first accomplished. Reflect-
ed light beam pattern, displayed on semitransparent screen
positioned perpendicularly to the output beam at a fixed
distance from the optical mirror, provided information about
scattering angle, angle of out-of-plane deflection and also
morphology of reflecting mirror, as shown in Fig.6¢c and
Fig.8.

Mirrors were further characterized by scanning the xy plane
perpendicular to the direction of the reflected beam by Si
calibrated reference photodiode. Intensity of illuminated
photodiode detector was measured with HP 3457A multi-
meter. In case of 1.33um and 1.54um wavelengths, Fab-
ry-Perot type laser diode light sources were used and re-
flected beam intensity was determined by measuring the
response of InGaAs photodetector.
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Fig. 16 presents measured intensity profiles of reflected
beam from {110} mirror (made by TMAH-Triton (50 ppm)) for
three incident wavelengths. At 832nm, mirror has a very
wide spatial response with FWHM value of angle nearly 35°
and thus lower peak. The proportions of FWHM values are
in a reasonable agreement with the results presented in
Fig.6c where beam pattern was recorded on the semitrans-
parent screen.

:
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Fig.16. Intensity profiles of reflected output beams from
{110) crystal planes. Mirrors were covered by
50nm of Au layer.

In case of incident beam wavelengths of 1.33um and
1.54um, what is substantially higher than the average rough-
ness of reflecting crystal plane, it was expected, according
to Fig.7, that microroughness does not play such a severe
role as at lower wavelengths (Ra<<A). By analyzing the pro-
files it can be seen that FWHM were decreased to values
around 19° for both cases. Profiles are not fully symmetri-
cal due to geometrical errors of fibre misalignment or xy
scanning setup.

By correlating the results at 1.54um and 1.33um to those
at 632nm wavelength, minor differences were revealed
concerning reflected beam scattering angle at the two high-
er wavelengths. On the other hand, significant scattering
was determined at the lowest wavelength, higher than ex-
pected from Fig.7. ltis believed that this is due to poor end-
face finish of the fibre (increased return losses) and due to
additional modes present at 632nm wavelength.

Further work is needed to decrease optical losses, partic-
ularly those originating from mechanical misalignment (lon-
gitudinal, axial and angular) and from return losses due to
poor fibre cut.

4 Conclusions

In the proposed study, optical microstructures realized on
(100) silicon substrates with wet anisotropic etching were
investigated. The implementation of Triton-x-100 surfactant
in the range of 1-1000ppm to the 25% TMAH etchant is
found to increase the anisotropy by decreasing the {110}

etch rate and retaining the {100} etch rate. It was shown that
surface roughness of {110} planes used as 45° optical mir-
rorsis also greatly improved (Ra=86-14nm). In addition, con-
vex corner underetching is strongly reduced. It was shown
that TMAH-Triton system enables the formation of {110} mir-
ror and fibre groove simultaneously. Optimal conditions for
added content of Triton (50ppm) and stirring conditions
(550rpm) were established to achieve smooth {110} mir-
rors. Activation energies of 0.58eV and 0.71eV for {100}
and {110} planes, respectively, were determined.

Three types of optical microbenches were fabricated by
wet micromachining, enabling out-of-plane and in-plane
manipulation of light beam. Besides, important parameters
such as roughness of reflecting mirror surfaces, transmit-
tance of thin silicon {010} walls and spatial intensity distri-
bution of reflecting beam were determined. Optical char-
acterization of microbenches with incident light at wave-
lengths of 632 nm, 1.33 pm and 1.54 pym confirmed the
functionality of the designed and presented microstruc-
tures.
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LIMIT CYCLES IN HIGH ORDER XA MODULATORS
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Abstract: Limit-cycles generated in A modulators are analysed and discussed in this paper. Simulation results of two high order modulators are
presented together with techniques to reduce limit cycles. The procedure is limited to general single loop A modulators. Simulations are based
on a general state-space description, which is applicable to general single loop architecture with one or multi bit internal ADC and/or DAC.
Simulation results prove that high order modulators are as susceptible to limit-cycles as low order modulators are, which is in contrast to what is
generally believed. To reduce the probability of the appereance of limit cycles a method called dithering is used to reach ultimate performance.
Simulation results of 2nd and 5th order modulators are presented, and the method's efficiency is discussed.

Limitni cikli pri XA modulatorjih visokega reda

Kjuéne besede: A modulatorii, limitni cikli, tresenje

Izvle¢ek: V prispevku analiziramo in prikazemo limitne cikle, ki se generirajo v A modulatorjih visjega reda. Predstavljeni so simulacijski rezultati
modulatorja 2. in 5. reda skupaj z metodo eliminacije limitnih cilkov. Metoda analize je primerna za splodne modulatorje prvega reda z enim filtorm
v zanki. Simulacije bazirajo na splo$nem opisu v prostoru stanj, ki ga lahko uporabimo za poljuben modulator visjega reda z eno ali ved bitnim notranjim
kvantizatorjem in D/A pretvornikom. Simulacijski rezultati kazejo, da tudi modulatorji visokega reda niso imuni na tvorbo limitnih cifklov, kar je v
nasprotju s sploénim prepricanjem. Da bi zmanjali verjetnost pojava limitnih ciklov pri ekstremnih zahtevah uporabimo metodo tresenja (dither).
Simulacijski rezultati dokazujejo uporabnost metode za modulatorje visjega reda.

1. Introduction

Over-sampling and noise shaping are efficient techniques
for increasing the resolution of a quantizer by trading the
quantizer's accuracy for circuit speed, possibly resulting in
a high resolution A/D or D/A converter using only a 1-bit
quantizer /1/. The resulting circuitry is simple, robust and
has very good distortion properties, so itis very suitable for
numerous integrated applications mainly because of mod-
est matching requirements. This principle has been known
for a long time but the modulator models’ theoretical con-
cepts are restricted. Usually linearization of a quantizer is
used to understand basic principles and behaviour. Unfor-
tunately, such simplification blurs some important aspects
of the behaviour, so it is supplemented by long term time
domain simulations of a nonlinear model and an FFT, which
uncover some aspects of the behaviour but do not give a
general overview of the problem. Because of the system’s
nonlinearity and complexity, an analytic solution exists only
fora 1% order modulator /2/ and partly fora 2" order /3/,
while for higher order modulators only approximate analyt-
ical models exist. None of them gives a complete qualitative
and quantitative understanding of the behaviour. In reality
the modulator is not an ideal A/D converter because of
non-ideal circuit effects and because of the appearance of
limit cycles, which lead to undesirable tonal behaviour of a
bit-stream and state variables. This article will analyse the
appearance of limit cycles using long term time domain
simulations of a nonlinear model of a modulator and an FFT.

Itis well known that a 1% order modulator has tonal quantiza-
tion noise spectra /2/. It was believed that for high order
modulators (N=2) the in-band tones inside the quantization

noise are reduced by the loop filter's high-pass noise trans-
fer function (NTF). However, limit-cycles are formed be-
cause of the quantizers nonlinearity. They have very high
amplitudes close to fs/2 and a still unacceptable level in the
base-band. In addition they may live only for a short time
due to some special conditions that may exist due to differ-
ent circuit conditions (offset voltage, input DC voltage, AC
voltage of high or small amplitudes, etc.). Empirical obser-
vations of a 2" order modulator show that tones with fre-
quencies dependent on DC input voltage are generated
with frequencies fr and amplitudes attenuated with NTF ofa
loop-filter /1/:

A
Jr (n):——m—Lcl nz{O,l,Z,...} (1.1)
A
Tones at low and high frequencies are dangerous because
they may reduce the S/N ratio. Those in the base-band are
attenuated by NTF. Their rms values may be higher than
noise in a base-band and thus directly reduce the S/N ra-
tio. The tones close to fs/2 usually have very high ampli-
tudes and may be eventually translated to the base-band by
some nonlinear process, sampling or cross-talk; especial-
ly dangerous to the references is cross-talk. It is therefore
necessary to understand the behaviour as well as possible
to be able to predict the tones and to use an appropriate
technique for minimizing the probability of tone formation
and existence. For ultimate performance modulators limit-
cycles must be broken by adding an appropriately shaped
dither signal. If an A/D converteris to be used for any “acous-
tic device” or for very narrow-band signal conversion, than
the smallest number of tones that are even smaller than the
level of total noise in the base-band could reduce the S/N

nJ
2
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ratio considerably /4/. Generally the in-band tones with
rms values below the rms noise level in the whole band are
not dangerous. Unfortunately, out-of-band spectral compo-
nents coupled with the reference voltage through substrate
connection or supply voltage are very dangerous because
they are not attenuated and have very large amplitudes; they
can be easily transferred to the base-band by some nonlin-
ear process or cross-talk.

nx* px+ P e
4 G dy
Lo
v Yy
Loop filter Q
_H-1
1 TH
yI
DIA
Figure 1: State-space model of a modulator

The paper is organised as follows. Section 2 presents a
state-space model of a general single loop modulator. It
includes circuit noise sources and dithering inputs. Sec-
tion 3 presents some simulation results for 2™ and 5™ or-
der modulators showing tonal behaviour in the base-band
and at high frequencies close to fs/2 as a function of differ-
ent conditions. Section 4 summarises the results and con-
cludes the paper.

2. State-space model of a modulator

A discrete-time modulator can be efficiently represented by
its state-space model shown in Figure 1 and described by
equation using integrator outputs x(n) as state-variables,
v(n) as the loop filter's output, y(n) as a quantizer's cutput (bit-
stream of a one bit modulator) and u(n) as the input signal.
The topology is defined by state transition matrix A, vector
of input signal connections b and vector of reference con-
nections r, while vector ¢ defines the linear combination of
state-variables forming the loop filter's output v(n). Different
dither signals can be added to the model: py is a pseudo-
random signal with an appropriate PDF connected to a guan-
tizer's input through weight dy and px is a vector of different
dither signals possibly connected to the state variables
through diagonal matrix Idx. For S-C implementation the
kT/C noise sources are added through noise vector nyand
connected to state-variables through matrix Ny /5/.

v(n)=c"x(n)+d, p, (n)
x(n+1)=Ax(n)+bu(n)+ry(n)+

+1d.p, (n)+Nn_(n) (2.1)
y()=0{ ()}

No other constraints limit the modulator's topology in Fig-
ure 1 except that the D/A converter is for now assumed
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ideal and therefore y' =y. An analytical solution, which
would give general and qualitative results of this nonlinear
system does not exist at the moment and is beyond the
scope of this paper. The formulation above is used only for
efficient simulations of a general, high order, single loop
modulator with a one bit quantizer. The next section presents
simulation resuilts and tonal behaviour of 2°¢ and 5™ order
modulators using a state-space description defined in equa-
tion (2.1).

3. Simulationresuits

3.1. LP 2" order modulator:

Let us start with a known 1-bit 2™ order modulator with fovs
= 4MHz. We are interested in the spectral components and
the S/N ratio as functions of input DC voitage, the state
variables’ initial conditions, dither signal, presence and lev-
el of circuit noise and level of AC input signal voltage ampli-
tude. Simulation of a standard 2™ order modulator imple-
mented with the S-C technique is performed here. An AC
signal with amplitude of ain = 58UV and frequency fin = 3.7
kHz is connected to the input to have a reference, while DC
input voltage is swept from approx. -4.5mV to +4.5mV in
51 steps. The PSD of y(n} is calculated using the FFT of 218
(262,144) samples. Noise sources {(dither and kT/C) are
switched on or off to generate two different groups of re-
sults. The dither signal used is a binary, pseudo-random
signal with weight 0.5 and length L = 2'%. It is connected to
aquantizer'sinput. The results in Figure 2 present a 3D plot
of a PSD of bit-stream y(n) in the base-band when dither and
kT/C noise sources are switched off. The frequency is
plotted on the x-axis, DC input voltage on the y-axis and
PSD relative to 1Vrms on the z-axis. As expected we ob-
served many tones whose amplitudes and frequencies de-
pended on the DC input voltage. These tones have suffi-
cient energy in the base-band to be able to corrupt the S/N
ratio.

PSD={(f VDC) @ Vinac=58uV, NokTC,Nodith

PSD of BS [dBV]

VinDC {V]

frequency [Hz]

PSD of a Mod2 bit-stream: no dither and no
KT/C

Figure 2:
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PSD={(fVDC) @ Vinac=58uV, kTC,Nodith

PSD of BS [dBV]

25 3 5 VinDC {V]

frequency [Hzl

PSD of a Mod2 bit-stream: no dither, kKT/C
noise included

Figure 3:

Figure 3 shows the same modulator when the dither signal
is switched off but circuit noise and kT/C noise sources
corresponding to the S-C implementation are switched on.
We could immediately see that the low frequency portion of
the spectrum was covered with “thermal” noise, but tones
in higher frequencies in the base-band are not affected;
they are approximately the same in frequency and power as
before. The message from that experiment is that only kT/C
noise cannot decorrelate low frequency (and also high fre-
quency) tones. It would be possible to “cover” the base-
band tones by increasing the kT/C noise level but this would
decrease the S/N ratio in the base-band, so this approach
is of little benefit. In addition, high frequency tones remain
unchanged as will be shown in the next subsection. Add-
ing the dither signal efficiently decorrelates limit-cycles in
the base-band as shown in Figure 4.

PSD=((f,VDC) @ Vinac=58uV, NokTC.dith

3
8

160

PSD of BS [dBV]

30 s VinDC [V}

frequency [Hzl

PSD of a Mod2 bit-stream: dither included,
no kT/C noise

Figure 4:

A dither signal has a flat spectrum and is connected to a
quantizer's input or it could be HP shaped and connected
to a second integrator’s input. We can see that the tones’
peak amplitudes are reduced for more than 10dB at high

frequencies and even more at low frequencies, but at the
same time the base-band noise floor has increased slightly.
Additionally, the modulator's S/N ratio is reduced by ap-
proximately 3dB because part of the second integrator's
voltage range has been consumed by dither “noise.” Decor-
relation of tones at high frequencies close to fs/2 is even
more dramatic, as will be shown later.

PSD={(,VDC) @ Vinac=58uV, kTC dith

%‘.
3.
§ ) s
%107
VinDC [V]
frequency [Hz}
Figure 5: PSD of a Mod?2 bit-stream: dither included,

kT/C noise included

Figure 5 shows a bit-stream’s real spectrum when a dither
signal is applied and all circuit noise sources are switched
on. The noise floor in that case is approximately flat in the
base-band and tones are almost completely eliminated in
the base-band and also at high frequencies close to fs/2,
so the chance of cross-talk is greatly reduced.

The conclusion from this experiment is that kT/C noise
alone is not sufficient to eliminate tones in the base-band
and at high frequencies for a 2™ order modulator. A suitable
dither signal must be used to achieve that goal. The im-
provement is much more dramatic for a smaller bandwidth
where the tone power’s relative contribution might be much
bigger than the noise floor's power. Because integrators
are analogue modules with unpredictable offsets that
change with stress, temperature, supply voltage, etc.,
“fones” can move around the base-band as a function of
external conditions and may corrupt the A/D conversion
process. It is therefore important to eliminate or at least
reduce the potentially harmful tonal behaviour of any LA
modulator using appropriate techniques.

To further investigate a mod2's behaviour with regard to its
tonal behaviour under different conditions, a mod2 was sim-
ulated using different DC and AC input voltages. The maxi-
mum possible Signal to Noise and Distortion ratio (SNDR)
has been calculated and plotted on a 3D plot shown in
Figure 6. Dither and kT/C noise have been switched on.
Noise level in the base-band is measured for each pair of
AC and DC input voltages and is compared to the maximum
possible input signal's rms voltage before overload starts to
reduce the SNDR. For input signals around signal ground
with amplitudes from O up to ~0.58V,ef, the SNDR is more
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SnDR=f(VDC,VAC) @ BW=8kHz, kTC dith

SnDR {dB)

x 107 \{\\\ //4< 04
- 02
VinDC [V} S0 VinAC [V]
Figure 6: PSD=f(DC, AC); dither and kT/C included

than 90dB in the 8 kHz bandwidth. Tones in the base-band
have been eliminated or at least reduced below the noise
floor. In addition, the noise level is approximately constant
for all amplitudes up to 0.7V, while the noise level starts to
increase at higher input voltages, which suggests the big-
gest useful input voltage taking intc consideration the inte-
grator model that includes the limitation of the state variable
voltages due to real circuit behaviour.

The major limitations to reaching better performance are
quantization noise and KT/C noise. Both can be improved,;
the first one by increasing the over-sampling ratio and the
second by increasing the capacitances of input switched
capacitors.

In the literature /1/ we saw many statements that the limit-
cycles depend also on the state variables’ initial conditions.
To test that we performed simulations and analysis of a ond
order modulator at a fixed DC input voltage (Viet/ 1024), fixed
AC input voltage of ai, = 58uV and different conditions re-
garding KT/C noise and dither, changing the initial condi-
tions. The same experiment was performed first with a ond
order modulator and then also with a 5" order modulator.
The same initial conditions for all state-variables were used,
which varied from -3.3V e to +3.3Vief. A bit-stream’s PSD is
observed and plotted on a 3D plot with frequency on the x-
axis, initial condition voltage on the y-axisand PSD on the z
axis for different combinations of dither and circuit noise.
The results are presented in Figure 7 through10.

The analysis of simulation results shows that at least for the
stated conditions (60uV AC input signal and fixed DC input
voltage Vyer/ 1024) the tones’ frequencies and amplitudes
do not depend on the initial conditions. As before, we can
see that by using appropriate dither and circuit noise the
tones can be almost completely eliminated as shown on
Figure 10. The remaining tones seem independent of the
initial conditions. Unfortunately these experiments do not
prove that limit cycles are independent of initial conditions
because we could not test all possible combinations of dif-
ferent conditions.
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PSD={(f,IC) @ Vinac=568uV, NokTC,Nodith

§~100~
)
‘5
§ 150 -]

-200 -

0
frequency [Hz]
Figure 7: Tones as a function of initial conditions (IC);
no dither, no KT/C
PSD={(f,IC) @ Vinac=58uV, kTC Nodith

s0-
%-10&
)
5
@ 150 -

200 -

0
10t 3 3?;'2 viniC, V]
frequency [Hzl
Figure 8: Tones as a function of initial conditions (IC);

no dither, kKT/C

As we mentioned previously, very dangerous tones are gen-
erated at high frequencies close to (fs/ 2). These types of limit
cycles are formed for any kind of input signal even in the
presence of a high amplitude AC input signal. They are not

PSD=((fIC) @ Vinac=58uV, NokTC dith

% -100 ~
2
k]
@ -150 ~,
200 -
[
ViniC, [V]
frequency [Hz]
Figure 9: Tones as a function of initial conditions (IC);

dither, no kT/C
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PSD=((f IC) @ Vinac=58uV, kTC dith

50 -

B 100
=2
8
5

§ 150 -

<200

0

o e I vinic, V]
frequency [Hz]
Figure 10:  Tones as a function of initial conditions (IC);

dither, KT/C

dangerous by themselves because they are out of the band
and are attenuated by the decimation filter. Unfortunately, they
may be transferred back to the base-band by some nonlinear
process or by cross-talk to the input or, for example, through
the references. Simulations of a standard 2" order modula-
tor were performed with sine-wave signals having amplitudes
from 1uV to maximum input voltage of Viet / V2.

PSD={(f,VAC) @ VDG=0V, NokTC Nodith

PSD of BS [dBV]

frequency [Hz] VinAC [V}

PSD ofy (n) at high frequencies; no dither,
nokT/C

Figure 11:

A bit-stream’s PSD is observed in a band between ({5/2) -
80kHz and (fs/ 2) as a function of frequency and input signal
amplitude at a fixed DC input voltage of (Vyet/1024).

The results are presented on four 3D plots shown in Figure
11 through Figure 14. In all cases the x-axis is the frequen-
cy, the y-axis represents the amplitude of a sine wave and
the z-axis shows the bit-stream’s PSD.

It is obvious that when dither is switched off many tones at
high frequency are present (Figure 11). Their amplitudes
are higher than the level of quantization noise, and the fre-
quencies and amplitudes depend on the input AC signal's
amplitude.

PSD=f(f, VAC) @ VDC=0V, kTC,Nodith

PSD of BS [dBV]

0.4

frequency [Hz) VinAC [V]

PSD ofy (n) at high frequencies; no dither,
KT/C

Figure 12:

PSD={(f VAC) @ VDG=0V, NokTC dith

-60
g .

-80
o ]
D 100,
=]
§ -120 §

-140\3

i\>~\
1.98
x10° 202\>\\ ////foi //\/0/,6 0.8
208 02 i
frequency [Hz] ¢ VinAC [V}
Figure 13:  PSD of y (n) at high frequencies; dither, no
KT/C
PSD={(f VAC) @ VDC=0V, kTC dith
- K
g .
8.
k]
a.
2
frequency [Hz] 0 VinAC {V]
Figure 14:  PSD ofy (n) at high frequencies; dither, kT/C

The addition of kT/C and thermal noise to the structure,
which corresponds to S-C stages, does not break the HF
limit cycles or improve the tonal behaviour as demonstrated
in Figure 12. The HF tonal behaviour is greatly improved if a
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dither signal is applied to a quantizer's input, independent
of kKT/C noise as shown in Figure 13 and Figure 14.

From these simulations and analyses we can conclude that
applying an appropriate dither signal and an appropriate level
of circuit noise almost completely removes tones in the base-
band as well as at high frequencies. The price paid is a small
reduction in the maximum achievable SNR ratio because
part of the last integrator's voltage range is occupied by the
dither signal; this loss is in the range of 2 to 3dB.

3.2 LP 5th order modulator:

The same technique used for the 2" order modulator is
used for the 5 order modulator with a 1 bit quantizer. Again,
simulations of an ideal modulator demonstrate tones in the
base-band dependent on DC input voltage as shown in Fig-
ure 15. Adding kT/C noise just covers low frequency tones.
Higher frequency base-band tones remain unchanged as
can be observed in Figure 16. Therefore, without using a
dither signal it does not make sense to decrease the input
switched capacitors’ kKT/C noise too much because sooner
or later the tones in the base-band will limit the (S/N) ratio.

PSD={(f VDC) @ Vinac=58uV, NokTC,Nodith

-100

PSD of BS [dBV]
-

B
2
3

308 VinDC [V]

frequency [Hz]

Figure 15: PSD of amod5; no dither, no kKT/C

PSD=f(fVDC) @ Vinac=58uV, KTC Nodith

50 -4
=y
a -100—,
vy
w
5 150~
[a]
o
o -200
-250
0
» 0 s VinDC [V
frequency [Hz)
Figure 16: PSD ofamod5; no dither, kT/C
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PSD={(f VDC) @ Vinac=58uV, NokTC dith
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!
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PSD of BS [dBV]
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frequency [Hz]

Figure 17:  PSD of a mod5; dither, no kT/C

PSD=((fVDC) @ Vinac=58uV, kTC dith
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2
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Figure 18: PSD of amod5; dither, kT/C

Adding a dither signal to a quantizer's input efficiently decor-
relates limit-cycles in the base-band as shown in Figure 17.
Areal situation including dither and kT/C noise is depicted
in Figure 18, which looks similar to Figure 16 with the im-
portant difference that in this case tones at higher frequen-
cies of a base-band are eliminated.

PSD=((f VAC) @ VDC=1uV, NokTC Nodith

PSD of BS [dBV]

frequency [Hz}

VinAC V]

Figure 19:  PSD of amod5 at HF; no dither, no kT/C
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In-band tones of a 5" order modulator have less power in
general than a 2" order modulator because the NTF has
greater attenuation of quantization noise in the base-band,
unfortunately the demands for the S/N ratio are bigger.
Again, tones can be eliminated using dither and KT/C noise.
As before, not only base-band tones are dangerous but also
high frequency tones because they could be translated to
the base-band by some nonlinear process or, for example,
a cross-talk mechanism.

The high frequency behaviour of an ideal 5™ order modula-
tor is presented in Figure 19 through Figure 22. The PSD
of a quantization noise in a band 80 kHz away from fs/2 is
presented as a function of AC input voltage. All 3D plots
have input signal amplitudes on the x-axis, frequency on
the y-axis and the bit-stream’s PSD on the z-axis.

PSD=((f VAC) @ VDC=1uV, kTC,Nodith

A0 1y i gbs
<
3
@
ks
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frequency [Hz]
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Figure 20: PSD of amod5 at HF; no dither, kT/C
PSD={(f,VAC) @ VDC=1uV, NokTC dith
=3
g -
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A -
2 .
frequency {Hz]
Figure 21:  PSD of amod5 at HF; dither, no kT/C

As before, the KT/C noise alone does not change HF limit-
cycles as we can see from Figure 19 and Figure 20. Their
frequencies and amplitudes depend on the applied ampli-
tude ofthe AC signal. The most dangerous tones are those
with frequency close to fs/2 because they can be aliased

to the base-band; their amplitudes are very big compared to
the level of the signal, so even the smallest cross-talk, which
has, for example, 100dB of attenuation, will degrade the
performance.

Applying a dither signal to a quantizer's input reduces the
amplitudes of tones at HF by more than 10db. This is a
significant improvement, while the penalty in SnR is only
~3dB. Further reduction of HF tones is possible by apply-
ing a frequency shaped dither signal to the modulator.

PSD=((f,VAC) @ VDC=1uV, kTC dith

PSD of BS [dBV]

frequency {Hz}

VinAC [V]

Figure 22: PSD ofamod5 at HF, dither, KT/C

4. Conclusion

A new state-space model of a general single loop ZA mod-
ulator including kT/C noise sources and dither inputs and
sources has been developed and used. Thanks to modern
computers’ high computing power it is fairly easy to simu-
late the tonal behaviour of any single loop modulator in a
short time. For a 2" order modulator it is proven that the
quantization noise spectrum consists of tones whose fre-
quencies depend on DC input voltage. They can be greatly
reduced by applying appropriate dither to the modulators’
state variables. Thermal and kT/C noise alone cannot de-
correlate the modulators’ tonal behaviour, so an appropriate
dither signal is needed. Describtion of dither signal is be-
yond this paper's scope. A dither signal's effect is even great-
er on the guantization noise’s HF part, which reduces the
chance of HF tones appearing in the base-band due to some
cross-talk mechanism. Further research will focus on an
analytical solution and the study of tonal behaviour as a func-
tion of different parameters, signals and dither signals con-
nected to the modulators’ loop filter's state-variables.
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EFFICIENT SUBSET SELECTION FROM PHONETICALLY
TRANSCRIBED TEXT CORPORA FOR CONCATENATION-
BASED EMBEDDED TEXT-TO-SPEECH SYNTHESIS
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Abstract: In this paper we describe the design concept of a corpus-based concatenation text-to-speech (TTS) system for Slovenian, suitable for
implementation in embedded applications. Because memory and processing power requirements are important factors when designing TTS
systems for embedded devices, lexica and speech corpora need to be reduced. We describe a simple and efficient implementation of a greedy
subset selection algorithm that extracts a compact subset of high coverage text sentences out of a larger set of sentences. The experiment on the
Slovenian text corpus showed that the subset selection algorithm produced a compact sentence subset with a small redundancy. We conclude
that the proposed sentence selection algorithm is capable of selecting a rather modest subset of sentences out of the reference text corpus, and
the resulting sentence subset covers the most frequent collocations, words, quadphones and triphones in a given language.

Postopek za izbor podmnozice stavkov iz besedilnega
korpusa za sintezo govora v vgrajenih sistemih

Kjuéne besede: vgrajena sinteza govora, govorne podatkovne zbirke, izbira reprezentativne podmnozice stavkov

Izviedek: V ¢lanku opisujemo postopek zasnove in tvorjenja govorne zbirke za korpusno sintezo slovenskega govora, ki je primerna za implement-
acijo v vgrajenih sistemih. Postopek obsega izbiro besedila, snemanje in segmentacijo ter oznacevanje govornega gradiva. Sprva smo izvedli
frekvencno analizo pogostosti pojaviianja glasovnih sklopov za slovenski jezik nad obseznim vhodnim besedilom, ki smo ga predhodno pretvorili v
foneti¢ni prepis. Nadalje opisujemo postopek, ki iz mnoZice besedil v pisni obliki izbere kompaktno podmnozico stavkov, ki vsebujejo vsa Zelena
pogosta zaporedja glasov v danem jeziku. Sledi snemanje ter polsamodejno oznadevanje posnetega govornega gradiva. Clanek sklenemo z rezultati

preskusa naravnosti in razumljivosti sintetizatorja govora.

1. Introduction

A vital part of speech technology applications in modern
human-machine user interfaces is a text-to-speech (TTS)
engine. Text-to-speech synthesis enables automatic con-
version into spoken form of any available textual informa-
tion. Despite its considerable promise, text-to-speech syn-
thesis is still not being used on a wide-scale basis in public
service contexts. Wider acceptance of TTS devices will
depend on three factors: better quality, smaller footprints,
and more attractive pricing.

With the evolution of small portable devices, porting of high
quality text-to-speech engines to embedded platforms has
been made possible /1/, /2/. Many applications in mobile
telephony and portable computing require high-quality
speech synthesis systems with a very modest computa-
tional and memory footprint.

TTS systems, which are using a corpus-based concatena-
tive approach, yield close-to-natural sounding speech /3/,
/4/,/5/. However, the linguistic resources required to build
embedded TTS modules need to be scaled down to meet
the hardware specifications of the embedded devices. The
major memory and processing power consuming linguis-
tic resources that need to be reduced are lexica and speech

corpora /6/, /7/. The application of these reductions to
Slovenian is demonstrated in the paper by utilizing efficient
exception lexicon and speech corpus reductions. They
were performed on the baseline full-size AlpSynth TTS sys-
tem /8/, which uses a 95 Mb read speech corpus. A new,
compressed speech corpus with a reduced set of read sen-
tences was designed, which covers the most frequent allo-
phone sequences in the language. The sentence subset
has been selected from a large phonetically transcribed
text corpus. The goal was to extract a sentence subset with
high phonetic coverage and small size.

First an overview of the AlpSynth TTS components is given.
We continue to describe the small-footprint speech corpus
design process, with an emphasis on the sentence subset
selection method. The quality of the synthesized speech
was assessed in a listening experiment in terms of intelligi-
bility and naturalness of pronunciation, whereby the small-
footprint TTS system was compared against the baseline
full-size AlpSynth TTS system. We conclude the paper by
discussing the evaluation results and outlining plans for fu-
ture work and concept implementation (Figure 1).
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Selection from Phonetically Transcribed Text Corpora ...

2. Concatenation-based TTS

In the AlpSynth TTS system, input text is transformed into its
spoken equivalent by a series of modules: a grapheme-to-
phoneme module produces strings of phonetic symbols
based on information in the written text; a prosodic genera-
tor assigns pitch and duration values to individual phones;
final speech synthesis is based on speech unit concatena-
tion, where the elemental units are selected from a prere-
corded and annotated speech corpus and later concate-
nated using a pitch-synchronous overlap-and-add tech-
nique. The linguistic front-end speech synthesis phases
used in the system are described in the following two sub-
sections.

2.1. Grapheme-to-allophone conversion

Input to the TTS system is unrestricted Slovenian text. Itis
translated into a series of allophones in two consecutive
steps. First, input text tokenization and token-to-word con-
versions are performed. Abbreviations are expanded to form

. NAND Flash

equivalent full words using a special list of lexical entries.
The text normalizer converts further special formats, such
as numbers or dates, into standard grapheme strings. The
rest of the text is segmented into individual words and basic
punctuation marks.

Next, phonetization or grapheme-to-phoneme conversion
is performed. Word pronunciations are derived based on a
user-extensible pronunciation dictionary and letter-to-sound
rules. We constructed a dictionary that covers over
1,400,000 Slovenian inflected word forms. When diction-
ary derivation fails, words are transcribed using automatic
lexical stress assignment and letter-to-sound rules. The use
of rules enables the TTS system to generate a first attempt at
pronunciations of neologisms and named entities.

To further reduce the memory footprint of the grapheme-to-
allophone conversion module, we compiled an exception
dictionary that contains only the differences from the pho-
netic transcriptions obtained by applying the letter-to-sound
rule set. Similar to /7/, a compression factor of ten was

 Etheret | 10/100 Mbit's

| 3210 256 Mbytes |

Flash ,
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| SDRAM |
| 320 64 Mbytes

EBI EMAC

PHY Ethernet Port

'/ Digital VO

Audio out
Audio in
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Fig. 1:  Outline of hardware implementation of the reduced-footprint TTS system.

20



A. Miheli¢, J. Zganec Gros, N. Pavesi¢, M. Zganec: Efficient Subset

Selection from Phonetically Transcribed Text Corpora ...

Informacije MIDEM 36(2006)1, str. 19-24

achieved, compared to the baseline full-lexicon represen-
tation, without sacrificing transcription accuracy. Further
lexicon size reductions were achieved by modeling the
exception lexicon in form of a decision tree, as proposed
by /9/. We intend to test more approaches for efficient
lexicon representation, among them finite-state transduc-
ers, which have already been applied for coding of lan-
guage resources /10/, including Slovenian /11/.

2.2. Prosody Modeling

Corpus-based prosody modeling vields high-quality and
close-to-natural sounding prosody parameter prediction;
however, it requires a large amount of linguistic information
upon which to rely. We used a compact rule-based predic-
tion method to determine the target prosodic parameters in
four phases: intrinsic duration assignment, extrinsic dura-
tion assignment, modeling of the intra word FO contour,
and assignment of a global intonation contour /8/.

Regardless of whether the duration units are words, sylla-
bles, or phonetic segments, contextual effects on duration
are complex and involve multiple factors. A two-level dura-
tion model first determines the words' intrinsic duration,
taking into account factors relating to the phone segmental
duration, such as: segmental identity, phone context, syl-
labic stress, and syllable type: open or closed syllable
/12/. Further, the extrinsic duration of a word is predicted,
according to higher-level rhythmic and structural constraints
of a phrase, operating at the syllable level and above. Here
the following factors are considered: the chosen speaking
rate, the number of syllables within a word and the word’s
position within a phrase, which may be isolated, phrase-
initial, phrase-final or nested within the phrase.

Finally, intrinsic segment duration is modified, so that the
entire word acquires its predetermined extrinsic duration. It
is to be noted that stretching and squeezing does not apply to
all segments equally. Stop consonants, for example, are much
less subject to temporal modification than other types of seg-
ments, such as vowels or fricatives. Therefore, a method for
segment duration prediction was used, which adapts a word
with an intrinsic duration tj to the determined extrinsic dura-
tion te, taking into account how stretching and squeezing
apply to the duration of individual segments /12/.

Slovenian is a language with pitch accent, therefore spe-
cial attention was paid to the prediction of tonemic accents
for individual words. First, initial vowel fundamental frequen-
cies were determined according to the parameters obtained
from prior prosody measurements, creating the FO back-
bone. Each stressed word was assigned one of the two
tonemic accents characteristic for Slovenian. The acute
accent is mostly realized by a rise on the post-tonic sylla-
ble, whereas with the circumflex the tonal peak usually oc-
curs within the tonic.

3. Speech Corpus Design

For unit-selection and other types of concatenation-based
text-to-speech synthesis, a speech corpus of recorded and

annotated elemental speech unitsis required /4/. The qual-
ity of the output synthetic speech depends crucially on the
quality of the speech corpus. The longer elemental speech
units are used, the better and more natural-sounding syn-
thetic speech the TTS system can yield.

However, with longer elemental speech units the corpus
size increases dramatically, as do the recording and anno-
tation costs. Therefore, a compromise between the size of
the speech corpus and the quality of the resulting speech
has to be taken /13/ that is even more pronounced for
embedded TTS.

If the corpus selection method is unbalanced or random,
the recorded data may lack critical phone transitions and
may be full of redundancies. Various corpus reduction
methods have been reported, from those optimizing and
reducing the contents of the prerecorded and annotated
speech corporato those that try to compress the initial text
corpus to be recorded /14/, /15/, /16/, /17/, /18/. Of-
ten sentence pair exchanges are calculated using diphone
and triphone entropies. In /14/, the unit coverage is maxi-
mized using prosody information. In /15/, amodified greedy
algorithm is applied that maximizes the hit-rate and cover-
ing-rate for sentence selection criteria. A two-stage sen-
tence recording script design presented in /17/ takes into
account the balance of acoustic speech parts to provide
variations in short-time speech features, and the linguistic
parts provide long-time speech features, such as words or
frequent word sequences.

We wanted the most frequent allophone sequences in a
given language to be represented in the final sentence set,
and therefore we implemented a greedy algorithm, similar
to the one described in /15/, to reduce the initial text sen-
tence set to a compact and efficient subset. The process of
designing a speech corpus for concatenation-based TTS
was divided into three phases:

- Representative sentence set selection,
- Recording of selected texts, and

- Segmentation and annotation of the recorded speech
material.

3.1. Sentence subset selection algorithm

Initially, we collected a large corpus of texts covering vari-
ous text styles, ranging from newspaper articles to fiction.
All sentences shorter than five words or longer than 25
words were discarded from further analysis. The remaining
reference text corpus contained 500,000 different sen-
tences, corresponding to 50 Mb of text in ASCII format.

The text corpus was processed by a grapheme-to-allophone
converter from the TTS system in order to obtain an allo-
phone transcription of the text corpus. A statistical analysis
of frequent phone sequences of allophones, diphones, tri-
phones and quadphones was performed on this corpus. It
provided us with information about how frequently certain
phone combinations occur in spoken Slovenian. In addi-
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tion, the analysis has shown that only a few triphones have
frequent occurrences.

Therefore, it makes sense to select only the most frequent
triphones to be represented in the final speech corpus. We
opted for the first 1,000 triphones: these represent 1% of
the complete triphone set but cover almost 50% of all tri-
phones in the transcribed reference text corpus. In a simi-
lar way, the 500 most frequent quadphones were selected.

To synthesize high-quality speech, the speech corpus was
required to contain a wide variety of speech parts: from
collocations and words to diphones and sub-phoneme
parts. With the most frequent triphones and quadphones
selected, we wanted to select an optimal compact subset
of corpus sentences that cover all the chosen allophone
sequences, including most frequent collocations and words
in a given language.

7y reduced-footprint
7 TTS system

& full-size server-
& based TTS system

overall quality intelligibility

reduced-footprint
TTS system

full-size server-
based TTS system

0 R

naturalness pleasaniness

Fig. 2:  Subjective evaluation results of the listening tests
for both tested TTS systems. The results are given
as MOS (Mean Opinion Score) ratings for the
following categories: overall quality, intelligibility,
naturalness, and voice pleasantness.

A greedy sentence selection algorithm was implemented
for this purpose. Each sentence in the reference text cor-
pus was equipped with a cost attribute based on the amount
ofthe preselected frequent allophone sequences they con-
tained. The highest cost value was attributed to a rare prese-
lected quadphone or collocation, and the lowest to a fre-
quent preselected triphone. In order to avoid the selection
of long sentences, which contain more allophone sequenc-
es than shorter sentences, the cost value was normalized
by the total number of allophones within the sentence.
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The sentence with the highest score was selected for the
final text corpus. The preselected allophone sequences
covered by this sentence were eliminated from the list. Then
the cost derivation and sentence selection process was
performed for this new set of preselected allophone se-
quences and a new sentence was chosen for the final text
corpus. The same process was repeated in a loop until alf
of the initial preselected allophone sequences were cov-
ered in the resulting corpus of selected sentences.

The sentence-selection algorithm was capable of selecting
arather modest subset of sentences out of the reference text
corpus that cover the most frequent collocations, words,
quadphones and triphones in the given language. A total of
299 sentences were selected out of the initial 500,000
sentences from the reference text corpus. The phonetic tran-
scription of the selected sentence set covered all preselect-
ed most-frequent triphones and quadphones.

3.2. Recording and Segmentation

The selected sentence subset was recorded along with
logatoms containing all phonetically possible diphone com-
binations for spoken Slovenian. The speaker was instruct-
ed to read the phonetically transcribed sentences and
logatoms in supervised recording sessions.

The recorded speech material was segmented and anno-
tated. A semi-automatic procedure was used for segmenta-
tion of elemental speech units. A dynamic time-warping
acoustic alignment procedure between the synthesized
voice and the recordings /19/ was used to obtain prelimi-
nary phone boundaries because it performed better in
detecting consonant segment boundaries than the HMM
approach /20/. The performance of the acoustical cluster-
ing plus dynamic time-warping method was upgraded along
with boundary specific corrections by means of a decision
tree, as recently proposed by /21/. Manual corrections
were needed on consonant boundaries within some con-
sonant clusters.

The final speech corpus contains read sentences with
1,993 words. In addition, 1,635 logatoms were recorded.
For use in embedded devices, the speech corpus was com-
pressed. Several compression techniques, outlined in
/22/, were examined. Finally, a 14.1:1 corpus size reduc-
tion was chosen by using Ogg Vorbis encoding, without
noticeably degrading the quality of the output speech sig-
nal. The resulting footprint of the compressed speech cor-
pus was just below 2 Mb.

4. Evaluation Resuits

Over recent years, various guidelines have been proposed
for evaluating the quality of text-to-speech systems. Yet there
are still no existing standards for their evaluation, although a
number of different methods have been tried and it has been
pointed out that the test results they yielded were often in-
consistent /23/.
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The adequacy of the resulting concatenation-based TTS sys-
tem was evaluated in terms of acceptability and intelligibility.
The objective of the test was to compare the quality of the
small-footprint TTS system to the baseline full-blown large-
footprint unit-selection server-based TTS system /8/.

The experiment was performed in laboratory conditions with
51 test subjects. It was designed according to ITU-T Rec-
ommendations P.81 and P.85, describing methods for sub-
jective performance assessment of the quality of voice out-
put devices. The evaluators were selected from a wide range
of professional backgrounds, and they were in general not
familiar with synthetic voice quality. The test was divided
into two sessions, neither lasting more than 20 minutes, in
order to reduce the fatigue of the evaluators. The synthesis
output was directed to a loudspeaker. Each test speech
was presented only once.

The first part served to evaluate whether the intelligibility
and the quality of the synthetic speech were sufficiently
high for a real application of the system in a potential em-
bedded-system application, simulating spoken directions
provided by a car-navigation system. The subjects were
asked to fill in different application-specific templates based
on the information they heard. Each message consisted of
a fixed part, which was specific to the task, and a variable
part, which was different in all the produced messages.
The intelligibility for both systems, when spelling errors are
ignored, was nearly 100%. Over 95% of the listeners esti-
mated that both TTS systems were mature enough for de-
ployment in a car-navigation system.

In the second part of the test, the performance of both TTS
systems was evaluated by the listeners with grades on a
five-point MOS (Mean Opinion Score) scale. For the test,
the sentences were synthesized by both TTS systems and
presented to the listeners in random order. The listeners
were asked to evaluate the overall quality, intelligibility, nat-
uralness, and voice pleasantness. The results are provided
in Figure 2. In terms of overall quality MOS grades, the full-
size server-based TTS outperformed the reduced-footprint
version by only a small margin of 0.15. The majority of the
test subjects evaluated the reduced-footprint (as well as the
large-footprint) synthetic speech produced by the TTS sys-
tem as pleasant and quite natural-sounding, sufficiently rapid
and not over-articulated.

5. Conclusions

The memory and computational resources in TTS applica-
tions on embedded portable devices are inherently limited.
Various footprint reduction considerations for embedded
TTS implementation are discussed in the paper. We con-
centrated on shrinking the speech corpus while maintain-
ing high coverage of the frequent allophone sequences in
agiven language: our goal was to extract a sentence subset
with high coverage and small size. The sentence subset
was selected from a large phonetically transcribed text cor-
pus.

The greedy sentence selection algorithm implementation
described in the paper was capable of selecting a rather
modest subset of sentences out of the reference text cor-
pus that covers the most frequent collocations, words, quad-
phones, and triphones in a given language. A total of 299
sentences were selected out of the initial 500,000-sen-
tence text corpus. The phonstic transcription of the select-
ed sentence subset covered all of the preselected most-
frequent triphones and quadphones, words, and colloca-
tions.

An implementation of the proposed sentence subset selec-
tion method for Slovenian has resulted in a small-footprint
TTS system vyielding intelligible and sufficiently natural-
sounding speech, so that the system is ready for deploy-
ment in embedded applications. Listening experiments
proved that the TTS system gives satisfactory performance
in phonetization and speech concatenation quality with
considerably reduced memory resources. The system is
implemented in ANSI-C and runs on several operating sys-
tems. The object code size of the small-footprint TTS sys-
tem is 98 Kb, while the size of the language resources
used by the system is just below 2Mb. Using the designed
compact speech database, the program’s current version
runs 300 times faster than real time on a Pentium 2 GHz
personal computer. At run-time, the program code requires
472 Kb, minimum RAM requirement is 3,500 Kb, while the
minimum disc or flash memory requirement is 5,560 Kb.

In order to further compress exception lexica, alternative
lexicon representation approaches will be examined, such
as /11/. An initial implementation of the described meth-
ods on an embedded TTS Unix platform built around an
ARMS processor with an AT91RM9200 core (Figure 1) is
under development.
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ZMANJSANJE POMNILNISKEGA PROSTORA ZA PRIMERE
NEREKURZIVNIH SIT Z LINEARNIM POTEKOM FAZE V
KLASICNI IN MODIFICIRANI OBLIKI PORAZDELJENE

ARITMETIKE

Bojan Jarc, Rudolf Babic

Univerza v Mariboru, Fakulteta za elektrotehniko racunalnistvo in informatiko,
Maribor, Slovenija

Kjuéne besede: digitalna obdelava signalov, digitalna sita z omejenim trajanjem impulznega odziva, porazdeliena aritmetika, modificirana porazdeljena
aritmetika, zmanjsanje pomnilniskega prostora

Izvleéek: Porazdeljena aritmetika (PA) predstavija bitno-serijski postopek izraduna aritmetiéne vsote produktov brez uporabe mnozilnikov. Zaradi svoje
homogene strukture je primerna za implementacijo v vezjih FPGA in VLS. lzvedba digitalnih sit je eden izmed moznih nacinov uporabe PA. V
prispevku smo se omejili na izvedbo digitalnih sit FIR z linearnim potekom faze, ki ne vnasajo fazne popaéitve v izhodni signal in so za podrodje
digitalne obdelave signalov $e posebej zanimiva. Njihova posebnost so simetri¢ni koeficienti impulznega odziva. Osnovni problem strukture v
porazdeljeni aritmetiki predstavija velikost pomnilniskega prostora za shranjevanje delnih vsot, ki naras¢a eksponentno s stevilom produktov oz.
koeficientov sita FIR. Zato v nasem prispevki podajamo pristop za zmanjsanje velikosti pomnilniskega prostora v katerem smo izkoristili simetriénost
koeficientov impulznega odziva in nasprotno simetricni zapis deinih vsot. Zaradi simetrije koeficientov lahko pomnilnigki prostor zmanjsamo iz 2% na
2N/2 potrebnih naslovov. Z zdruzitvijo tega pristopa z nasprotnosimetriénim zapisom delnih vsot lahko pomnilniski prostor zmanjsamo na 22
naslovov, Redukcijo pomnilniskega prostora iz 2V na 22 potrebnih naslovov lahko dosezemo tudi v modificirani PA. Pravilnost predstavijenih struktur
smo potrdili z rezultati simulacij. lzkaze se, da redukcija pomnilnika iz 2N na 22 naslovov negativno vpliva razmerje signal-um izhodnega signala,
kar pa v nekaterih primerih uspemo kompenzirati z nasprotnosimetriénim zapisom delnih vsot.

The memory reduction for linear phase FIR filters in classic
and modified distributed arithmetic form

Key words: digital signal processing, finite impulse response digital filters, hardware realization, distributed arithmetic, modified distributed arithme-
tic, memory size reduction

Abstract: Distributed arithmetic (DA} is a parallel serial implementation of the sum of products with no multipliers needed. Because of its structure
homogeneity it is suitable for implementation in FPGA and VLS! circuits. Realization of digital filters is one of the fields of DA usage. In this article
we have restricted ourselves on the implementation of digital FIR filters with linear phase response. Linear phase filters do not distort phase of output
signal and are therefore common choice in the field of digital signal processing. Their property of symmetric impulse response coefficients can be
efficiently used in memory reduction process. One of the main problems of DA structure is the quantity of memory, needed for memorizing the
precalculated sums of coefficients. The required memory increases exponentially with the number of filter coefficients. This is why in this article
we present an approach in which we have token the advantage of impulse response coefficients symmetry and anti-symmetrical presentation of the
sums of coefficients. For the FIR filters with odd symmetry we can achieve memory reduction from 2M to 22 memory locations. Anti-symmetrical
presentation of the sums of coefficients allows us to half the memory from 2N to 2%' memory locations. We propose the conjunction of both
approaches and thus we manage to achieve the reduction from 2N to 2M2' memory addresses. With the simulation results the correctness of
proposed structure was confirmed. Since DA is fixed point arithmetic we have also analysed the influence of finite input word length and word length
of sums of coefficients on signal-to-noise ratio (SNR). Simulation results show that the procedure of memory reduction from 2" to 2"2 have negative
influence on SNR. To achieve the same SNR, the number of bits for sums of coefficients should be increased by one. Approach with anti-
symmetrical sums of coefficients allows more appropriate normalization of coefficients and thus improvement of SNR. Consequently we achieve the
same level of SNR as in basic DA without memory reduction. The memory reduction approach was also introduced in modified DA. Modified DA
utilizes bipolar presentation of unipolar input signal to simplify the arithmetic-logic unit. In modified DA the reduction from 2" to 2%? memory
addresses was achieved. Same decrease of SNR was noticed as at the basic DA structure.

sita. Zaradi primernosti za implementacijo v vezjih FPGA
in VLS! je bil bitno-serijski postopek uporabljen v razlicnih
aplikacijah /3, 5,6, 7/.

1.  Uvod

Porazdeljena aritmetika (PA) predstavlja bitno-serijski
postopek izracuna aritmeti¢ne vsote produktov z operaci-
jo sestevanja vnaprej izracunanih delnih vsot (DV) shran-
jenih v pomnilniku. Koncept PA sta omenila ze Anderson
/1/ in Zohar /2/. Stevilne funkcije za digitalno proce-
siranje signalov lahko zapiSemo v obliki aritmeti¢ne vsote.

Konvolucijska vsota digitalnega sita FIR predstavija tipi¢no
vsoto produktov. Osnovni problem sit FIR v obliki PA pred-
stavlja velikost pomnilniskega prostora za shranjevanje del-
nih vsot. V osnovni obliki PA mora imeti pomnilnik 2"

Med njimitudi rekurzivna (iR - Infinite Impulse Response)
in nerekurzivna (FIR - Finite Impulse Response) digitalna

naslovov, kier N predstavija stevili koeficientov sita. Tako ze
pri sitih z N = 30 potrebujemo pomnilnik z 109 naslovi. iz
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nerekurzivnih sit z linearnim potekom faze v klasiéniin ...

tega vidika so smiselna prizadevanja za zmanjsanje potreb-
nega pemnilniskega prostora.

Eden izmed znanih nacinov zmanjsanja potrebnega stevila
pomnilniskih lokacij je uporaba nasprotno simetricnih del-
nih vsot /3/. Pristop omogoca prepolovitev pomnilniskega
prostora. Za primere simetri¢nih sit FIR lahko uéinkoviteje
zmanj$amo potreben pomnilniski prostor /4, 5/. Naracun
dodatne zakasnitve zaradi dvojnega naslavljanja pomnilni-
ka, stevilo naslovnih linij prepolovimo.

Modificirana oblika PA je bila prvi¢ predstavijena v /8/ in
podrobneje opisana v /9/. Modificirana PA temelji na uni-
polarni predstavitvi bipolarnega vhodnega signala x[n] oz.
premaknitvi iz obmodja vrednosti [-1, 1) v obmodje [0, 2).
Zaradi nasprotno simetricne narave DV omogoc¢a prepolo-
vitev pomnilniSkega prostora.

Ta prispevek je organiziran kot sledi. V drugem poglavju je
opisana osnovna oblika sita FIR v PA, v tretjem poglaviju je
opisana predlagana struktura za primere simetri¢nih sit z
zmanj$anjem pomnilniékega prostora iz 2V na 2V#1
naslovov. Cetrto poglavie predstavija postopek zmanj$anja
pomnilniSkega prostora v modificirani PA. V poglavju 5 so
predstavijeni rezultati in v poglaviju 6 zakljucek.

2. Klasi¢na oblika porazdeljene
aritmetike

Konvolucijsko vsoto digitalnega sita FIR zapisemo z:

yin)= 3 hk]x{n—k] | 1)

k=0

Pritem je hlk] k-ti koeficienti impuiznega odziva, N predstav-
lja stevilo koeficientov hlk], z xIn] ter y[n] smo oznadili vhod-
no in izhodno zaporedje sita, ter n je casovni indeks. Pred-
postavimo, da so vrednosti vhodnega zaporedja x{n] ome-
jene v polodprtem intervalu [-1, 1). Posamezni element za-
poredja predstavimo z dvojiskim komplementom kot:

Bx—1

xn]=-by[n]+ 3 b[n]2"" 2)

Pri tem je Bx stevilo bitov za zapis x[n] in biln] so binarne
spremenljivke, ki lahko zavzamejo vrednost O ali 1. bo[n]
predstavija predznak in bgex-1ln] najmanj utezni bit z utezno
vrednostjo 28", Upostevajod (2) zapigemo (1) z:

Bx—1

M= [nl+ v

pri tem so vj[n] delne vsote, ki jih izratunamo z:

vnl= Y hkIb[n -k} @
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Za izraéun trenutne izhodne vrednosti potrebujemo le oper-
acijo sedtevanja in mnozenjaz 27 Mnozenje z o7 predstav-
lja pomik vsebine akumulatorja za i/ bitov na desno. Odste-
vanje zadnje delne vsote vq je izvedeno s pristevanjem dvo-
jiskega komplementa vo. Delne vsote izraGunamo vnaprej
in jih zapisemo v pomnilnik velikosti Byx2", kjer B, pred-
stavlja Stevilo bitov za zapis delnih vsot in N je Stevilo koefi-
cientov hlk]. Izvedbo digitalnega sita v PA prikazuje slika 1.

Pomniinik
ROM
Bx2Y

Slika 1: Izvedba digitalnega sita FIR v PA.

Ts na sliki 1 predstavlja kontrolni signal za spremembo
predznaka vo.

3. PAinsitaFIRzlinearnim potekom
faze

V osnovi lahko imajo sita FIR poljuben amplitudni in fazni
spekter. Posebnost so sita z linearnim potekom faze, ki so
za podrocje digitalne obdelave signalov posebej zanimiva
saj ne vnasajo dodatne fazne popaditve v izhodni signal.
Posledi¢no imajo taksna sita simetricne koeficiente hlk].
Glede na to ali imamo opravka s sodim ali lihim Stevilom
koeficientov govorimo o sodi ali lihi simetriji. Za oba primera
simetrije velja:

Hkl=hN-1-k], k=01.,N-1 (5

pritem je N Stevilo koeficientov hlk]. Pri lihi simetriji central-
ni koeficient nima svojega simetri¢nega para. V obeh primer-
ih sit je fazna zakasnitev ©(w) linearno odvisna od frekvence
inje:

8(0)=—o. (6)
2
Za sita s sodo simetrijo ob upostevanju (5) zapisemo (4) z:

Nj2-1

v[n]= Y WkI(b[n-k]+b[n—N+1+k])

Nf2-1
= > Wk)bg[n—k]+2b,[n—k]) (7
= v,.’s[n] + 2vi)c[n].

Pritem sta b; binarni spremenljivki vrednosti O ali 1. S seste-
vanjem dobimo bit vsote b; s in bit prenosa b; ¢ ter odgovar-
jajoci delni vsoti vis in vjc izraCunani vnaprej iz polovice
koeficientov po:
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Nj2-1

v, [nl= D hklb, [n—k]. (8)

k=0

Pritem smo z “Z” oznacili S ali C. Ker ima b ¢ za dvakrat
vecjo utezno vrednost od bj s moramo v; ¢ pomnoziti z dve.
Na ra¢un zmanjsanja pomnilniskega prostora, moramo za
izra¢un ene delne vsote v; pomnilnik naslavljati dvakrat. Us-
trezno blokovno shemo sita v PA s prepolovljenim stevilom
naslovnih linij prikazuje slika (2).

Vhod 8 DEMUX .
£[n] L MUX LRV 151
. ! s
St a3 AT :

Tzhod
i
B

WOY

HA = polovitni sestevalnik

ROM = powmnilnik velikosti B, x2~*
S =Dit vsote

C = bit prenosa

MUX = multiplekser 2 na |
DEMUX = demulbiplekser | na 2

Slika 2: Zmanjsanje pomnilniS8kega prostora za sita FIR s
sodo simetrijo koeficientov iz 2" na 2M2 naslovov.

Pritem sta Ts in Tsc kontrola signala za zamenjavo predzna-
ka vooz. za naslavijanje visin vic.

3.1 Nasprotno simetri¢ni zapis delnih vsot

Kot smo dejali uvodoma lahko, v klasi¢ni PA, z nasprotno
simetriénim zapisom delnih vsot prepolovimo potreben pom-
nilniski prostor. Mi predlagamo dodatno prepolovitev pom-
nilniskega prostora za sito FIR s prepolovijenim Stevilom
naslovnih linij (glej sliko 2). Delne vsote polovice koeficien-
tovizraCunane po (8) zapiSemo nasprotno simetri¢no z:

Nj2~t Nj2-1
sirl= S HKb-K-> SHE @

Primerjavo tako izra¢unanih in klasicnih delnih vsot prikazu-
je tabela 1.

Tabela 1: Klasi€ne in nasprotno simetri¢ne delne vsote iz
polovice koeficientov s sodo simetrijo.

Nasloy ¥ K

06...000 0 Val-h{N/2-1)-...- A{1}-A[0])
00,..001 A{0} V([ Ni2- 1. - R{LTHH{OD
(13 11 hNT2- 20, ..;?‘/z [11+A10) V(B[ N/2- 11+ AR UHRO]

10...000 N2 VHA[NIZ-1)- - R{11ATOT)

VACH[NT2- 1} A LA {OT)
V(H[NFZ- V) 5011+ [0])

(10 AN2- e h (2110

PLTE AN V5 R [ 1HA]0)

Nasprotno simetricne delne vsote povzrodijo konstantno
odstopanje izhoda y, kar izra¢unamo z:

Bx-~} Bx—1
A i -
P=—8est 28527 =28, +2 Y52
i=1 i=]

Bx~1 3 N/2-1

= Vo5~ 2V + 2, (Vs +2v, )27 + 2 > Ak

pu k=0
N/2-1

MR N (o
2 i

(10)

Pri tem sta y ter y dejanska in Zelena izhodna vrednost.
Zaradi preglednost smo v enachi (10} izpustili asovni in-
deks n. Odstopanje  od y lahko kompenziramo, ée v regis-
ter aritmeti¢ne enote zapisemo zacetno vrednost:

3 N/2-1

K=—= 3 hlk]. (1)
2 5

Zacetna vrednost se pristeva le prvi delni vsoti vex.1. V
postopku iterativnega sestevanja in deljenja delnih vsot se
zadetna vrednost deli z 2" in tako v celoti kompenzira
odstopanje izhodnih vrednosti. Zaradi nasprotno
simetriCnega zapisa, v pomnilniku pomnimo le prvo polovi-
co deinih vsot “s” v tabeli 1. Drugo polovico generiramo iz
obstojecih delnih vsot z negiranjem bitov naslovnega vek-
torja Ao, A1, ..., AN/Q-Q}T in zamenjavo predznaka tako naslov-
liene delne vsote. Ustrezno blokovno shemo sita prikazuje
slika (3).

Vhod 8¢ n
Alm) Ty
Ly y Sh Izl-\od
. ¥
By

.

xn-Ni2+1]

HA = polovicni scitevalnik

ROM = pomnilaik velikosti 8,x2%72

5= bit vsote

C = bit prenosa

R = register z zaCetno vrednostio K

NEG = bit za negiranje naslovnega vektorja

Slika 3: Sito v PA z zmanjSanjem pomnilnisSkega prostora
iz 2N na 227 naslovov.

Pritem sta Ts in Tsc kontrolna signala za zamenjavo predzna-
ka delnih vsot so 0z. za naslavijanje delnih vsot sisinsic. Z
vrati ekskluzivni ALl tvorimo eniski komplement naslovnega
vektorja za primere, ko se DV nahaja v drugi polovici tabele 1
(NEG =1). Stem naslovimo ustrezno DV v prvi polovici tabele
1, ki pa ji moramo zamenjati e predznak (tvorimo dvojiski
komplement). Predznak zamenjamo tudi delnim vsotam sg,
zato Ts in NEG preko funkcije ekskluzivni ALl krmilita vezje za
generiranje dvojiskega komplementa Stevila. Dvojiski kom-
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plement DV tvorimo, &e ima Ts all NEG vrednost 1. Prva delna
vsota Spx-1,5+2SBx-1.c je korigirana z zac¢etno vrednostjo K
shranjeno v registru R s katero kompenziramo odstopanje y
zaradi nasprotno simetricnega zapisa DV. Stikalo ST je v
polozaju 1. Za ostale primere je stikalo ST v polozaju 2.

4. ModificiranaPAinsitaFIRz
linearnim potekom faze

Kot sledi iz /8, 9/ temelji modificirana PA na premaknitvi
obmodja vrednosti vhoda x iz intervala [-1, 1) v interval [0,
2). Ker so vrednosti x predstavljene binarno v dvojiSkem
komplementu, je premaknitev obmocja vrednosti enostavno
izvedljiva s komplementom bita za predznak. V binarni obiiki
X sedaj zapisemo z:

Bx-1 )
x{n]= ) b[n]27 (12)

i=0

Ker ni bita za predznak oz. ima vrednost ni¢, izhod y izracu-
navamo le z operacijo sestevanja:

Bx-1

Mnl= Y g 2 (19

Pritem je g modificirana DV izracunana z:

Nl 2~Bx
=V, == hlk] 1+
& 2,(2:') [ 1 23*}

=v,— K,

(14)

in je viklasi¢na DV izradunana s (4). Z modifikacijo viv (14)
kompenziramo premaknitev vhoda x in zagotovimo obmodje
izhodnih vrednosti v intervalu [-1, 1).

V poglavju 5 opisan postopek prepolovitve $tevila naslovnih
linij lahko vpeljemo tudi v vezje modificirane PA. Glede na
to, da se sedaj DV izracunava z vektorjem bitov vsot S in bitov
prenosov Cv dveh korakih, zapiSemo (14) z:

g =Vst2v—K,

:[vi,s—%)+2(vi‘c—£§—1). (15)

Pritem sta v; s in vic klasi¢ni delni vsoti izradunani iz polovi-
ce koeficientov z (8) in je Ky konstanta iz (14) s katero kom-
penziramo premaknitev x. V pomnilniku pomnimo tore;j
delne vsote polovice koeficientov izradunane z:

1 27% )
gi,z:v[,z_g 1+1 2 —Bx Zh[k]
(16)
:vi,z_K2

28

Pritem smo z “z" oznadili S ali C ter so vj; klasi¢ne DV iz
polovice koeficientov hlk] izraCunane z (8). Prikazuje jih tabe-
la 2.

Tabela 2: Klasi¢ne in modificirane delne vsote iz polovice
koeficientov s sodo simetrijo.

Nastov Vis Vie G5, &
00,..000 0 ~K;

00...001 o] B (0]-K

LA AN e [ 1A0) NP L] [ h{O 1K

Ustrezno blokovno shemo sita v modificirani PA in s pre-
polovljenim stevilom naslovnih linij prikazuje slika 4.

Vhod &

D EI\/kUX

HA = polovi¢ni seStevalnik
ROM = pomnifnik velikosti B,x2"?
S = bit vsote
C = bit prenosa
MUX = multiplekser 2 na |
DEMUX = demultiplekser | na 2
B/U = bipolarno unipolami pretvornik

Slika 4: Sito v modificirani PA z zmanj$anjem
pomnilniskega prostora iz 2 na 2M? naslovov.

Za razliko od vezja s klasi¢no PA na sliki 2 v vezju z modi-
ficirano PA ni odstevanja zadnje delne vsote, kar pomeni,
da ne potrebujemo vezja za tvorjenje dvojiskega komple-
menta in vezja za generiranje kontrolnega signala Ts.

5. Rezultati

Z matemati¢nim orodjem Matlab smo zgradili simulacijske
modele treh sit v PA:

- Kklasicna PA (PA),

- klasicnha PA s prepolovljenim Stevilom naslovnih linij
(PA1),

- klasi¢na PA s prepolovijenim Stevilom naslovnih linij in
nasprotno simetriénimi zapisom DV (PA 2),

ter dveh sit v modificirani PA:

- modificirana PA (MPA),

- modificirana PA s prepolovijenim stevilom naslovnih
linij (MPA 1).
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V modelih smo zajeli vplive kvantizacije vhodnega signala,
delnih vsot, aritmeti¢ne enote in izhodnega signala.

Zaprimerjavo smo izbrali optimalno minimaks nizko-prepust-
no sito stopnje N-1 = 29, s prepustnim pasom od O do
0,2# in zapornim pasom od 0,3f, do 0,5f,. Pri tem je f,
frekvenca vzoréenja. Koeficiente impulznega odziva smo
izracunali z Remez menjalnim algoritmom in normirali na
maksimalno amplitudo frekvenénega odziva vrednosti ena.
Referencne vrednosti osnovnih frekvenénih parametrov
omenjenega sita so:

- ojaCenje v prepustnem pasu PBG = 0,9993,
- slabljenje v zapornem pasu SBA =-43,76 dB,
- slabljenje sita A = 43,76 dB.

Amplitudni spekter sita prikazuje slika 5.

g

DN

<
7

Amplituda # {dB]
&

60+

-80 , . . .
0 0,1 0,2 03 0,4 0.5

Normirana frekvenca fif,

Siika 5: Amplitudni spekter nizko-prepustnega sita
stopnje 29.

Ker gre v PA za celostevilsko aritmetiko, je potrebno koefi-
ciente hln] oz. delne vsote ustrezno normirati, da prepredi-
mo prekoracitev obmocja izhodnega signala [-1, 1). Kot je
bilo zapisano v /9/ se normiranje h izvaja na maksimalno
absolutno vrednost frekvencénega odziva H z:

h —

orm L] = ﬂ—l——Q%Z—, n=01...N-1 (17)
max | H(e’")|

Pritem je Qy stopnja kvantizacije izhodnega signalain je Q,
= 27871 Tydi pri zapisu DV smo omejeni s konéno dolzino
besede in maksimalna DV ne sme preseci obmodja za zapis
DV. Zato DV delimo z 2/, kjer i predstavija najmanjse pozi-
tivno celo $tevilo pri katerem je izpolnjen pogoj maksimalne
DV. S tem smo zmanj8ali dinami¢no obmodje y, kar delno
kompenziramo z zamikom podatkovnih linij aritmeticéne
enote, ki jih vodimo naizhod, za i bitov vlevo. Kompenzacija
je smiselna ob pogoju, daje B, = By+i. Pritem sta B, dolzina
aritmeticne enote in By je dolzina izhodne besede.

Zaprimere, ko so koeficienti h[n] izrazito pozitivni ali nega-
tivni*, nasprotno simetricni zapis DV bolje izkoristi omejeno
obmodje za zapis vrednosti. Posledi¢no so normirane DV in
dinami¢no obmocje y vedje. Tudi za realizirane oblike sit se

! To je lastnost predvsem nizkoprepustnih sit.

je, kot v /9/, pokazala prednost modificirane PA. Za siti v
modificirani PA, kakor tudi za sito v klasiéni PA z nasprotno
simetricnimi DV, 'so bili normirani koeficienti h[n] dvakrat
vedji od tistih v klasiéni PA. Ustrezne koeficiente normiranja
2! za posamezno sito prikazuje tabela 3.

Tabela 3: Koeficienti normiranja za posamezno aritmetiko.

Aritmetika Koeticient normiranja 2°

PA
PA 'L
PA2
MPA

MPAL

[ SIS NN

Opazovali smo ¢asovne odzive struktur na beli Sum. Iz odsto-
panj med kvantiziranimi in referenénimi odzivi smo dolodili Sum
izhodnega signala ter izra¢unali razmerje signal-6um (razmerje
SNR). Razen velikosti pomnilniskega prostora se posamezne
strukture bistveno razlikujejo predvsem po delnih vsotah. Zato
smo lo¢eno opazovali vpliv kvantizacije vhodnega signala in
delnih vsot, vrednosti v aritmeti¢ni enoti in izhodne vrednosti
pasmo zapisali z 32 biti. Vplivomejene dolZine vhodain DV na
razmerje SNR prikazujeta sliki 6 a)in b).

100

80

60 +

40 1

Razmerje SAR [dB]

ool
6 8 10 12 t4 16 18 20 22 24 26 28
Stevilo bitoy By

b)

40

Razmerje SNR [dB]

6 8 10 12 14 16 18 20 22 24 26 28
Stevilo bitov By
Slika 6: Potek razmerja SNR v odvisnosti od $tevila bitov
By, Bx je parameter (PA - klasicna PA, PA 1-PAs
prepolovijenim Stevilom nasiovnih linij, PA2 - PA
s prepolovijenim Stevilom naslovnib linif in
nasprotno simetri¢nimi zapisom DV, MPA -
modificirana PA,MPA 1 -modificirana PA s
prepolovijenim Stevilom naslovnih linij).
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|z primerjave poteka krivulj PAin PA 1 na sliki 6 a) je razvidno
zmanj$anje razmerja SNR za sito s prepolovijenim Stevilom
naslovnih linij (PA 1) pri enaki stopnji kvantizacije. V obeh
primerih je koeficient normiranja enak, zatorej gre zman-
iSanje razmerja SNR na rac¢un izracuna DV v dveh korakih, ki
je posledica postopka zmanjsanja pomnilniskega prostora.
Z nasprotno simetriénim zapisom DV {ahko, predvsem za
nizko-prepustna sita, uporabimo ugodnejse normiranje DV
in fako dosezemo razmerja SNR, ki so primerljiva s klasi¢no
PA. Tak primer prikazuje potek krivulj PA 2 na sliki 6. a).
Negativen vpliv postopka izracunavanja DV v dveh korakih
na razmerje SNR je razviden tudi iz poteka krivulj MPA in
MPA 1 na sliki 6 b). Zaradi postopka prepolovitve Stevila
naslovnih linij moramo torej bitno Stevilo By povecati za ena,
Se zelimo obdrzati enako razmerje SNR. Zaradi ugodne-
iSega normiranja (glej tabelo 3) dosegamo, ob enaki stopnji
kvantizacije, z modificirano PA ve&je razmerje SNR glede
na klasi¢no PA (glej poteke krivulj PAin MPA na sliki 6. a oz.
b). Z uporabo postopka prepolovitve Stevila naslovnih linij v
modificirani PA dosegamo podobno razmerje SNR kot v klasi-
&ni PA (glej poteke krivulj PA in MPA 1 na sliki 8. a) oz. b).

6. Zakljucek

V prispevku smo predstavili nacine zmanj$anja potrebnega
pomnilniSkega prostora za shranjevanje DV digitalnih sitv
klasi¢ni in modificirani PA. Pri delu smo se omejili na sita z
linearnim potekom faze, katerih posebnost je simetrija koe-
ficientovimpulznega odziva. Zaradi simetrije je dovolj, Ce v
pomnilniku pomnimo delne vsote polovice koeficientov
impulznega odziva. Postopek omogoc¢a zmanjsanje pom-
nilniskega prostora iz 2N na 2M2 naslovov. Drug pristop
temelji na nasprotno simetricnem zapisu delnih vsot. V pom-
nilniku pomnimo le prvo polovico nasprotno simetricnih DV.
Drugo polovico generiramo iz prve z ustreznim naslavljan-
jem in spremembo predznaka. S tem dosezemo zmanjsa-
nje pomnilnidkega prostora iz 2Y na 2% naslovov. V prispe-
vku predlagamo zdruzitev obeh pristopov. Nasprotno
simetriche deine vsote generiramo sedaj le iz polovice
simetric¢nih koeficientov h(n]. Za primer sita s sodo simetrijo
tako dosezemo zmanjganje pomnilnidkega prostoraiz 2V na
2N/t 7aradi dvoinega naslavljanja pomnilnika v procesu
izracunavanja ene DV, se poveca minimalno potrebno stevi-
lo bitov By, pri katerem dosezemo maksimalno mozno raz-
merje SNR. Z uporabo nasprotno simetri¢nih DV uspemo,
za sita z izrazito pozitivnimi ali negativnimi koeficienti, doseci
enako razmerje SNR kot v klasi¢ni PA.

Modificirana oblika PA Ze v osnovi prinasa dve prednosti v
primerjavi s klasi¢no PA: manj kompleksno vezje in vecje
dinami¢no obmocdje izhoda y. Posledi¢no tudi vecje raz-
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merje SNR pri enaki stopnji kvantizacije. Slednje je prisot-
no pri sitih z izrazito pozitivnimi ali negativnimi koeficienti. Z
vpeliavo postopka razpolovitve Stevila naslovnih linij v mod-
ificirano PA se razmerje SNR sicer zmanjsa, vendar Se zmeraj
dosega nivo klasi¢ne PA.
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THE ELECTROTHERMAL MACROMODEL OF ZCS RESONANT
CONVERTER CONTROLLERS FOR SPICE
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Abstract: The main aim of this paper is to propose a new electrothermal (including selfheating) macromodel of the MC34066 ZCS resonant
converter controller for SPICE. The macromodel structure results both from the controller block diagram presented by the producer in the
catalogue data and the principle of its operation. This macromodel formed in the network form describes the fundamental and the most important
features of the considered IC. The proposed macromodel was verified experimentally. The majority of the macromodel parameter values have been

obtained from the measured characteristics.

SPICE elektrotermicni model ZCS resonancnih pretvornikov

Kjuéne besede: ZCS pretvornik, SPICE, elektrotermiéni model

lzviedek: V prispevku predlagamo nov SPICE elektrotermi¢ni model za MC34066 ZCS resonancni pretvornik. Makromodel je nastal na osnovi blok
diagrama proizvajalca, kakor tudi na osnovi principa delovanja. Makromodel v obliki blok vezja opise najbolj pomembne lastnosti integriranega vezja.
Predlagani model smo preverili tudi eksperimentalno. Vecino parametrov makromodela smo dologili na osnovi merjenih karakteristik

1. Introduction

The resonant converters switching at zero voltage (ZVS) or
at zero current (ZCS) /1, 2, 3/ are more and more popular
circuits which belong to the class of Switch Mode Power
Supplies (SMPS).

In the process of designing such a class of converters, fully
credible models describing the converter components (di-
odes, transistors, etc.), or describing the whole circuit, play
a fundamental role and the proper computer tools are nec-
essary as well. Today, SPICE along with the built-in models
and worked out by the producers macromodels of some
devices such as: diodes, transistors, inductors, transform-
ers and the large class of ICs is such a convenient tool. For
example, the macromodels of controllers dedicated to dc-
dc converters are available in the SWIT_REG.LIB library
/4/ and in the libraries attached to the Basso book /5/.
Unfortunately, there are no models or macromodels of res-
onant converter controllers available for SPICE users. The
preliminary versions of ZVS and ZCS converter controller
macromodels elaborated earlier by the authors can be found
in the papers /6, 7/. The macromodels, presented in the
cited papers are the isothermal ones and in these macro-
models selfheating in semiconductor devices is omitted.

Due to the selfheating existing in IC, the electrical power is
changed into heat, which in the non-ideal conditions of heat
removing to the surrounding results in an increase of the
innertemperature Tj. In turn, due to an increase of the device
innertemperature both a change of d.c. characteristicsand a
decrease of device reliability are observed /8, 9/.

To include the selftheating phenomena in the computer-
aided design and the analysis of SMPS the special kind of
models, called the electrothermal ones should be used.

In the literature the electrothermal models of semiconduc-
tor devices for SPICE, e.g. /10, 11, 12/ are proposed, but
there is no information about electrothermal models of mono-
lithic integrated circuits.

The aim of the paper is to present a new electrothermal
macromode] of the MC34066 controller dedicated for
SPICE. in the macromodel construction process the mod-
elling idea, used by the authors for the first time in the case
of PWM controlier electrothermal macromodel formulation
/13/, has been adopted.

The monolithic controller MC34066 made by ONSemi-
conductor is dedicated for the class of resonant ZCS
switched mode power supplies. By means of this controller
the frequency modulation of the output signal is realised.

The considered controller can operate with the constant or
variable value of the pulse duration time (on-time or off-time
mode). The combination of both the modes of operation is
also possible /14/.

At the outputs of MC34066 one can get two signals of the
frequency from 40 kHz to 1.2 MHz and the high value ofthe
current efficiency.

According to the catalogue data /14/ the output frequency
signals can be changed a thousand times, and the frequen-
cy band of the error amplifier is equal to 5 MHz. The under-
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voltage and overcurrent protection, as well as the soft-start-
ing circuit, are included in the considered IC.

The time duration of the high level at the generator output as
well as the maximum value of the output signal period are
determined by the external RC elements. The value of the
output signal period depends on the voltage existing at the
output of the error ampilifier.

In Chapter 3, the proposed macromodel form of the
MC34066 controller is shown and described, whereas
Chapter 4 presents the results of the measurements and
calculations of two important parameters, such as the pulse
time duration and the period of the output signals of the
considered controller working in the special test circuit with
different values of the external RC elements.

3. The Macromodel Structure

The macromodel structure results from the controller block
diagram presented by the producer in the catalogue data /9/,
the principle of operation of the controller of the ZCS con-
verter as well as the roles of formulating the device electro-
thermal models /15/. This macromodel, presented in Fig.1
in the network form, describes the fundamental and the
most important features of the considered IC. The efficien-
cies of the controlled sources are given both as the logic
expressions resulting from the IC structure and as the func-
tions formulated on the measurement data.

| MC34066

o
Vs Vi TFF
O

{ T
Es

Fig.1.  The macromodel diagram ofthe ZCS controller

32

Ten essential blocks: reference voltage source (Vrer), error
amplifier (EA), oscillator (QSC), retrigerrable monostable
multivibrator (RMM), T flip-flop (TFF), soft-start circuit (SS),
under-voltage protection (CH3), two identical output stages
(SW1 and SW2) and the thermal model (TM) can be distin-
guished in the macromodel.

The error amplifier is described as a quasi-ideal operation
amplifier in which the efficiency of the voltage control
source Ey, given by

Ew :Ku .(I/reg ——Vout) (1>
is proportional to the open loop amplification factor (K} and
the ampilifier differential input voltage (Vreg - Vour), whereas
Rw and Rwo represent the input and output amplifier resist-
ances, respectively.

As it is seen from Fig.2, the inputs of the considered error
amplifier are excited by the control voltage (Vieg) and the
feedback voltage Vout, respectively. lts output controls the
discharging current of the auxiliary capacitor Cosc.

Fig.2.

The network representation of the T flip-flop
circuit

In the macromodel the typical catalogue values of the pa-
rameters Ry, = 5 MQ, Ruo = 75 Q, and K, = 10° have been
taken into account.

The two-terminal network consisting of the resistor Ry and
the capacitor Cris used for programming the pulse time
duration. In turn, the second two-terminal network com-
posed of Cosc capacitor and Rosc resistor determines the
minimum oscillation frequency, whereas the main task of
the current source of the efficiency G controlled by voltage
Vg, is to discharge Cosc capacitance. The efficiency of this
source is described by

V,-Vi-(-a, T-1,) 7, n]

G, = LIMIT 2,

Rypo Ryro Ryro

where LIMIT denotes the built-in function of SPICE, Tis the
temperature, V1, V2, V3, ar are the model parameters, and To
is the reference temperature, at which parameter values
have been estimated.
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Two switches - S1 and S2 controlled by the signal existing
at the output of the comparator with hysteresis (CH1) are
switched on when the value of the voltage across Cosc ca-
pacitance decreases below 3.6 V. On the contrary, they
are switched off in the case when this voltage increases up
to5.1V.

The comparator with hysteresis is modelled by means of
three voltage controlled sources E1, Ep, E3 of the efficienc-
es given by /16/

E, = LIMIT (x,1,0) (3)

where: LIMIT denotes the standard SPICE function and x is
given by

_ E2 fO}" V:’n <Vmin and V;n >V;rmx

B2 B for Vi, <V, <V @
1 fOr I/in <I/min

1
E2=4v-— (V. -V . or V<V <V
me . Vm;n ( in mm) f min in mx (5)
0 for I/in > V"IX
0 for dV, /dt<0
E3={dV,]dt for 0<dV,]dt<1 @)

1 for dV, /dt>1

where Vimin and Vimax denote the values of the bottom and the
upper boundary of the hysteresis loop. In the model Viin =
3.5V, Vmx = 3.51 Vand Vmax = 4.9 V were assumed.

The input of the T flip-flop circuit (TFF) is controlled by the
logic sum of the output signals of both the comparators. In
turn, the output of the flip-flop circuit controls the output
block consisting of two BJTs, operating in the emitter fol-
tower circuits.

The efficiency of the source Es is
E, =LIMIT(, +V,,1,0) (7)

where Vo and V3 denote the voltages at the outputs of the
comparators CH1 and CH2, respectively.

In the soft-start circuit (SSC) the current source lss, whose
efficiency is described by a Heaviside's jump of the value
equalto 9 WA /9/, charges the auxiliary capacitor Css. The
Zener diode DZ limits the voltage on this capacitor to 3 V.
The efficiency of the controlled voltage source Ess is equal
to the voltage on the capacitor Css. Because of the use of
the diode D1, the slew rate of the error amplifier (EA), after
switching on the power supply, is limited by the slew rate of
Css capacitor voltage and the controller starts working with
the minimum switching frequency.

The undervoltage lockout is realised by the use of the com-
parator with histeresis CH3. If the supply voltage of control-

ler decreases under 9V, the comparator output voltage V4
decreases to a low stage. The change of this voltage to a
high stage requires an increase of the supply voltage to 16
V. The low stage of the output of the considered block caus-
es the low stage on both the outputs of the MC34066 con-
troller.

The output stage consists of two identical blocks: SW1 and
SW2. In turn, each of them is composed of four bipolar
transistors (BJT), four resistors and one current source. The
shunt resistors are connected paralleily to BJT's base-to-
emitter junctions in order to accelerate the transistors switch-
ing-off process /1/.

The bipolar transistors are described by their SPICE built-in
model. The value of the series collector resistance is esti-
mated according to the rate of the transistors switching-on.

The controlled current sources Ge1, Geo, Ges and Geg modei
the temperature dependence of the collector resistance of
thetransistors T1, T2, T3, T4 operating in the output stage.
These sources are described by the formulae

G — VGCi
Cci
Rc "W ge '(T_To)

(8)

wherei=1, 2, 3, 4, Vggiis the voltage on the i-th source, Re
is the collector series resistance for T = Ty, whereas Ogc
denotes the temperature coefficient of Re resistance.

The efficiency of two voltage sources Eqp and E11 control-
ling the output stages depends on the input Vr and output
Vq voltages of T flip-flop. The considered sources are de-
scribed by

E, :Q_VQ ) (I“VT)'VCC ©)
E, =V, '(1'VT)‘VCC (10)
where Ve denotes the supply voltage of the controller.

The efficiency of Isupt current source describes the current
value consumed by the controller (without the output stage)
from the source of the supply voltage. The obtained from
the measurements values of Isyp1 are equal to 22.1 mA.

The puise time duration both at the controlier output and the
output of the flip-flop are equal to each other. The flip-flop is
modelled by means of the circuit shown in Fig.2.

The voltage controlled sources e1, ez and ez are of the effi-
ciency equal O or 1, depending on the logic state at the
input (Vin) and the output (Vour) of the flip-flop, The essential
role of the resistances res, res and capacitances ces, cesis
to delay properly the signals controiling switches S1 and
S2 in such a way which ensures that both the switches are
not switched on at the same time.

The efficiency of the source ez equals 1, when at the input
(output) of the flip-flop the signal increases (low state) or
when at its input (output) the voltage is constant (high state).
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Inturn, the efficiency of the source es, similarly to what was
described above, is equal to 1 when at the input (output) of
the flip-flop the signal increases (high state exists) or when
atits input (output) the voltage is constant (low state exists).

The switch ST1 is switched on when the voltage at the
capacitance ces is greater than 0.5 V, whereas the switch
ST2 is switched on when the voltage across the capaci-
tance cesis greaterthan 0.5 V. The switch ST3 is switched
on while the control signal is increasing, otherwise it is
switched off.

The thermal model (TM) consists of the controlled current
source p, of the efficiency equal to the dissipated power in
the controller, the RC network, representing the transient
thermal impedance of the controller and independent volt-
age source V1, whose efficiency corresponds to the ambi-
ent temperature. The efficiency of the py, source is given by

4
Lo =Vee Lsum +Zia "Ver (11)
i=]
where ici and veei denote the collector current and the col-
lector-to-emitter voltage of the transistor Ti (i = 1, 2, 3, 4),
respectively.

4. Verification of the Macromodel

The proposed macromodel has been verified experimen-
tally. For the investigated device (MC34066) the test circuit
(TC) with the resistance load and without a feedback loop
has been proposed by the authors (Fig.3). Some measure-
ments for the various values of the ambient temperature,
supply voltage, and the load resistance as well as for some
values of RC elements connected to the oscillator terminals
and determining the period and the dead time of the output
signals have been performed in TC.

I
Cosc H Cr

— —

Ry
Roe 0 b e L

MC340666

—]
B

B 150114 (12
In
I ki
VSUI’O—‘

Ryro

T
o T

Fig.3.  Thetest circuit
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As an example, in Fig.4 the results of the simulations (lines)
and measurements (squares) of the period of the output
signal Ts on the regulation voltage Vieg for two values of
temperature and different values of external RC elements
are presented. In both cases the identical values of Rosc =
89.45 kQ and Ry = 14.86 kQ are used, whereas the other
elements are of the following values:

a) for the case presented in Fig.5a: Cosc = 101.8 pF,
Ct=105,4pF,Vsup = 20 Vand Ro =1.2 kQ,

b) forthe case presentedin Fig.5b: Cosc = 327 pF, Ct=
268.8 pF, Vsup = 12Vand Ro = 208 Q.

As seen from Fig.4, a satisfactory agreement between the
calculations and measurements of the dependencies of the
period of the output signal on the regulation voltage, for
both the temperatures, has been achieved. It is worth notic-
ing that the period time decreases nearly tenfold in the range
of the regulation. Increasing the temperature pushed the
characteristics to the left direction, which is especially im-
portant in the range of Vieg changing from 1.2V to 2 V,
where the values of Ts corresponding to the selected value
of Vreg can differ from each other by over 30%.

a) g

Ts {us}

0,5 1 1,5 2 2,5 3 3,5 4

Ts [us]

05 1 1,5 2 2,5 3 3,5 4
Vieg [V]

Fig.4.  Calculated (lines) and measured (squares)
dependencies of the period time on the
regulation voltage

The shape of the obtained characteristics qualitatively
agrees with the results corresponding to the other values of
RC elements, which confirms the correctness of the pro-
posed model.



K. Gorecki, J. Zarebski: The Electrothermal Macromodel of
ZCS Resonant Converter Controllers for Spice

Informacije MIDEM 36(2006)1, str. 31-36

Inturn, in Fig.5, the results of the measurements and simu-
lations of MC34 066 operating in the test circuit (Fig.4) for
the changed values of the external elements, which are
Cosc = 327 pF, Ct = 268.8 pF, Ro = 208 Q and for two
temperatures T1 = 20°C and T2 = 73°C are presented.

25

Tg [us]

0,5 1 1,5 2 25 3 3,5 4
Vi [V]

Fig.5.  Measured and calculated dependence
Of TS on V[eg

As seen, also in this case a good agreement between the
calculation and measurement results for both the tempera-
tures in the whole range of the regulation voltage Vieq, was
achieved. The shape of the obtained characteristics quali-
tatively agrees with the results corresponding to the other
values of RC elements, which confirms the correctness of
the proposed model.

In Fig.6 the measured and calculated dependences of the
supply current Isyp on the control voltage Vreg at fixed values
of the supply voltage Vce and the load resistance Ro are
presented. The investigations have been performed for the
following values of the external elements: Cosc = 330 pF,
Rosc = 91 kW, Ct= 270 pF iRy = 14 kQ, T = 20°C.

120

Vee =20 V, R g =240 Q

100

80 A

60

Isyp [mA]

40

20 4

0 v T T T
0 I 2 3 4 5
Vi [V]

Fig.6.  The dependence of the controller supply current

on the regulation voltage

As seen, the resuits of the measurements and calculations
fit very well.

From the dependences illustrated in Fig.6 it appears that
Isup current value depends strongly on the Vo and Ro val-
ues. Decreasing Ro and increasing Vec cause the Isyp to
increase. On the other hand, the biggest value of Isup corre-
sponds to the biggest values of Vieg, that is for the highest

frequencies of the control signal. Isup increases linearly in
the range of Vreg changing from 1.3 V1o 2.7V. So, thisisthe
range in which the pulse time duration ty and period Ts
keep constant values.

Fig.7 illustrates the mode of operation of the soft-start block
for Css = 1 nF, Cosc = 327 pF, Ct = 268.8 pF, Rosc =
89.45kQ, Rr=14.86 kQ,Vec = 12Vand Rg = 208 Q. In
the figure, solid and dashed lines denote the simulation
results of the considered controller obtained with the soft-
start circuit taken into account and without it, respectively.

25

ey
=
E':n ‘10 -4
V=2V
A
5 U
0 T T ¥ T
0 20 40 60 80 100
period number
Fig. 7. The dependence of the interval between two

successive pulses on the period number

As seen, at the steady-state the values of Ts period corre-
sponding to both the considered situations are practically
the same, whereas immediately after the controller switch-
ing-on the soft-start circuit causes the interval between two
successive pulses of the output signal to lengthen even
tenfold. Such properties of the investigated controller are
convenient for the principle MC34066 operation available
inthe catalogue data /14/.

In Fig.8 the calculated dependence of the device inner
temperature on the voltage Vieg corresponding to the char-
acteristics from Fig.7, is presented. As seen, the innertem-
perature depends on the supply voltage and the load resist-
ance. For the maximum allowable value of Ve and at Ro =
240 Q the inner temperature tends to its maximum value
given in the catalogue.

70 Vee =20V, Ry =240 Q

Vee =20V, Ry =1.2kQ

—

55 Ve =12V, Ry =240

Vi [V]

Fig.8.  The calculated dependence of the inner
temperature on the regulation voltage
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5. Conclusions

In the paper the new electrothermal macromodel of ZCS
controller dedicated for PSPICE is proposed. The basis for
this macromodel preparation were the measurements of
MC340866 characteristics. The macromodel has been ver-
ified experimentally in the test circuit worked out by the
authors.

The model presented in Chapter 4 assures a good agree-
ment with experimental results in the wide range of temper-
atures, the supply voltage, the load resistance, as well as
the external RC elements. It is worth mentioning that this
agreement is achieved both for on-time and offtime modes
of MC34066.
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Abstract: While the automobile industry of electrically powered cars is still in its infancy, the industry vehicles, such as forklift trucks and other
material handling equipment, have been in production for several decades. The use of electrically powered trucks imposes the problem of fuel-
gauges, as they are not equipped with a reservoir enabling simple measurement of the fuel content. Knowing the battery state-of-charge is
essential in preventing stranding and ensuring full-range exploitation of the battery power as well as informing the driver about the truck working
hours time when battery charging should be dope.

New electric trucks emerging in the market use AC motors for traction, necessitating phase current measurement. By using the existing hardware
for phase current measurement, the battery current can be calculated thus reducing the cost of an additional hardware needed for battery current
measurement. This paper addresses also the technique for correct battery current reconstruction from phase currents.

The paper presents two techniques enabling accurate estimation of the remaining battery capacity. During battery discharging, the ampere-hours
taken from the battery are integrated and when the battery is not loaded, the open-circuit voltage measurement is made. A new technique to reduce
the rest period needed to take the measurement of the open-circuit voltage is imposed to further improve the battery state of charge algorithm.
Using both methods, i.e. the ampere-hours and open-circuit voltage, simplifies the overall state-of-charge estimation irrespectively of different
battery sizes, battery ageing and temperature changes.

Ugotavljanje napolnjenosti svinCevih baterij v aplikacijah
paletnih viliCarjev s pogonom na indukcijski motor

Kjuéne besede: svinceva baterija, akumulator, stanje napolnjenosti, vilicar, pulzno-Sirinska modulacija, rekonstrukcija baterijskega toka, izmenicni
motor

Izvle¢ek: Medtem ko je avtomobilska industrija vozil na elektriéni pogon 8e v povojih, je proizvodnja industrijskih vozil, kot so paletni vilicarji in druga
vozila za delo z blagom, v teku Ze vec desetleti]. Z uporabo elektricnih vozil se porodi problem merilnikov goriva, ker nimamo na vozilu rezervoaria, kjer
bi lahko opravili preprosto meritev polnosti. Vedenje o napolnjenosti baterije je kljuéno, de nodemo, da nas vozilo pusti na cedilu, a da hkrati
izkoristimo vso energijo, ki nam jo nudi akumulator. Poznavanje napolnjenosti baterije informira voznika o delovnih urah, Ki jih elektriéno vozilo Se lahko
opravi, in opozori, kdaj je potrebno baterijo napolniti.

Nova elektricna vozila, ki se pojavijajo na trgu, poganjajo motorji na izmeniéni pogon, kjer je za pravilno krmilienje potrebno meriti fazne tokove. Z
uporabo obstojecega elekironskega vezja za merjenje faznih tokov je mozno izmeriti in izracunati baterijski tok. S tem se zmanjsa strosek dodatnega
elektronskega vezja, ki bi bil potreben za merjenje baterijskega toka. Ta ¢lanek predlaga metodo za pravilno rekonstrukcijo haterijskega toka iz
merjenih faznih tokov.

Za tocno ocenjevanje napolnjenosti baterije sta predstavijeni dve metodi. Med praznjenjem baterije se sesteva poraba amper ur in, ko baterija ni
obremenijena, se opravi meritev napetosti odprtih sponk. Predstavijena je nova metoda za zmanjsanje potrebnega ¢asa poditka baterije po uporabi,
ki izboljisuje algoritem ugotavijanja napolnjenosti baterije. Uporaba obeh metod izboljguje skupno oceno o napolnjenosti baterije in je neodvisna od
kapacitete baterije, efekta staranja in temperaturnih sprememb.

urement of the level of fluid in the tank. The gauge usually
shows the level as a portion of the full tank. On the other

1 Introduction

All vehicles used today in the field have limited power sourc-
es, which consequently limit its operational hours. To en-
sure their proper operation, enough energy to power them,
has to be made available in the system. Whether this energy
is directly measurable or not, the driver has to be informed
by some means of the actual energy still in the vehicle.
Drivers of combustion-engine driven vehicles are accus-
tomed to checking the gas gauge so as to estimate opera-
tional hours the vehicle can run. Measurement of the re-
maining gasoline available in the vehicle is simply a meas-

hand, electrically powered vehicles lack this simplicity of
the fuel gauge and determination of the available energy in
the battery pack is quite an ample task. In majority of cases
industrial vehicles are powered by secondary lead-acid
batteries addressed in this paper. This type of the batteries
has been a successful commercial commodity for more
than a century. The reasons for this wide use are mostly
their low price, simple manufacturing and good perform-
ance and life cycle characteristics /3/. In the same way;,
the fuel gauges show the percentages of the tank fullness
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and the battery state-of-charge indicators show the percent-
age of the remaining battery capacity. This helps the driver
to estimate how long the vehicle will operate and when
charging of the battery is necessary. The accuracy of these
indicators is essential in preventing stranding and ensuring
full-range exploitation of the battery power. The battery state-
of-charge (SOC) is a complex non-linear function of the
discharge current, ambient temperature, battery age and
other parameters /4/. In practice, direct measurement of
some of these parameters is either impossible or too ex-
pensive. There are several practical methods available to
monitor lead-acid batteries. All of them use one or more
measurement data to estimate the remaining capacity in the
battery. Most of the methods implemented in the market
use either the simple open-voltage /6/ or coulometric meth-
od {ampere-hour measurement) or a combination of the two
/5/. Other technigues are specific gravity, voltage under
load /2/ and various battery model-based methods /1/,
/7/. The specific gravity method directly indicates SOC by
showing the acid concentration in the electrolyte trans-
formed during discharge.

The method presented in this paper is a combination of the
open-circuit and ampere-hours measurement /4/. Amon-
itoring technique based on the open-circuit voltage, which
was originally used in the forklift truck, is improved with
battery current measurement. An improved technique dras-
tically reducing the stabilizing time of the battery voltage is
developed to predict the open-circuit voltage. The proposed
algorithm optimizes the overall accuracy due to the con-
stant measurement of ampere-hours drawn from the bat-
tery. Atthe same time, it adapts to different operating condi-
tions, battery ageing and quality of battery service. Battery-
powered material-handling trucks use different types of the
traction motors. In the past, mainly separately excited DC
motors were used. Today, with new technologies evolving
and fast signal processors availability, induction traction
motors are widely used. For control purposes, phase cur-
rents of the AC induction motors have to be known. To re-
duce the cost and additional hardware for battery current
measurement, the paper describes techniques to recon-
struct the battery current of the induction motor from the
measured phase currents /8/. All high power devices on
the electric truck contribute to the total energy consump-
tion and have to be taken into account. The main truck con-
troller collects these data and computes the total battery
current.

2 Battery capacity

The term battery capacity describes the amount of usable
energy stored in the battery. There are several principles to
define it. The theoretical capacity is the total power that can
be drawn from a battery. This value depends on the amount of
the electrolyte and not on the material in the plates of a new
battery /3/. The electrolyte in the lead-acid battery is a solu-
tion of sulphuric acid and water. This concentration is de-
fined as a specific gravity, a measure of density, which is the
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ratio of the mass of the mixture of sulphuric acid and water to
pure water. The relationship between the state-of-charge and
specific gravity is linear as shown in Figure 1 /3/.

Avaifable capacity versus specific gravity
T : T T

Specific gravity

s : i ¢ v ¢ ' ;
100 90 90 70 80 50 40 30 20 9 9
Available capacity {%}

Figure 1. Relationship between the available capacity and
specific gravity for a typical traction secondary
lead-acid battery

The usable capacity defines the ampere-hours available in
the battery at a certain discharge rate. A battery rated at 400
Ah at C/5 rated current means that the battery can be dis-
charged at 80 amperes in 5 hours. This capacity varies
depending on the discharge current. The above battery
discharged at 200A will last only 1.6 hour, giving only
320Ah. Peukert /9/ empirically defined the relationship
between the available capacity Ca and the discharge cur-
rentlas:

Ca :K[)l—l (—I)

where constants n and K depend on the temperature, con-
centration of the electrolyte, and the structure of lead-acid
batteries. It should be noted that the usable capacity does
not take the recuperation effect into account, because itis
derived under continuous, constant current discharge con-
ditions /4/. This means that with intermittent rest periods
between discharges, the electrolyte has more time to dif-
fuse and thus increases the total capacity of the battery.
Since the usable capacity is defined as practical capacity,
most commercially available battery indicators show usa-
ble capacity. The recommended usable capacity is gener-
ally only 80% of the rated usable capacity to insure the
maximum battery life /3/.

3  Battery SOC measurement

in a certain way SOC differs from the usable capacity show-
ing the percentage of the available total capacity rather than
indicating the amount of ampere-hours available from a cell.
As already mentioned above, there exist several measuring
technigues to estimate the battery SOC /6/.
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1) specific gravity measurement, 2) open-circuit voltage
measurement, 3) battery voltage under load measurement,
4) ampere-hours measurement, and other combinations of
these four basic techniques. The specific gravity measure-
ment method is impractical for real applications, since the bat-
tery has to be opened and rested for several hours after use.

3.1 Open circuit voltage method

The open-circuit voltage of a secondary lead-acid battery is
directly related to the battery SOC. This method is particularly
suitable for automated battery monitoring since it enables to
measure the voltage directly from the battery terminals and no
special sensors are required. The nominal voltage of the lead-
acid cell is 2V. The open-circuit voltage is a direct function of
the electrolyte concentration, ranging from 2.125V for a cell
with 1.28 of the specific gravity to 2.05 V with 1.21 of the
specific gravity /6/. The open-circuit voltage depends also on
temperature of the electrolyte but the temperature coefficient
is about 0.2mV/C and can be neglected in real applications
where operating conditions do not change for more than 50 °C,
which is less than 1% of the total battery capacity. Thus, the
relationship between the open-circuit voltage and specific grav-
ity is linear within the usable battery capacity range. The bat-
tery open-circuit voltage being linearly dependent on specific
gravity, which is a direct SOC indicator, the state-of-charge
can be defined by the ratio of difference of actual open-circuit
voltage Vocy to empty battery open-circuit voltage Vempty, to
difference of full battery open-circuit voltage Vs to empty bat-
tery open-circuit voltage Vempty:

VA v V’m
SOC 0 = =2t 00 @
Ve =V,
Sull emply

The open-circuit voltage must stabilize before a reliable
measurement can be made. This stabilization process can
take from 30 minutes to several hours depending on bat-
tery design, former discharge current and SOC.

Recovery of the open—circuil voltage after discharge al different battery SOCs
) T 1 T H

2sb SOC=90% ..

$OC = 60%

DADh e e T i

Y

$SOC = 30% .
23_5M N O SO

40 50 &0

timeaf)min]

Figure 2. Recovery of the open-circuit voltage at different
battery SOCs

Figure 2 shows a typical recovery process of the battery
open-circuit voltage at different SOCs.

Estimating the open-circuit voltage shortly after the load
has been disconnected from the battery can solve the prob-
lem of the long stabilization period after each discharge
cycle. A period of 7 minutes was established as appropriate
by the method presented in /4/. The proposed method is
based on experimentally determined time required by the
battery voltage to fully stabilize. Interpreting this time in a
logarithmic scale, very constant values were obtained for
different types of batteries and discharge rates prior to the
recovery process. Since 7-minute period of rest can be
quite long for some truck drivers, the time needed to calcu-
late the open-circuit voltage should be reduced. To have it
further reduced, the proposed method takes into account
the current battery SOC of the battery and the battery cur-
rent prior to the recovery process.

Battery velage recovery curves

Ub:". [\/;

tme {s)

Figure 3. Battery open-circuit voltage recovery curves after
different battery current loads

The higher current, before the rest period takes place, has
a strong impact on the recovery curve of the open-circuit
voltage as it can be seen from Figure 3. Taking this into
account, the asymptote of the recovery curve can be adapt-
ed. The dependency was found to be linearly related to the
current. At the same time, the total ampere-hours drawn
from the battery after the last rest period affect the recovery
curve, since with greater loads the battery takes more time
to stabilize than with smaller loads.

3.2 Ampere-hour method

Under-load measurement of the battery current and inte-
grating it over the time constitutes the ampere-hours meas-
urement method. This method is widely used since it is
simple to implement and gives satisfactory resuits for con-
stant-load states conditions. The coulometric measurement
gives a continuous indication of the battery ampere-hours
and by knowing the battery capacity the current battery
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SOCan can be calculated by the ratio /1/ of the actual bat-
tery capacity C, — fl »ae @1 10 total battery capacity Ca:

[, .dt

SOC,, =1- Sl (3)

C(Z

This technique provides a relatively accurate SOC indica-
tion, but is prone to the accumulation error resulting from
inaccurate current measurement and other factors that are
not taken into account. In its most basic form, the battery
capacity is assumed to be constant, but in reality the capac-
ity varies with the discharge current, type of discharge, bat-
tery age and temperature. As these effects are not taken
into account, this method can be regarded as accurate only
for short time lasting states. Its second drawback is that the
total battery capacity has to be known. To neglect the lack
of knowledge of the battery capacity, the proposed method
uses the open-circuit voltage result SOCocv and ampere-
hours consumed Cpeas to estimate the total battery capacity

C,(4).

a

A C
“=%oc, “)
ocv
Each of the techniques discussed above has its own draw-
backs. However, by combining the open-circuits voltage
and ampere-hours measurement, it is possible to get very
accurate results. The ampere-hours measurement is used

R tMaasure fbat

toat =07 =il
Tu=0 Tu=15
Y , Y
Integrate ibat Maasure Ubal ’ Measure Ubat
{if ACAP )
decrament SOG starttimer Tu | cale OCV

R |

store Ah cale SOC
reoset timer Tu caic CAP

' v |

Figure 4. Measurement algorithm scheme

when the truck is operating and current is drawn from the
battery. This informs the driver of the current ampere- hours
consumption. When the truck is at rest and no power is
drawn from the battery for long enough periods, the open-
circuit voltage measurement takes place and estimates the
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battery SOC (Figure 4). On the basis of SOC calculated
from the open-circuit voltage, the total battery capacity
correction is made (4), which influences the ampere-hours
SOC estimation (3).

4 Battery current reconstruction

The forklift truck is a material-handling vehicle powered by
alead-acid battery. The whole system is composed of sev-
eral electrical devices. The main truck controller is a four-
phase inverter controlling an induction motor and DC pump.
besides this, it handles the system logic and drives all hy-
draulic components. The electrically powered aided steer-
ing (EPAS) is a separate device controlling a permanent
magnet motor, tiller card is a driver command board and
graphic display is the system output device informing the
driver of the system status. Only the main truck controller
and EPAS system are the major power consumption devic-
es and their current has to be taken into account. Since
EPAS is a separate device, the information of its current
load is sent to the main truck controller through a system
communication channel.

In order to correctly calculate the ampere-hours drawn from
the battery, an accurate current measurement unit is need-
ed. This usually involves shunt resistor measurement or
more sophisticated equipment such as toroidal coils and
Hall sensors. Both techniques require expensive electron-
ic parts that have to be added to the system. Furthermore, it
complicates the electrical wiring of the truck, which adds
an additional cost to the truck. Since the main truck controi-
ler already measures the current of the traction induction
motor and the current drawn by the DC pump motor, it can
calculate also the battery current. The hydraulic pumpis a
PWM driven serial excited DC motor, so its current can be
calculated from the measured DC motor current flowing in
the phase /pnase. By knowing the applied frequency 1/ Tperiod
and duty cycle Ton of PWM modulation, also the battery
current Ipc can be reconstructed by:

on

[DC = lphase T
period

)

Moare problems arise in the case of traction motor battery

current reconstruction. The traction motor is a three-phase

symmetrically wounded induction motor driven by a three-

phase voltage source inverter (Figure 5). It is possible to
U * Iln

s s
sa sb’ s];*— b
s =k =R

Figure 5. Three-phase inverter

bat
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calculate the current drawn from the battery by knowing the
phase currents and the switching state of the three-phase
inverter, Due to the discrete nature of the output phase volt-
age, only seven distinct voltage vectors can be generated.
Each voltage vector within the sequence corresponds to
the state of the VSI power switches. These states determine
the way in which phase currents are mirrored by the dc-link
current (Table 1).

1, =0 (Sa, Sb, S¢) = (0,0,0)
1, =i, (Sa, Sb, Sc) = (1,0,0)
I, =-i, | (S58b,Sc)= (0,1,1)
1, =i, (Sa, Sb, S&) = (0,1,0)
I, =0 (Sa, Sb, Sc) = (0,0,0)
I, =i, (Sa, Sb, Sc) = (1,0,0)
I, =i, | (Sa58b,S0)= (0,11
1, =i, (Sa, Sb, S¢) = (0,1,0)

Table 1. Inverter states and line currents

U, u

A T

{

halr period PWM period

Figure 6. Signals controlling the upper transistors in a
three-phase inverter

Sa’

P

Lurreai volug

half peniod PWM period hatf period {

Figure 7. Correct measurement of phase currents in
symmetric PWM

A signal processor placed on the main controlier board drives
the phase inverter and does all on board calculations for
induction motor control. The VSI state is known at any time
in the workflow. The same processor measures also induc-
tion motor phase currents. To avoid measurement errors
due to the ripple current caused by PWM modulation of the
sinusoidal phase current, symmetrical PWM modulation is
implemented. The measurement of the phase current takes
place at a half period when all upper transistors are switched
on and at periods where all lower transistors are switched
on and there is no battery current flowing into the inverter
(Figure B). The average phase current is calculated based
on two measurements attimes t1 and t2 (Figure 7).

In each sampling period, the correct sector has to be deter-
mined and the length of the U1 and U2 stator voltages has to
be calculated (Figure 6). Determining the actual sector the
inverter is in; the correct direction of the line current can be
defined. When this is known, the average battery current
can be calculated for that period:

iplta,vel(Sa’ Sb; SC) . U2

j — i[)lza.cel(Sa, Sb, SC) . Zjl +

in

(6)
7;xa/f_ period

The sampling frequency of phase currents for battery cur-
rent reconstruction is 50Hz.

5 Measurement results

In order to evaluate the proposed method of the battery
SOC estimation algorithm, several measurements were
made in field. They were carried out on a forklift truck pow-
ered by a 24V lead-acid battery manufactured by Fiamm
(12 cells, 375Ah at C/5). The battery was fully charged
before each discharge cycle with a laboratory charger. The
cycle tests were done under various working conditions.
The truck was accelerating, decelerating, lifting load and
driving on different slopes to match normal operating con-
ditions.

Battery voltage and current under test conditions

: : . ! | ) :
20 30 40 30 100 120 140 160
time [min]

Tjoo|- e

206 : i ¢ t

; ; )
20 49 80 80 100 120 140 180
time {rin)

Figure 8. Battery current and voltage under test conditions
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Thus, the battery was not discharged at a constant but at a
time-varying rate (Figure8). During discharge, the ampere-
hours were measured with a BRUSA BCM 400 ampere me-
ter and logged every 10 minutes. At the same time, the esti-
mated SOC based on ampere-hours calculated within the
main truck controller were logged on a laptop computer con-
nected to the main truck controller over a serial communica-
tion interface. The measured ampere-hours were then com-
pared to ampere-hours calculated by the truck main control-
ler. As can be seen in Figure 9, the accumulation error in-
creases at the end of the discharge cycle, where the error
between the measured and calculated ampere-hours rises
to 2%. These results show reliability due to the known battery
capacity and quite new battery pack used in the test. In old
batteries, this error can increase, since they can no longer
provide the rated capacity. In a separate discharge cycle open-
circuit voltage estimation tests were made. After each dis-
charge cycle, the battery was put to rest to fully stabilize in
order to measure the actual open-circuit voltage (Table 2).
After each 5% of discharge, a rest period of two hours took
place to allow for correct measurement of the open-circuit
voltage. As demonstrated in graphs 9 and 10, the proposed
technique of the SOC measurement gives very satisfying
results, as the error between the actual and estimated SOC
never exceeds 5% (Figure 10). To provide for a comparison,
values obtained with the old algorithm are plotted in Figure
10. As it can be seen, by using the new algorithm, accuracy
is improved by more than 15% compared to the old one. This
is mainly due to continuous measurement of battery con-
sumption in terms of ampere-hours drawn form the battery.

Fuily dischargerd batery tost

Yoor s & s w2 nmoa 4y [ S A T A - I T

meastrament {ng

Figure 9.SOC measurement results based on Ah

measurement
Fully disebaried bty st
) 3
o |
-
\'§ .
RN
\{N\
NN

,,,,,,,,,, e
Sy S ]
Figure 10.  SOC measurement results improvements
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Estimated Voltage Estimated SOC Error
23,78 0,19 0,01
23,74 0,172 -0,008
23,78 0,19 0,01
23,85 0,225 0,045
23,74 0,172 -0,008
23,75 0,175 -0,005
25,25 0,925 0,035
25,21 0,907 0,018
25,14 0,872 -0,018
25,14 0,872 -0,018
25,25 0,925 0,035

Table 2. Estimated open circuit voltage after different
loads were disconnected from the battery at 18%
and 89% of actual SOC respectively.

6 Conclusion

This paper addresses issues related to the battery SOC
estimation of lead-acid powered forklift trucks. It shows that
the use of the coulometric method for calculating SOC al-
lows continuous monitoring of the battery pack also when
the truck is running. Combining this method with the open-
circuit voltage method improves the overall accuracy as
shown by the obtained measurement results. The proposed
open-circuit voltage estimation method shortens the time
needed to accurately calculate the battery SOC and pro-
vides more flexibility to the truck driver and truck work-cy-
cle performance. Its additional advantages are that there is
no need for the battery capacity to be known, its age is not
important, and the ambient operating conditions are not
restrictive. Other fields of use are in solar modules, repeat-
ers, and other remote equipment.

The paper also describes a simple technique to reconstruct
the battery DC current from three-phase induction motor
currents. It gives very good results and reduces the cost of
additional hardware needed for accurate battery current
measurement.
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MAGNETIC FORCE ON THE WELDING ARC
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Abstract: The article states causes, effects and methods of preventing welding arc deflection in welding, surfacing and other processes involving welding
arcs. The first part of the article gives a short survey of literature reporting on effects of various kinds of magnetic fields on the welding arc, on material
transfer, and on the welding processes itself. Some fundamental theoretical principles of physics covering magnetic and electromagnetic fields, which

affects the welding arc directly or indirectly, are described.

Then two main causes for arc blow effect are indicated. These are an electromagnetic field, which generates due to welding current flow, and permanent
magnetic field, which generates in work pieces due to various reasons.

Two macro sections of surfacing welded with triple - wire electrode and with different voltage are shown, which effects on the arc blow.

Magnetne sile na varilnem obloku

Kjuéne besede: magnetna sila, varilni oblok, odklanjanje obloka, plesanje obloka, obrobne zajede, trizidna elektroda

Izvlegek: Clanek obravnava vzroke, posledice in metode za prepreéitev odklanjanja obloka pri varjenju, navarjanju in pri drugih akttivnostih z varilnim
oblokom. V prvem delu ¢lanka je podan kratek pregled literature, ki poroéa o razliénih vplivih magnetne sile na variini oblok, prehajanje materiala in na
celoten process. Opisani so nekateri osnovni teoreti¢ni oziroma fizikalni principi magnetnih in elektromagnetnih polj, ki direktno ali indirektno vplivajo na
varilni oblok. Prikazana sta dva najznadilnej$a pihalna ucinka (odklanjanje obloka) variinega obloka. To sta elektromagnetno polie, ki se generira zaradi

prevajanja elektricnega toka in permanentno magnetno polje, ki zaradi razli¢nih vzrokov nastane v varjencih.

Prikazana sta dva maro obrusa navarov, variena s triziéno elektrodo z razli¢no oblo¢no napetostjo, kar vpliva na odklanjaje variinih oblokov.

1 Introduction

In the practice of arc welding, weld defects such as weld
surface irregularities and undercuts occur. Welders most
often neither know the causes of their appearance nor
methods for preventing these defects. These defects are
very often caused by arc deflection which is due to effect
of magnetic and electromagnetic forces. Electromagnetic
forces are produced by welding current flow, while mag-
netic forces are due to inhomogeneous magnetic field in
the work piece, a welded structure or even in the filler
material.

The welding arc is a process of electric discharge in a gas
through which an electric current flow. Carriers of electric
current in the welding arc are electrons and ion, also called
plasma. Each current conductor is surrounded by an elec-
tromagnetic field. Owing to changes in conductor diame-
ter, also electromagnetic field density varies. By arc weld-
ing electromagnetic field is very often inhomogeneous,
which results in electromagnetic effects.

2 A short literature survey on
research in the field of magnetic
forces on the welding arc

In the literature of the last decade it is hard to find an arti-
cle reporting on magnetic field effects on the welding arc.
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An exception seems to be reference /1/, in which a gen-
eral survey of arc deflection due to magnetic field effects
and cures to this can be found.

Investigations on magnetic field influence on the welding
arc, on material transfer, and on weld shape began in the
sixties, but they were most intensive in the seventies and
the eighties /2-6/.

In all the references stated, the main purpose was to in-
vestigate the feasibility of arc deflection, its restriction, and
its control during welding. Fewer reports are dealing with
prevention of influences exerted by the magnetic field,
which was generated by welding current flow through the
electrode, the arc and the work piece.

Between the electric current and magnetic field there are
certain effects which are comprised in the term “Lorentz
force”. This force, which is a vectorial product of electric
current and magnetic flux density, can deflect the arc or
move it along a certain area /7,8/. In this way the arc can
be controlled.

In literature reports on investigations on the influence of a
longitudinal magnetic field on the melting rate and the weld-
ing process /9,16/. Owing to the outside magnetic field
effects electric resistance in the arc increases, a lower
current is flowing through the arc while wire feed speed is
kept constant. The melting rate can thus be increased by
50 % /10/.
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Problems due to arc blow effect are not thoroughly investi-
gated in the literature.

3 Some theoretical principles of
physics

A magnetic field exists between poles of permanent mag-
nets or around current-carrying wires. We can visualize it
with the help of lines of force. In case of a straight current
- carrying wire, the lines of force form concentric circles
(Fig.1a). If the wires is wound in the form of a coil consist-
ing of several loops, the lines of force get more concen-
trated and run through the coil.

In a relatively long coil, the lines of force are parallel to
each other, which means that there is a homogeneous
magnetic field in the coil (fig.1b). Magnetic field intensity
can be measured by a magnetometer. It is dependent on
electric current intensity flowing through the coil, on the
number of loops, and on the coil length.

po (4]

/ m

I [A] - current intensity
N [/1 - number of loops

L [m] - coil length

Direction of Srnes magnetnin
rragretic fisld  sinic

-
- Direclion of Srner 1ok
elecitc curent

Stoko rragnedn
poke

Correlation between electric current and
magnetic field; a - Magnetic field around
a current-carrying wire, b - Magnetic field
pattern in a relatively long coil carrying
direct current; ¢ - Direction of force,
visualized by magnetic lines of force, is
dependent on electric current.

Figure 1:

The magnetic field intensity in the middle of an infinite cur-
rent - carrying wire is calculated by dividing electric cur-

rent intensity with the wire diameter. The magnetic field
intensity at a certain distance from the wire is calculated
by dividing with “2mr”, where “r" is the distance perpendic-
ular to the wire.

Magnetic flux density is a vector of which the direction is a
tangent to a magnetic line of force. It is defined at a point
as a force F at that point which the homogeneous magnet-
ic field exerts on a small length of wire that carries an elec-
tric current.

rens L

m2 m

B [T = Vs/m?] - magnetic flux density

[VS : Am} _ [_/_13}
m* Vs m

It was already in 1845 that Faraday found out that an inho-
mogeneous magnetic field exerts a force on all the sub-
stance in the magnetic field in the direction of the field
gradient. The magnetic force is thus exerted if the magnet-
ic field is inhomogeneous.

[ TA] - current intensity
L [m] - conductor length

B=u-H

1 [Vs/Am] - permeability

Figure 3 shows a simple and well - known case, i.e. Prin-
ciple of the effect of a magnetic force. The magnetic force
is acting in the direction from a higher concentration of
magnetic lines of force to their lower concentration.

In welding, the cross section through which electric cur-
rent is flowing varies because the current flows not only
through the welding wire, but also through a molten drop,
the welding arc, the moiten pool, and the work piece. Var-
iations in the conduction cross section entail variations in
current distribution density, and consequently in magnetic
flux density, which means that the magnetic field is inho-
mogeneous. Another case in welding is when magnetic
lines of force run through various media having specific
magnetic permeability which causes a non-uniform distri-
bution of magnetic lines of force, which generates mag-
netic forces.

4  What is magnetic arc blow and
where does it arise

In all welding process in which electric arc or electron beam
is used energy by the motion of electrically charged parti-
cles. Carriers of electric current in solid conducting mate-
rials are electrons, while in gaseous materials, i.e. arc,
these are electrons and positively or negatively charged
ions. During welding, the cross section, the shape, and
the physical condition of the conductor vary; consequent-
ly the direction of action of the electromagnetic force var-
ies as well. The welding arc possesses a magnetic field of
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its own, which is unsymmetrical due to the difference in
magnetic permeability, which causes arc deflection.

Such cases are shown in Figure 2. In the first case (Figure
2a), the electromagnetic force is deflecting the arc due to
a stronger magnetic density at point "A”. Magnetic flux
density is dependent on welding parameters as well as on
the location of fixation of welding cables. In both cases
(Figures 2b and 2c¢), magnetic arc blow can be eliminated
by setting two or more welding cables at various location
on the work piece so that the welding current flows from
the arc through the work piece in various directions. Fig-
ure 2b shows the magnetic arc blow occurring, during
welding, at the edge of the work piece. Magnetic flux den-
sity in the vicinity of the arc is asymmetrical due to various
media, which induces an electromagnetic force which
deflects the arc. In practice, this problem can be solved
by inclining the electrode, by a choice of suitable welding
parameters or by a special metal prolongation which makes
magnetic flux easier and forms a symmetrical magnetic field
round the arc.

()

Magnetic force on the arc welding;

F - Direction of the magnetic force,

a - Direction of arc deflection is dependent
b - on direction of welding current flow,
Magnetic arc blow occurring during
welding at the edge of workpiece,

¢ -~ Magnetic arc blow occurring during
welding along the wall of metal plate.

Figure 2:

Magnetic arc blow occurs also during welding along the
wall (Figure 2c) or in the narrow gap in the groove. The
magnitude of arc deflection is affected also by the shape
of the weld groove, the level of the magnetization of indi-
vidual work piece, and total magnetic field intensity which
may increase by a factor 10 if two work pieces are brought
closer together. Fig. 3 shows influences of the groove

46

shape on the distribution of magnetic density or magnetic
lines of force in the weld groove.

- o

e
SO | ; hY £
3.3 % 5 X 7.
Y 4 “ y i

- Magnetic

. Magnetne siinice
lines of force

C d

Influence of groove shape on magnetic
field intensity which is proportional to
density of magnetic lines of force in the
weld groove.

Figure 3:

it can be described as follows:

- Magnetic field intensity in the narrow gap is relatively
strong, but distributed across the whole area of the
groove.

- In the wider grove, the magnetic field is weaker than
in the narrow one and concentrated in the weld root.

- Inthe U groove, magnetic field density is even higher
and may be increased if two work pieces are brought
closer together.

- The root pas having been welded, magnetic field den-
sity in the weld groove reduces.

Magnetic field density and magnitude of electrodynamic
force which deflects the arc and causes undesired effects
differ from one welding process to another. Practical ex-
periences show that magnetic flux density of up to 2 mT
does not induce magnetic arc blow. Magnetic flux densi-
ties of 2 mT up to 4 mT usually induce deflection, but for
the majority of welding process, this is still acceptable and
quality weld can be made. At higher magnetic flux densi-
ties, however, certain measures should be taken.

It should be stressed once again, however, that the mag-
netic field intensity measured at the tip of the work piece
may rise by up to 10 times if the workpieces are joined
together.

When several work pieces are joined, not only magnetic
field density, but also other magnetic field properties, such
as magnetic induction, permeability, remanence, coercive,
and magnetostriction, changes as well.

5 Influence of the welding process
on magnetic arc blow
Magnetic arc blow is different in different welding proc-

esses. Higher arc voltage causes electrons in the arc to
travel faster and turn less in the magnetic field. Conse-
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quently arc deflection is weaker and the arc is more sta-
ble. The welding arc burning under higher pressure then
atmospheric is more prone to deflection since electronsin
the arc are slower. Arc deflection is stronger in TIG weld-
ing then in MAG/MIG welding or manual arc welding, be-
cause in TIG welding, arc voltage is usually lower.

It happens, however, very often that arc deflection causes
difficulties in welding with multiple-wire electrode or in
welding with several electrodes.

In welding with multiple-wire electrode, the wires are sup-
plied from single power source, which means that in the
wires different or the same direct currents may flow and
welding parameters can not be changed for each individu-
al wire. If the current is flowing through the wires paralelly
in the same direction, the wires and the arcs attract each
other (Figure 4), which may result in weld surface irregu-
larities and undercuts /11/.

I
X Nt ga b S
m...} -~
: ] ' - l} g ,2 4 la
Figure 4: Welding arcs attract each other in welding

with multiple-wire elecitrode with direct
current due to electromagnetic forces;
L - wire extension length, 14, ko, I3 — current
intensity in the wires

The choice of suitable welding parameters, wire-to-wire
distance, wire extension length, and wire arrangement in
the contact tip are, therefore, of utmost importance in
welding with multiple-wire electrode /12,13,14/.

Figure 5 shows macrosections of two submerged-arc sur-
facing welded with triple-wire electrode, the wires being
arranged in the direction transverse to the welding direc-
tion. In both cases, all welding parameters, with the ex-
ception of welding voltage, were kept constant. The wire
used had a diameter of 2 mm, wire extension length was
28 mm, wire-to-wire distance 7 m, welding speed 30 cm/
min, current intensity 195 A/wire and arc voltage 35 V in
the first case (left) and 20 V in the second case (right). As
stated, the only varying parameter was arc voltage. The
figure and the welding parameters confirm the fact that the
welding arc with lower voltage is more sensitive to magnet-

ic arc blow because electrons in the arc are slower. To-
gether with the arc (Figure 4), also droplets deflect from
the ideal direction perpendicular to the work piece. They
detach from the wires and travel in the direction of the arc.
This affects the surfacing shape (Figure 5, right). In weld-
ing of the surfacing as shown in figure 4 (left), the welding
parameters selected are ideal. High arc voltage creates
stable arcs, there is no magnetic arc blow among them,
therefore, the droplets detached travel from the wire to the
weld in perpendicular direction. The weld shape is uni-
form and without undercuts.

Macrosections of submerged-arc
surfacings welded with triple-wire
electrode, wires being arranged in the
direction transverse to welding direction.
Welding parameters: 1= 3 x 195 A, do = 2
mm,L=28mm,b=7mm,vw=30cm/
min, U =35V -left, U=20V - right.

Figure 5:

In welding with several electrode heads, each wire is sup-
plied from a separate power source and has separate driv-
ing and regulation systems. This means that different cur-
rents of different intensity and voltage may flow in individu-
al wires. It is recommended to use in practical welding
cases, as regards the first wire, direct current with low arc
voltage and high current intensity. As regards the other
wires, alternating current with a somewhat higher arc volt-
age and somewhat lower current intensity should be used.
The alternating currents in the wires should be phase-de-
layed in order to prevent mutual electromagnetic influence.

The electromagnetic force between two or more arcs in weld-
ing with several electrodes supplied with alternating current
can be calculated according to the following equation:

. }’j“olji2
Y 2n -b-costbij -cosCI)jj

Fi - electromagnetic force exerted on i arc
Lo - magnetic permeability in the air
li - effective value of welding current in the i arc

Dy, Dy angle of inclination of electrode (Figure 6)
b - distance between arcs

6 Causes of magnetic field
generated in workpieces

We have been mainly talking about magnetic arc blow which
occurs due to an electromagnetic field. But arc deflection
and magnetic arc blow may occur also due to a magnetic
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field existing in workpieces or in a welded structure as a
whole.

it is well known that only ferromagnetic materials, such as
iron, cobalt, nickel, and their alloys, can be magnetised.
Some materials are more easy to magnetise and more dif-
ficult to demagnetise. It is usual to distinguish between
magnetically hard and soft materials. Magnetically soft
materials are relatively easy to magnetise, but only to cer-
tain degree. Magnetically hard materials are more difficult
to magnetise, but they remain magnetised.

For ferromagnetic materials, it can be stated that there is a
correlation between magnetic hardness and metallurgical
hardness.

There are different causes of magnetisation of workpiece.
Ferromagnetic workpieces can get magnetised from the
earth's magnetic field or other local magnets, such as var-
fous magnetic clamps used in mechanical or other treat-
ments of the workpiece, devices for magnetic inspection,
high-frequency welding units, and welding cables running
along the workpieces.

Various electrical connection cables, tack welds and oth-
er means of tacking can cause local magnetisation or in-
tensity magnetic field in the welding structure.

It has already been mentioned (Figure 2) that the welding
current (particularly direct current) may provoke arc blow,
which is often the case and causes difficulties in welding.

Welding direction {7}

<=

Smer varjenja

.2 3 4

Schematic representation of a system for
welding with four electrodes, including
data required for calculation of
electromagnetic force; @i, &y - angle of
inclination of electrode, 14, la, I3,la- current
intensity in the wires

Figure 6:

7  Measures for reducing problems
caused by magnetic arc blow

In practice, several more or less efficient methods for re-
duction or even elimination of the influence of the magnet-
ic field on arc deflection during arc welding is known. For
reduction of magnetic field concentration in the root area
of the weld preparation, special leather bags filled with iron
powder can be used. They permit a uniform distribution of
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magnetic lines of force across the weld groove. For de-
magnetisation of larger structures, strong power sources
producing current intensities over 20 kA can be used.
These devices are very expensive, but they do not always
guarantee success.

Success can be achieved in a simple and cost-effective
way by current-carrying welding cables wrapped around
the weld preparation. But first it is necessary to establish
magnetic field intensity and its direction in the weld groove.

In the magnetic field intensity in the weld groove does not
exceed 4 mT, the effect of magnetic arc blow can be prevent-
ed by the selection of appropriate welding parameters. This
can be achieved by welding with larger electrode - wire di-
ameters and by suitable weld preparation (Figure 3) so that
the arc burns in a proper distance from the magnetic field.

Stronger magnetic fields can be eliminated, as already
mentioned, by wrapping current-carrying welding cables
around the work piece.

It is known, magnetic field intensity and its direction are
depended upon the number of loops, current intensity, and
current direction, coil length, and kind of the material.
Therefore, this operation should be carried out as careful-
ly as possible in order not to produce an opposite effect.

For demagnetisation of a 2 mm thickness, 50 Hz alternat-
ing current can be used. For demagnetisation of greater
thickness's, direct current should be used.

In welding of larger structures, such as pipes and holiow
sections, the structures as a whole can not be demagnet-
ised, but local demagnetisation around the weld groove
should be achieved.

Weld Zvami zleb
g LW ‘\
groove Ty 8

Weld groove 4
Zvami zleb y

T CIOOVE
Zvami Zeb

Some alternative variants of electric cable
arrangement to demagnetise weld groove,
i.e. welded joint.

Figure 7:
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The magnetic field intensity in the parent metal and in the
vicinity of the weld groove can be reduced by using an
auxiliary welding equipment which supplies direct current
which can be set to values lower than that of the welding
current, i.e. even down to 10 A. The electric cables should
be wrapped around the workpiece in the direction parallel
to the weld groove as shown in Figure 7. The number of
turns depends on the magnetic field intensity existing in
the weld groove. It is recommended to wrap up ten turns
of cable around the groove. The direction of electric cur-
rent in the cable is also very important.

If the current does not flow in the correct direction, the
magnetic field in the workpiece does not reduce, but in-
creases. The direction of the current and the effect of de-
magnetisation can easily be established by a welding wire
(if it is not austenitic) or more accurately by a measuring
instrument,

With the correct selection of demagnetisation parameters,
demagnetisation should be complete in 5 seconds.

Figure 8 shows a practical application of the demagnetisa-
tion method described. At the weld, that part of the root
run is marked where the magnetic field was eliminated.
Those parts where the magnetic field was not eliminated
from the weld preparation are visible as well.

Root run welded in the presence of
magnetic field (left, right) and in its
absence (centre).

Figure 8:

8 Conclusions

In the article, causes for generation of magnetic arc blow
in arc welding are stated. There are usually two causes for
arc deflection, i.e. magnetic arc blow, namely the electro-
magnetic field produced by the welding current and the
magnetic field existing in one or more workpieces.

Magnetic arc blow causes weld defects, such as under-
cuts and weld surface irregularities. Magnetic arc blow
should, therefore, be eliminated or its effect prevented.
For this purpose, the article states several methods.

The generation of magnetic arc blow due to welding cur-
rent can be prevented by application of several welding
cables disposed, in an optimum manner, across the work-
piece or with various metal prolongations which produce
an electromagnetic field around the welding arc homoge-
neous as possible.

If an electromagnetic field is existing in the workpiece, pre-
vention of magnetic arc blow generation is much more dif-
ficult because arc blow may arise all of a sudden, and de-
magnetisation of the workpiece is not easy. The article de-
scribes how the magnetic field in the workpiece or in the
weld groove can be eliminated and secure favourable con-
ditions for quality welding.
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Abstract: Measurements are nowadays permanent attendants of our life. Scientific research, health, medical care and treatment, industrial
development, safety and even global economy depend on accurate measurements and tests, and many of these fields are under the legal
metrology because of their severity. But, how trustworthy are the results of measurements, on which very important and even vital things of our life
depends. The producers of measuring equipment, devices and sensors are going along narrowing the uncertainty intervals by technical means,
and emphasize their reliability also by statistical interpretation of measuring results. When expressing the uncertainty of their products, they use
multiples of standard deviations to increase customers' trustfulness in their products. Are they really achieving such a good statistical confidence
as it is expected by the higher muttiples of standard deviation? The technique of estimating the expanded uncertainty is based on the coverage
factors, by which the standard uncertainty is multiplied. These coverage factors depend on degree of freedom, which is the function of the number
of implied repetitions of measurements, and therefore the reliability of the results is increased. The standard coverage factor is 1.96, and under
certain circumstances, the obtained expanded uncertainty has the 95% statistical probability. The statistical probability of the expanded uncertainty
is calculated due to the coverage factor, presuming the probability distribution is normal or Gaussian. The number of influential quantities which
contribute their parts to the combined uncertainty increases, and they are dealt very ex-actly by sophisticated mathematical models. This attitude
of dealing with the uncertainties is defined and described by some standards and guides. The present paper describes the reverse method of
estimating the expanded uncertainty with the 95% probability. The algorithm of this model is based on the 95% confidence interval of any
distribution of statistically acquired data (the A-type uncertainty) or any given distribution (the B-type uncertainty), and the coverage factor is
determined due to this confidence interval. The coverage factor is determined by the 95% confidence interval of the actual probability distribution.
The expanded uncertainty, which is the product of this coverage factor and the standard uncertainty in this case too, is estimated to have 95%
statistical probability. In general, it is not possible to achieve the 95% confidence interval by using the standard coverage factor 1.96, even if it is
increased due to degree of freedom, which compensates only the lack of the repeated measurements. The addition theorem is established, and
it has the mathematical properties, which are in accordance with the standards and guides. The model is introduced in procedures carried out in
the calibration laboratory.

Razsirjena negotovost - ali krovni faktor 1.96 ali interval s
95% zaupanjem

Kjuéne besede: krovni faktor, koeficient oblike, porazdelitev verjetnosti, interval zaupanja, negotovost.

lzvleéek: Meritve so stalne spremljevalke nasega Zivljenja. Znanstvene raziskave, zdravje, medicinska nega in zdravijenje, industrijski razvoj, varnost
in celo svetovno gospodarstvo so odvisni od zanesljivih meritev in testov. Veliko teh podrodij je vkljucenih v zakonsko meroslovje zaradi svoje posebne
pomembnosti. Kolik$no zaupanje pa imajo rezultati meritev, od katerih so odvisna tako pomembna in celo zivijenjsko vaZzna podrocja nasega zivijenja?
lzdelovalci merilne opreme, naprav in senzorjev napredujejo v smislu zoZevanja intervalov negotovosti s tehniénimi sredstvi ter tudi poudarjajo svojo
zanesljivost s statisti¢no razlago merilnih rezultatov. Kadar izrazajo negotovost svojih merilnih sistemov, uporabljajo veckratnike standardne negoto-
vosti, da poveéajo zaupanje odjemalcev svojih izdelkov. Ali res dosegajo tako dobro statisticno zaupanje kot je pricakovati z vedjimi veckratniki
standardne negotovosti? Tehnika ocenjevanja razsirjene negotovosti temelji na krovnih faktorjih, s katerimi je pomnozena standardna negotovost.
Krovni faktorji so odvisni od stopnje prostosti, ki je funkcija stevila izvedenih ponovitev meritev, s tem pa je povedana zanesljivost rezultatov. Standardni
krovni faktor je 1.96 in pod posebnimi pogoji ima dobljena razsirjena negotovost 95% statisticno zaupanje. Statisticna verjetnost razsirjene negotovo-
sti je izradunana glede na krovni faktor, &e predpostavijamo normalno ali Gaussovo porazdelitev verjetnosti. Stevilo vplivnih velicin, ki prispevajo svoje
deleze h kombinirani negotovosti, se poveduje in le-te so zelo toéno obravnavane z visoko razvitimi matemati¢nimi modeli. Ta pristop obravnavanja
negotovosti je definiran in opisan v nekaterih standardih in vodilih. Pricujoci ¢lanek opisuje obratno metodo ocenjevanja razsirjene negotovosti s 95%
zaupanjem. Algoritem tega modela temelji na intervalu s 95% zaupanjem katerekoli porazdelitve statisti¢no pridoblienih podatkov (A-tip negotovosti)
ali katerekoli dane porazdelitve (B-tip negotovosti), pri Cemer je krovni faktor dolocen glede na ta interval zaupanja. Krovni faktor je dologen z
intervalom 95% zaupanja dejanske porazdelitve verjetnosti. Razsirjena negotovost, ki je tudi v tem primeru zmnozek tega krovnega faktorja in
standardne negotovosti, ima po oceni 95% statisticno zaupanje. V splodnem ni mogoce dosedi interval s 95% zaupanjem s standardim krovnim
faktorjem 1.96, tudi e je povecan v odvisnosti od stopnje prostosti, ki vrauna v razsirjeno negotovost le pomanjkanje Stevila ponovijenih meritev.
Operacija sestevanja je dolo¢ena tako, da ima matemati¢ne zakonitosti v skladu s standardi in vodili. Model je uporablien v postopkih, izvajanih v
kalibracijskem laboratoriju.
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1. Introduction

The expanded uncertainty is calculated according to the
standard EA-4/02 /1/ as the multiplication of the standard
coverage factor 1.96 with the standard uncertainty when
the degree of freedom is approaching to infinite value. This
standard also points out the necessity to determine the con-
fidence interval of the 95% coverage probability and to cal-
culate expanded uncertainty due to this interval. That
means, that the probability of the measurement readings
being inside the confidence interval is 95% and the proba-
bility of being outside the confidence interval is 5%. The
coverage factor 1.96 and the 95% confidence interval co-
incide only with the normal (Gaussian) probability distribu-
tion. It is the same with very often used combination of the
coverage factor 2 and the 95.45% confidence interval. In
the cases of multiple standard deviations, when the proba-
bility of the measuring results being inside the confidence
interval is very close to unit, it is more convenient to talk
about the probability of the measuring results being outside
the confidence interval. Some producers of measuring
devices state the expanded uncertainty on the basis of 3,
4, 5 and 6 times of the standard uncertainty and associated
this expanded uncertainty with the probability of the meas-
urement readings being outside the confidence interval as
2.7%0, 63 ppm, 0.57 ppm and 2 ppb respectively. But this
is valid only with the normal distribution. To see the prob-
lem, we must be aware of dealing with several kinds of dis-
tributions not only with the normal distribution. Namely, the
distributions of the B-type uncertainties are mostly not nor-
mal, forinstance the temperature drift, the time drift and the
resolution have the rectangular distribution. Sometimes also
the A-type uncertainties do not match with the normal distri-
bution as they are resuilt of reguiated quantities, or are af-
fected by the resolution of measuring device. In the latter
case the probability distribution consists of two Dirac func-
tions, one at the lower measurement reading and the other
at the upper measurement reading regarding the resolu-
tion. If the distribution is unknown the coverage factor is
calculated from Chebyshev's inequality /2/ and is 4.472
for the 95% confidence interval or the 5% probability of
being outside that interval. From this point of view, regard-
less of the shape of the distribution, the 4 times of the stand-
ard uncertainty does not mean the 63 ppm probability of
measurement readings being outside the confidence inter-
val, but a lot more, and consequently it means a much lower
probability of being inside the confidence interval. The un-
certainty, the extended or the standard one, does not stand
by itself, but contributes its portion to a combined uncer-
tainty. The probability distribution, which corresponds to
the combined uncertainty, is the convolution of the contrib-
uting probability distributions. The convolution of two rec-
tangular distributions gives the trapezoidal distribution, or in
some cases the triangular distribution, and the next rectan-
gular distribution convoluted to the trapezoidal or to the tri-
angular distribution results in the distribution with the square
dependent tails, and the further rectangular distributions
lead to the distribution with the polynomial dependent tails.
By further convolutions, the resulted distribution tends to-
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ward the normal distribution. Nevertheless there are some
not “well-behaved probability distributions” as quoted by
the standard /1/ to cause the coverage probability of less
than 95% by using standard coverage factor. Hence we are
to deal with so defined polynomial D(delta)-shaped distribu-
tions because these distributions very closely describe the
cases with the large probability around the mean values of
measured quantity with some excessive, but still reliable
values. The tails of such distributions are fatter than the tails
of the normal distribution and the coverage factor must be
greater than 1.96 to achieve the 95% confidence interval.
The main distributions dealt in this paper are shown in
Tab. 1.

Taking into consideration Tab. 1 we established that all these
probability distributions are involved in nearly every meas-
urement. Namely, there are several sources of uncertain-
ties with the rectangular probability distributions, and when
combined the resulted probability is either trapezoidal, tri-
angular. The rectangular, trapezoidal and triangular proba-
bility are discussed in the standard EA-4/02 /1/ and fur-
ther on U-shaped distribution is dealt in NIS3003 /3/ used
with sinus wave measuring signal, but the other distribu-
tions and further convolutions of these distributions are rarely
described in literature. There is an algorithm of combining
the normal distributions and the rectangular distributions
only, described in the literature /4/. The symmetrical im-
pulse measuring signal is very common in measuring sys-
tems, for instance the measurement of the contact resist-
ance, the temperature measurement of the resistance tem-
perature sensors with the DC current and several measure-
ments where the influence of hysteresis is being avoided.
This measuring signal gives the symmetrical Dirac shaped
distribution. The reason why we chose the polynomial A-
shaped distribution is to show that there exist the probability
distribution with the coverage factor greater than 1.96 to
achieve the 95% confidence interval, and that such distri-
butions are very commonly involved in uncertainty calcula-
tions although we do, or do not, admit it.

DiISTRIBUTION DISTRIBUTION NAME SOURCE

SHAPE

congentrated values around average
with some excessive values

polynomial A-shaped
distribution

normal or Gaussian random errors

distribution

convolution of two equal rectangular
distributions

triangular distribution

convolution of two rectangular
distributions

trapezoidati distribution

time and temepreture drift, resolution
(B-type)

rectanguiar distribution

U-shaped distribution sine wave measuring signal

symmetrical impuls maesuring
signal, resolution affect (A-type)

. J symmetrical Dirac shaped
1 1 distribution

Tab. 1: Various distributions and their sources.
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2. The contributing distributions

The measured signal is continuous function depended on
one independent variable, such as time or a counter. Its
range has the supremum and the infimum, which are the
bounds of the domain of definition of the corresponding
distribution. The upper and the lower bounds are finite val-
ues. Amplitude is defined as the maximum of the absolute
values of the difference between the non-weighted mean
value of the measured signal throughout its whole definition
interval and the lower and the upper bounds respectively.
This kind of distributions is represented by the following
equation:

—-A

Tp(X)-dXZTp(X)dXZI (1),

where the amplitude A is the minimal value that corresponds
this equation.

We are looking for the coverage factor K of any distribution,
applied to the standard deviation, which gives the 95% con-
fidence interval as follows:

+12-0‘
[p(x)-dx =095 @),
ko

at the infinite degree of freedom.

There are upper limits of this coverage factor as follows:

- any, even unknown distribution corresponds to Cheby-
shev'sinequality /2/, therefore:

o 1 =
1-P ’
P=0.95
- any, even unknown distribution with the finite upper
and lower bounds corresponds to Eq. (1), therefore
according to Egs (1) and (2), the upper limit of the
coverage factoris:

4
c

K< (4);
where the equality is present only, when the cover factor K,
of the 100% confidence level is considered.

The coverage factor of each known distribution is calculat-
ed by using the Eg. (2). The results of the calculation for the
dealt distributions are presented in Fig. 1 as the function
(2), which is calculated for the 95% probability level. The
upper limits are also shown in this figure: the maximum of
the function (2) for the 95% probability level of an unknown
distribution due to Chebyshev's inequality and the function
(1) forthe 100% probability level. The functions (1) and (2)
in Fig. 1 make the boundary of the area of the probability
levels from 95% up to 100%. There is also the position of
Gaussian distribution marked in Fig. 1.

Fig. 1:  The cover factors of several distributions and
statistical confidence of the acquired data
interval.

Legend:
1...the cover factors of the 100% confidence level,
2...the cover factors of the 95% confidence level,

3... the statistically determined cover factors of the 95%
confidence level using the presented model.

There is no problem to determine the coverage factor of the
probability distribution defined by the probability density p(X)
described by the analytic function, by the tabled values or by
the geometrical definition. But, detemining the coverage fac-
tor out of statistically acquired data, we have to astablished a
model, which solution gives results within the mentioned
area with the probability levels from 95% up to 100%. The
solution given by the presented model is one of many possi-
ble solutions, and it is shown in Fig. 1 as the function (3).

3. The kurtosis and Modelling the
coverage factor

The kurtosis is the parameter of the descriptive statistics,
which gives information about the probability distributions
of acquired data that are created by our measurements. Itis
the classical measure of nongaussianity, and it expresses
the similarity to the normal or Gaussian distribution. The
distribution shape is quantified by it, but the mapping of the
set of the shapes to the set of their numerical values is sur-
jection. There is no rule to get the distribution shape out of
the kurtosis. From the kurtosis, it can be concluded only
that:

- a certain distribution is peaked around its mean and
have the fat tails (could be the polynomial A-shaped
distributions in this paper) - leptokurtic distributions;

- it is flat (could be the rectangular distribution) or even
concave (could be the U-shaped distribution) with the
thin tails or without them - platykurtic distributions;

- itcould be very similar to the normal distribution - mes-
okurtic distributions.

The kurtosis is the fourth standardized moment k4 about
the mean, and is defined as the quotient of the fourth mo-
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ment m4 about the mean and the fourth power of the stand-
ard deviation cand it is:

m
k=4
4 G 4 (5).

When the probability distribution is the analytic function with
the finite bounds of its domain, the fourth moment about the
mean or, as it is also named, the fourth central moment is:

my = T(X—X)“- p(x)-dx = T(X—X)“- p(x)-dx

(6),

and when it is acquired through non-weighted data, it is:

n

1 _
m4:;-Z(X,.—X)4 )

i=1

The standard deviation is respectively to Eqs (6) and (7) as
follows:

G = \/T(X—)_()z-p(X)dX = \/T(X—X’)2~ p(X)-dx

-0

8,

| 2 _
0=\/;'Z(X,~~X)2 ().
i=1

The kurtosis of the normal distribution is kag = 3, the kur-
toses of leptokurtic distributions are greater than 3 and of
platykurtic are less than 3. The kurtoses of mesokurtic dis-
tributions are about 3.

Some earlier methods of determining the coverage factor of
the 95% confidence interval by processing the measured
signal were developed for the purpose of the calibration
laboratory /5/, /6/. The first one a little bit underestimates
the coverage factors of leptokurtic and overestimates the
ones of platykurtic distributions, but the second method
overestimates the coverage factor of all distributions.

The basis of the present modelling of the coverage factor of
the 95% confidence interval is the kurtosis, because it is
the statistical parameter that quantifies the shape of the an-
alysed probability distribution. The coverage factor is basi-
cally the square root of the ratio between the kurtosis kg4 of
the analyzed distribution and the kurtosis kag of the normal
distribution, corrected by the empirical coefficient x and
muiltiplied with the coverage factor of the normal distribu-
tion at the infinite degree of freedom:

A ’k A
Kbasic:K(V)’V:m'K' ;4_:196](\/_?: (10),
4g

where the empirical coefficient is:
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k=l e Fa LTIy
3 3.0
(11).
k=11 < k—;:;‘n(;[t;él

The empirical coefficient is necessary to correct the basic
coverage factors of mesokurtic distributions with the finite
bounds of their domain. This is not the case with the normal
distribution, because it has the infinite domain. The range
of any dealt measured signal has finite bounds, and so does
the domain of the corresponding probability distribution,
even it is nearly normal. Hence, the “normal” distribution
with the finite bounds at (2.8x o) has the kurtosis of 2.5 and
the rounded value of the empirical coefficient is 1.1 to ob-
tain the standard coverage factor. Therefore the empirical
coefficient is unit 1 only with the normal distribution over
the infinite domain. This coefficient has two values due to
comparison of two kinds of distributions: the set of distribu-
tions with the finite bounds of their domain and the one with
the infinite bounds of its domain - the normal distribution.
Using this coefficient, we get the standard coverage factor
of 1.96 for normal distribution over the finite and over the
infinite its domain. In some later software, we introduced in
the calibration laboratory, the ratio of the actual kurtosis

against the normal kurtosis of 2.6 (: ﬂ) instead against
3 is used, and empirical coefficient is unit 1 in this case.
However the latter case affects only the B-type uncertainty
associated with the normal distribution.

Considering the upper limits of the coverage factor due to
Egs (3) and (4) the coverage factor of the probability distri-
bution with the finite bounds of its domain actually is:

R:K(v).minK-k—“, 4 ,l@—zK(v)-c
371966 " 1.96

(12),

and the shape coefficient of the probability distribution is:

| m, 4 20
C=min x- T , (13).
3.0 1.96-¢ 1.96

This coverage factor at the infinite degree of freedom is
graphically shown as the function (3) in Fig. 1. Its values are
in the lower range of the area indicating the confidence
interval of 95% up to 100%, which is very good. The advan-

tage of this coverage factor K is, that it consists of two mul-
tiplicands: the first one - K(v) is dependant on degree of
freedom, as it is generally known as the coverage factor,
and the other - C depends on the shape of the probability
distribution, mainly on the kurtosis and we named it as the
shape coefficient.
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4. The convolution and the addition
algorithm

When combining several probability distributions in uncer-
tainty calculations the resulted probability distribution is the
convolution of all participant distributions. The convolution
of two probability distributions is:

P ()=, (1) p, ()= [ p, & - X) p, &) dn

—o

(14).

The each distribution contributes the amplitude, the stand-
ard deviation and the fourth moment about the mean to the
resulted amplitude Ag, the resulted standard deviation sy,
and the resulted fourth moment myx, as follows for the N
convoluted distributions:

pE(X):pl(X)®pZ(X)®"'®pi(X)®"'®pN(X)

(15),
N

A=) 4, (16),
i=1
N

G:=Y0, (17),

N oy
Mys = Zmzﬁ +6- Z[Gi ’ ch ] (18).
i=1 i=1

j=i+l

Using Egs (5) and (13) to (18), the resulted shape coeffi-
cient is obtained:

N N—-1 N
\/ZCf o/ +2'Z[Ki o} ZKj -cf]
i=1

i J=i+l

-
N
2
ZGI
i=l

H

Cs = min

where the empirical coefficient k; is:

K, =1 &= C =1
(20).
K, =1.1 & C, #1

The addition of the shape coefficients is commutative and
associative and the resulted shape coefficient is a member

of the same set of values as the participant shape coeffi-
cients in the evaluating process, which all are the neces-
sary mathematical conditions for the applied methods of
determining the combined uncertainties as it is prescribed
by the standard /7/ as universality, internal consistency
and transferability.

5. conclusions

The presented method of evaluating the expanded uncer-
tainty of the measurand on the basis of the 95% confidence
interval has the following features:

- itis universal /7/, because this algorithm is applicable
to all kinds of measurements, to the A and B-type of the
uncertainty evaluation and to alf type of input data dis-
tribution;

- it is internally consistent /7/, which mathematically
means being commutative and associative, so that
combined uncertainty is independent of grouping and
decomposing the contributing components;

- itistransferable /7/, which mathematically means that
the resulted shape coefficient and the participant shape
coefficients are the members of the same set of values
or are fitting the same function, so the one result can
be directly used as a component in evaluating the un-
certainty of another measuring process;

- the expanded uncertainty is obtained by multiplying
the standard deviation or the combined uncertainty,
which is appropriate, by the coverage factor /1/ and
the shape coefficient, so that the expanded uncertain-
ty is estimated to have the 95% confidence level:

Ul
U

4

=KVv)-C-o
:K(Veff)'CE U,

P=95%
(21),

P=95%

therefore the intervals +U or + U, about the measuring result
are the 95% confidence interval;

- the convolution of many normal distributions gives nor-
mal distribution and so does the resulted shape coeffi-
cient; further on, the convolution of great number of
whatever distributions leads to mesokurtic distribution
and even to normal distribution and so also does the
resulted shape coefficient, hence the central limit the-
orem is met by this method /1/;

- the expanded uncertainty depends on its effective
degrees of freedom - Eq. (21) so that the proper relia-
bility is achieved /1/;

- the expanded uncertainty estimated by this method -
Eg. (21) takes into account the effective degree of free-
dom of the output estimates and the non-normality or
non-gaussianity of the probability distributions and so
far meets regulations /1/ about the 95% confidence
interval.
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Porocila s konferenc
Conference reports

Posvet o meritvah 10. in 11. novembra 2005
v Kolarjevi predavalnici na IJS

Namen posveta:

Zavod TC SEMTO (Tehnoloski center za sklope, elemente,
materiale, tehnologije in opremo za elektrotehniko), Cent-
er odli¢nosti Materiali za elektroniko naslednje generacije
ter drugih prihajajocih tehnologij in Center odlicnosti za
napredno procesiranje, tehnologije in materiale za
kerami¢ne elektro in elektromehanske naprave SICER (EU
50P) so zeleli seznaniti partnerje v TG, kot tudi Sirse okolje
z novostmi na tem pomembnem podrocju, novostmi in us-
meritvami v opremljenosti in moznostmi storitev, ki jih lahko
posamezen laboratorij ponudi tudi navzven.

Izkusnje drugih nas lahko spodbujajo pri nasem iskanju
resitev.

Program posveta:

Uvod:

- pozdrav in otvoritev

- Rudi Zorko, METREL: uvod (pomen in pristop k mer-
itvam v razvoju in meritvam v proizvodniji)
rudi.zorko@metrel.si

- lvan Skubic: Meroslovni sistem Republike Slovenije
mirs@gov.si

- Matjaz Lindic¢, SIQ: vzdrzevanje merilnih naprav, kali-
bracije, sledljivost, .. (standardi, predpisi, dobra prak-
sa, akreditacije). matjaz.lindic@siq.si

Karakterizacija materialov:

- Slavko Bernik, IJS: Vrsti¢na elektronska mikroskopija
(SEM) in mikroanaliza slavko.bernik@ijs.si

- Miran Ceh, 1JS: Transmisijska elektronska mikrosko-
pija (TEM) (HR, Z kontrast) miran.ceh@ijs.si

- Anton Zalar, Janez Kovac,lJS: Spektroskopija Auger-
jevih elektronov (AES) anton.zalar@ijs.si

- Janez Kovacl, Anton Zalar, IUS: Rentgenska fotoele-
ktronska spektroskopija (XPS/ESCA) in rentgenska
mikroskopija janez.kovac@ijs.si

- Matjaz Godec, IMT: Integrirane tehnike za karakter-
izacijo povrsin, mej zrn in faz, nano in mikrostrukture
ter mikroteksture kovinskih materialov in kompozitov
matjaz.godec@imt. si

- Janez Holc, US: Optiéni profilometer janez.holc@ijs.si

- Barbara Mali¢, 1JS: Uporaba termicne analize za kar-
akterizacijo materialov % elektroniki
barbara.malic@ijs.si

- Janez Jamnik, Marjan Bele; Ki: impedanc¢na
spektroskopija janez.jamnik@ki.si

- Miha Skarabot, 1JS: Mikroskopija na atomsko silo
(AFM) miha.skarabot@ijs.si

Merjenje elektri¢nih in magnetnih velicin:

- Uros Aljanéi¢ FE-LMSE: enosmerna karakterizacija
polprevodniskih elementov; CV meritve s podporo LAB
View-a; Meritve Zivljenskih dob nosilcev v polprevod-
niskih elementih; meritve plastnih upornosti; meritve
kriticnih dimenzij; meritve debeline tankih plasti in lom-
nega koli¢nika; meritve koncentracije pradnih delcev;
merive hrapavosti in debeline tankih plasti
uros.aljancic@fe.uni-lj.si

- Janez Trontelj (ml.), FE-LMFE: Meritve mikrosistemov
na 200 mm veliki Si rezini na novi opremi (CO)
janez.trontelj1@guest.arnes.si

- Matjaz Vidmar, L.eon Pavlovi¢, FE-LSO: Meritve para-
metrov anten (30 MHz do 18 GHz); meritve RF spektira
do 50 GHz; meritve v ¢asovnem prostoru z vzoréeval-
nim osciloskopom; meritve RF modi in frekvence;
meritve S11, S12, S21, S22 do 18 GHz s pomodjo
vektorskega in skalarnega analizatorja vezij
leon.pavlovic@fe.uni-lj.si

- Dusan Fefer, FE-LMM (akreditiran za merjenje gos-
tote magnetnega pretoka - nacionalni referencni
etalon); Predstavitev merilne opreme za merjenje in
generiranje referenénih enosmernih in izmeni¢nih
magnetnih polj; merilna sledljivost do nacionalnih in
mednarodnih etalonov. Dusan.fefer@fe.uni-lj.si

- Vladimir Bregar, Iskra Feriti: Karakterizacija diele-
ktrinih in feromagnetnih materialov v obmodju 40 MHz
do 18 GHz. Viadimir.bregar@ijs.si

- Darko Belavi¢, Hyb: Meritve gauge faktorja pri debe-
loplastnih uporih darko.belavic@ijs.si

- Zvonko Trontelj, FMF: Kaj nudi Center za magnetne
meritve - Cmag zvonko.trontelj@fmf.uni-lj. si

Merjenje elektri¢nih in magnetnih veliéin,
avtomatizacija merjenja:

- Ale$ Stagoj, Iskra Zadcite: Predstavitev VN laborator-
ija Iskra Zascgite ales.stagoj@iskrazascite.si
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- Darko Koritnik, ICEM: Moé&nostni elektricni preizkusi
darko.koritnik@icem-tc.si

- Franc Koplan, Mitja Pregelj,Magneti : Merilni sistem
za 100% sortiranje AINiCo in SmCo magnetov
f.koplan@magneti.si

- Leopold Knez, Iskra TELA: Elektromagnetne meritve
leopold.knez@iskra-tela. si

- Janko Mole, Merilne moznosti v Metrelu
janko.mole@metrel.si

Merjenje neelektriénih veli¢in - opti¢nih, mehanskih,
vakuuma, ....

- Andrej Pregelj, TC Vakuum:; Meritve v vakuumskih
sistemih in njihovo vzdrzevanje
andrej.pregelj@guest.arnes.si

- Janez Setina IMT: akreditiran laboratorij za metrologi-
jo tlaka - nacionalni etaloni (7 mbar do 2000 bar)
janez.setina@imt.si

- Bostjan Batagelj, FE-LSO: Meritve opti¢nega spekira
telekomunikacijskih valovnih dolzin; meritve lastnosti
optitnega vlakna (slablenje, pasovna Sirina, disperzi-
ja, nelinearnosti); meritev pogostosti bitnih napak v
telekomunikacijski zvezi bostjan.batagej@fe.uni-lj.si

- Grega Bizjak, FE-LFR-laboratorij za razsvetljavo in
fotometrijo: meritve svetlobno-tehni¢nih velicin: svet-
fobnitok, svetilnost, osvetljenost, svetlost, barva svet-
lobe grega@Ileo.fe.uni-lj.si

- Marko Topi¢ (Janez Kr&), FE-LPSO: Merjenje totalne,
spekularne in difuzne opti¢ne prepustnosti in odbo-
inosti vzorcev s spektroskopom Perkin Elmer Lamb-
da 950 ; meritve kotne porazdelitve razprsene svet-
lobe na vzorcih s hrapavimi povrsinami z racunalni¢ko
krmiljenim sistemom z vrtlivo roko; merjenje spekiraine
obé&utljivosti fotodetektorjev in soncnih celic z
monokromatorjem; merjenje Sumnih karakteristik fo-
todetektorjev z FFT spektralnim analizatorjem
marko.topic@fe.uni-lj.si , marko.topic@yahoo.com

- Branko Cvetkovi¢, Iskra TELA: Merjenje dolzin in mer-
jenje kotov z inkrementalnimi in absolutnimi merilnimi
dajalniki branko.cvetkovic@iskra-tela.si
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- J.Bojkovski , |.Pusnik, V.Batagelj, D.Hudoklin,
J.Drnovsek, FE - LMK- Laboratorij za metrologijo in
kakovost: Zagotavljanje sledljivosti na mednarodni nivo
in diseminacija vrednosti na podrocju termometrije-
izkusnje nacionalnega etalona za termodinamsko tem-
peraturo T.

Jovan.bojkovski@fe.uni-lj.si, janko.drnovsek@fe.uni-lj.si

Pripravili smo brosiran povzetek, ki je bil udelezencem na
razpolago. Prispevke smo objavili na spletni strani Zavoda
TC SEMTO www.zavodtcsemto.si.

Poslanstvo Zavoda TC SEMTO je, da pospesuje:

- da se obstojece znanje in raziskovalna ter merilna
oprema ¢im bolje izkoristi -~ vnovci

- da se napori in vlaganja ne podvajajo, ampak maksi-
malno izkoristijo

- da zadrzimo le kljuéne procese in kupimo preostalo
tam, Kjer je to kvalitetno in ceneje

- da se medsebojno informiramo o potrebah in ponud-
bi znanja in storitev

- da se informiramo o strateskih ciljih ter skupaj usmer-
jamo napore in sredstva v naSemu prostoru potrebna
znanja in vlaganja.

S tem poslanstvom Zavod TC SEMTO deluje ze od leta
2000 in prispeva k zblizevanju strokovnjakov iz RR institucij
in industrije. S tem namenom organizira tudi nekaj posve-
tovanj letno. Zavod TC SEMTO je soustanovitel] Centra
odli¢nosti Materiali za elektroniko naslednje generacije ter
drugih prihajajocih tehnologij. Clani Zavoda TC SEMTO
aktivno delujejo tudi v strokovnem drustvu MIDEM. Zavod
TC SEMTO aktivno sodeluje pri pripravi slovenske tehno-
loske platforme NaMaT (Napredni materiali in tehnologije),
ki je osnova za sodelovanje z evropsko tehnolosko platfor-
mo EuMaT. Veé o zavodu lahko preberete na spletni strani
www.zavodtcsemto.si

Zavod TC SEMTO je odprt tudi za ostale institucije in in-
dustrijo.

Igor Pompe
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OBISK UNSW IN SODELOVANJE NA SPIE SIMPOZIJU O
MIKRO IN NANO STRUKTURAH

Obisk Avstralije se je izkazal kot uspesna strokovna in zZiv-
ljienjska izkusnja. Osnovni namen potovanja je bilo
sodelovanje na SPIE simpoziju z naslovom »Microelectron-
ics, MEMS, and Nanotechnology«. Posvetovanje je bilo v
Brisbanu na queenslandski univerzi za tehnologijo,
(Queensland Univ. of Technology, QUT) v ¢asu od 11. do
15. 12. 2005. Poleg udelezbe na simpoziju smo izkoristili
to potovanje tudi za obisk univerze v Sydneyu (University
of New South Wales, UNSW). UNSW je ena od vodilnih
izobrazevalnih in raziskovalnih univerz v Avstraliji s preko
40000 studentov, od tega veé kot 3000 studentov prihaja
iz 120 razlicnih dezel. UNSW je tudi ena od vodilnih avs-
tralskih raziskovalnih institucij z ve¢ kot 70 raziskovalnimi
centri in dvanajstimi, od vlade financiranimi zdruzenimi
raziskovalnimi centri, ki pokrivajo podro¢ja biomedicine,
informacijskih tehnologij in materialov, ter Se ostale veje
znanosti kot so ekonomija, socialna politika, zgodovina itd..
V zadnjem ¢asu je UNSW najvec investirala v klju¢ne novo-
dobne discipline {»hi-tech«), vklju¢no s sonénimi celicam
{oddelek prof. Greena je eden od vodilnih na tem podrodju),
kvantno racunalnistvo (nanotehnologije), fotoniko in tele-
komunikacije. Priloznost za obisk se nam je ponudila zato,
ker smo imeli ze predhodno vzpostavijene dobre kontakte
s prof. Kwokom, ki je vodja nam sorodnega raziskovalnega
laboratorija za mikrosisterme (Microsystems (MEMS)) na
fakulteti za Elektrotehniko in telekomunikacije pri UNSW,
Ukvarjajo se s tehnologijo in nacrtovanjem elementov in
sistemov, ki pokrivajo interdisciplinarna podrocja, pri tem
pa imajo poleg lastnega mikroelektronskega laboratorija
tudi dostop do moderne nanotehnoloske opreme. Njihovi
projekti so vpeti v raziskave opticnih stikal za planarne stek-
lene valovode, MEMS bazirane optiéne povezave med
¢ipom in sistemom v ohisju, elekirod za znotraj oCesne
vsadke, fizikalne inercijske senzorje (opticni akcelerome-
ter, giroskop, itd.). Poleg nastetega se ukvarjajo Se z
mikrotehnologijami in raziskavami novih materialov za
mikroobdelavo. Na samem sestanku smo izmenjali pred-
stavitve nasih in njihovih aktivnosti, ugotovili kljuéna podroc-
ja skupnega zanimanja ter zacrtali program nadaljinjega
sodelovanja. Ogledali smo si tudi njihova mikro/nano-teh-
noloska laboratorija, ter z odgovornim osebjem tehnoloskih
laboratorijev izmenjali izkusnje in odprli debato o trendih
nadaljnjega razvoja na tem podrocju.

Uspesno zakljuceni obisk na UNSW smo nadaljevali v Bris-
bane na QUT, kjer je potekal SPIE simpozij. QUT je po
velikosti priblizno tako velika kot UNSW in je znana po tem,
da so njihovi programi zelo fleksibilni, z moznostjo izmen-
jave programov s tujimi univerzami ter da na njihovi univerzi
letno diplomira najve¢ studentov v Avstraliji. Poleg fakultet
in Sol za okolje, menedzment, kreativno industrijo,
izobrazevanje, zdravje, informacijsko tehnologijo, pravo in
humanistiko, imajo Se stiri institute in znanstveno razisko-
valni center.

Simpozij je bil razdeljen v pet tehni¢nih sklopov, ki so

potekali paralelno:

- Mikroelektronika: nacrtovanje, tehnologija in zapiran-
je v ohigja

- BioMEMS in nanotehnologije

- Elementiin procesne tehnologije za mikroelekironiko,
MEMS, in fotoniko

- Fotonika: nadrtovanje, tehnologije in zapiranja v ohisja

- Kompleksni sistemi

Mi smo sodelovali s prispevkom »Silicon dry-etching pro-
file control by RIE at room temperature for MEMS applica-
tion« v sklopu Elementi in procesne tehnologije za mikroe-
lektroniko, MEMS, in fotoniko. V nasem sklopu je bilo pred-
stavijeno 35 ustnih referatov in 39 referatov z posteriji,
priblizno toliko prispevkov pa je bilo tudi v ostalih sklopih.
Velika vedéina tujih (neavstralskih) avtorjev je prihajalo z
»bliznjih« univerz in institucij Singapuria, Tajvana, Hongkon-
ga in Japonske. Predstavijena so bila dela, ki so se ukvar-
jala s posameznimi tehnoloskimi segmenti ter tehnologija-
mi, potrebnimi za izdelavo naprednih miniaturnih mikrosen-
zorjev, kot tudi kon¢ne realizacije elementov. Predstavijeni
so bile tudi razlicni pristopi in metode za karakterizacijo
materialov in elementov v mikro- in nano-elektroniki. Za nas
so bile zanimive tudi ostale sekcije, predvsem v sekciji Bi-
oMEMS in nanotehnologije, kjer so bili predstavijeni neka-
teri za nas zanimivi prispevki s podrocja mikrofluidike,
mikro/nanomanipulacije ter biomedicinskih mikroelemen-
tov, senzorjev in biosenzorjev. Simpozij je bil uspeden tudi
s stalisCa navezave novih stikov z udelezenci konference v
smislu moznosti znanstvenega sodelovanja. Tako upamo,
da nam bo Ze to leto uspelo pridobiti tudi katerega od ug-
lednih predavateljev tega simpozija kot vabljenega preda-
vatelja na konferenco Midem 2006.

Uspesno strokovno pot smo zakljucili Se z dvema tednoma
dopusta. Kajti, le redko se ti ponudi priloznost, da lahko
spoznavas dezelo in ljudi, ki Zivijo tam spodaj (Down Un-
der). Poleg ogleda glavnih atrakcij in dudovitih peséenih
plaz mest Sydneya in Brisbana smo si ogledali $e mesta
Alice Springs in Cairns. Prvi lezi v notranjosti dezele, kjer
je puscava, drugi pa se nahaja v severovzhodnem obal-
nem delu, kjer je podnebje Ze subtropsko. V blizini teh dveh
krajev smo si ogledali njihove znamenitosti kot so Ayers
Rock, Olgas, Kings Canyon, Cape Tribulation in veliki ko-
ralni greben.

Potovanje v Avstralijo je odli¢no uspelo tako v strokovnem
kot »posvetnem« smislu.

Ljubljana, 24. 01. 2006
Danilo Vrtaénik, Slavko Amon
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Seminar “The thick and thin of ceramic based

interconnections”
1. December 2005, Dovenport House Conference Centre, Greenwich, London

1. decembra 2005 je bil v Angliji (London, Greenwich) or-
ganiziran seminar pod naslovom “The thick and thin of ce-
ramic based interconnections”. Organizator je bila angles-
ka sekcija IMAPS {(International Microelectronics and Pack-
aging Society). “Interconnections” bi se lahko prevedlo kot
“povezave”,” thick and thin” pa se nanasa na debeloplast-
no in tanko plastno tehnologijo povezav v hibridnih vezjih
ali modulih. Mimogrede, pri naslovu seminarja je Se bes-
edna igra. Fraza “Through thick and thin” pomeni nekaj
podobnega kot, da vstrajas skozi slabo in dobro. Regis-
triranih je bilo med 50 in 60 udelezencev.

Ce, seveda precej subjektivno, ocenim predstavijene ref-
erate, sta bila eden ali dva “reklamna”. Vendar so bile tudi
“propagandne” predstavitve predstavljene kot “resni” ref-
erali, poleg same “reklame” so bili podani tudi rezultati pre-
iskav, kar jih lahko kvalificira kot aplikativhe prispevke. V
glavnem pa so bili prispevki dober pregled danasnje upo-
rabe keramic¢nih materialov v elektroniki, predvsem hibrid-
ni elektroniki.

Vecina prispevkov je obravnavala uporabo keramike v taki
ali drugacni *vlogi” ali v povezavah v vezjih ali pa kot nosilce
vezij. V porocilu bom na kratko predstavil samo nekatere,
za nas zanimive, referate.

S. Muckett (Mozaik, Anglija) je v referatu z nasiovom "Use
of ceramic interconnect in the automotive sector” najprej
predstavil znane probleme, ki jih ima elektronika v avtomo-
bilih, predvsem v motorjih. To so predvsem visoke temper-
ature, nizke temperature (parkirano vozilo pozimi), vibraci-
je in agresivno okolje. Vezja morajo biti zato testirana pri
temperaturah med -40°C in 150°C. LTCC (low tempera-
ture co-fired ceramics) tehnologija izdelave kompleksnih
vecplastnih vezij moéno prodira v avtomobilsko elektroniko.
Vendar ta tehnologija zaradi razmeroma steklastin LTCC
materialov in s tem povezanih nizkih koeficientov termiénih
prevodnosti ni dobra za mocénostna vezja. Zato je, za
posebne namene, predavatelj napovedal “povratek” stare-
i8ih, sicer zelo zanesljivin, vendar zelo dragih veéplastnih
modulov, Kjer so v vecplastnih strukturah na osnovi Al»O3
zapeceni prevodniki na osnovi kovin z visokim taliséem.
Po drugi strani pa je tudi LTCC precej drazji od obicajnih
tiskanih vezij, zato bo uporabljan tam, kjer boljSa kvaliteta
upravic¢i visjo ceno. Podatek; nemska avtomobilska indus-
trija vgradi v avtomobile okrog 200 miljonov keramicnih vezij
na leto, v boljsih avtomobilih pa je Ze za ckrog 2000 dolar-
jev elektronike.

G. Thompson (TT Electronics Welwin, Anglija) je v pred-
stavitvi z rahlo provokativnim naslovom “What's all the fuss
about ceramics?”predstavil keramiki alternativne substrate
in aplikacije, ki so jih razvili v njihovi firmi. Ena od glavnih
prednosti substratov na osnovi AlzQ3 je njihova visoka to-
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plotna prevodnost, ki je nekaj deset krat visja od toplotne
prevodnosti tipicnih tiskanih vezij. Avtor misli, da bodo pred-
vsem za zahtevne pogoje delovanja avtomibilske elektronike
pocasi previadali substrati na osnovi jekel, pokritih z diele-~
ktriki, ali substrati na osnovi aluminija. Na Al substratih je
nanesen razmeroma debel sloj, okrog 50 um, AlxO3, kot
izolacijska plast. V diskusiji je povedal, da je plast nanese-
na z anodno oksidacijo, ni pa hotel komentirati, kako naredi-
jo tako debel sloj - verjetno poslovna skrivhost. Upore v
vezjih lahko izdelajo s komercialnimi debeloplastnimi upo-
rovnimi materiali na kovinskih substratih, na anodiziranih
aluminijastih sibstratih pa ne, ker jih omejuje talisé¢e kovin-
skega aluminija (660°C).

Q. Reynolds (Heraeus, Anglija) je v referatu “A European
perspective for hybrid and component materials” predstavil
pregled zahtev oz. direktiv RoHS (Restriction of the use of
certain hazardous substances in electrical and electronic
equipment), WEEE (Waste electrical and electronic equip-
ment) in ELV (End of life vehicle). Direktiva RoHS predpis-
uje, da sme homogen material vsebovati pod 0,1% Pb, Hg
in Sest valentnega kroma ter pod 0,01 % Cd. Homogen
material je definiran kor material, ki se ne more mehansko
lociti v ve¢ materialov. Kot primer: spajka na pospajkanem
tiskanem vezju je homogen material, pospajkano plosca
vezja pane. Obstaja pa $e vedno veliko izjem, kjer bi, pred-
vsem svinec, tezko izlodili, ne da bi se karakteristike mate-
riala zelo poslabsale ali pa cena zelo narasla. Najbolj znana
izjema so avtomobillski akumulatorji. Neaktere druge izieme
50 piezoelektricna keramika na osnovi svincevih oksidov,
svinceva stekla v televizijskih zaslonih (3¢itijo pred mehki-
mi rentgenskimi zarki), veliki racunalniki - serverji {pri teh
ne morejo tvegati, da nove plosée tiskanih vezij ali kompo-
nente ne bi zanesljivo delale), “velike inétalacije”(eden od
primerov so dvigala, ki morajo na vsak nacin delati varno,
elektronika na naftnih poljih itd.) in podobno. Pomembna
iziema je elektronika in sploh oprema za vojsko in varnos-
tne sluzbe. Dolo¢ene izjeme so tudi za avtomobilsko ele-
kitroniko, ker morajo za posamezne tipe avitomobilov proiz-
vajalci zagotavljati prave rezervne dele in komponente, tudi
Ce vsebuijejo svinec, za obdobje vsaj 10 let. Opozoril pa je
tudi, da so vse direktive podvrzene obdasnim revizijam, ki
v glavnem manjsujejo dovoljene izjeme.

F. Anderson (Coors Tek, USA)je zelo podrobno (mogode
celo preved) predstavil substrate na osnovi Al2Qg3, ki jih pod
trznim imenom “Superstrate” razvijajo in trzijo Ze slabih 30
let. To je bila ena od predstavitev, ki so uspesno pomesale
reklamo in viis, da gre za resen referat. Povprecna velikost
Al2O3 zrn pri superstrate substratih je precej pod 1 um,
kar tudi pomeni zelo gladko povrsino. Kvaliteto kontrolirajo
predvsem z meritvami elektri¢nih karakteristik in njihovim
sipanjem. Predavatelj je povedal, da so njihovi substrati
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idealni za debele filme, vendar se zaradi visoke cene v
glavnem uporabljajo za tankoplastno tehnologijo. Kako
dosezejo drobno zrnato keramiko po sintranju, seveda ni
hotel povedati ne v referatu in ne v slededi diskusiji. Prob-
lem je, da Ze majhen dodatek tekoce faze (stekla) sicer
omogodi sintranje keramicnih substratov pri nizji tempera-
turi, vendar tekoca faza hkrati spodbudi rast vecjih zrn.
Razvili so tudi nove AloOg substrate z $e bolj “gladko” pov-
rsino p zgabju brez mehanske obdelave, ki naj bi bila bolj-
Sa za tanko filmske radio-frekvencne aplikacije. Vendar je
cena teh okrog 20 do 25 krat visja (vprasanje, nekako ne
ravno zazeljeno, je bilo postavijeno med diskusijo) kot cena
obicajnih Superstrate substratov.

J. Forbes (Selex, Anglija) je predstavil referat z naslovom
“Ceramic interconnections in MW modules - users pre-
spective”. Selex je zelo veliko multi nacionalno podjetje, ki
je nastalo z zdruzitvijo Galileo Avionica and BAE Systems
Avionics sredi leta 2005. Med ostalim razvijajo in izdeluje-
jo sonzorje in radarske sisteme, predvsem za vojasko le-
talsko industrijo. Letalski radarji so sestavijeni iz 120 do
1500 mikro valovnih modulov. Te se obic¢ajno izdela v tanko-
plastni tehniki in nato pritrdi na plosce tiskanega vezja z
ozi¢enjem - bondiranjem. To je zahteven in predvsem drag
process. Predavatelj je opisal raziskave in razvoj novih, bolj
preprostih in cenejsih sistemo na osnovi tankih in debelih
filmov. Zahtevane frekvence so med 8 in 12 GHz, Sirina
prevodnih linij v komponentah pa okrog 10 um. Zato pri

uporabi debeloplastnih materialov uporabljajo foto obc¢ut-
liive paste, ki se jih lahko zjedka na take dimenzije. Testi-
rali so razli¢ne substrate z vi§jo toplotno prevodnostjo in
kaze, da so se odlodili za AIN, ki ima s 160 W/m okrog
sedemkrat visjo toplotno prevodnost kot obi¢ajno upora-
bljian Al2O3. Problem pritem materialu pa je, da velika vecéina
komerciainih prevodnikov in uporov ni kompatibilna z njim.
Zato nanesejo preko AIN substrata plast dielektrika, kise z
njim “ujema”,. Ker je toplotna prevodnost steklastih diele-
ktrikov bistveno nizja (dva do tri velikostne rede) od prevod-
nosti AIN, s tem seveda poslabsajo toplotne karakteristike.
Na koncu si je, kot “uporabnik”, zaZele! debeloplastnih
materialov, kompatibilnih z izbranimi substrati. V diskusiji
je povedal, da bi bili verjetno za uporabne debeloplastne
materiale, predvsem upore, pripravijeni placati tudi deset
krat vec, kot stanejo komercialne paste.

Ostali referati, ki tukaj niso opisani, so obravnavali med
ostalim racunalniski paket za design tri dimenzionalnih
MCM (Multi chip module) struktur (cena tega je priblizno
20000 $), tanke filme za aplikacije z visoko stopnjo inte-
gracije in precej splosno predstavitev o keramiki v mikroe-
lektroniki.

Marko Hrovat
Institut JoZef Stefan, Jamova 39, 1000 Ljubljana
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Povzetki magisterijev in doktorskih disertacij v letu 2005
MS and PhD Abstracts, year 2005

MAGISTERIJI v letu 2005

Naslov naloge: Hibridni oscilator za digitalno zemeljsko
televizijo

Avtor: KOSI Andrej

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Povzetek

S hitrim razvojem elektronskih naprav se pojav!ja potreba
po vedno bolj zmogljivih in kakovostnejsih nastavljivih
frekvencnih virin. Namen magistrske naloge je izdelava in
preizkus kakovostnega nastavljivega frekvencnega vira. Po-
drodje, Kjer bi lahko taksen ftekvenéni vir uporabili, je digital-
na televizija. V zadnijih letih digitalna televizija zbuja vedno
vedje zanimanje. Pri prehodu na digitalno televizijo je eden
kljucnih elementov kakovosten oscilator nastavijive frek-
vence. Predstavljene so razlicne moznosti za izvedbo tak-
$nega oscilatorja. Med razliénimi moznosti smo izbrali tako
imenovani hibridni oscilator za prakti¢no izvedbo. Izraz hi-
bridni oscilator zdruzuje dva razlicna pristopa, in sicer sin-
tezator z neposredno sintezo signala in fazno sklenjeno
zanko. V magistrski nalogi sta predstavijena sintezator z
neposredno sintezo signala in fazno sklenjena zanka. Pred-
stavijeni so najpomembnejsi sklopi, njihovo delovanje in
prakti¢ni izracuni. Na podlagi vseh spoznanj smo izdelali
prototip hibridnega oscilatorja za frekvencno podrocje UHF.
Opravili smo meritve, s katerimi smo izmerili lastnosti hi-
bridnega oscilatorja. Prikazani so glavni problemi pri izved-
bi hibridnega oscilatorja in mozne resitve teh.

Naslov naloge:Raziskava elektri¢nih razmer v omejeval-
niku toka s tekoco kovino

Avtor: KOPRIVSEK Mitja

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Povzetek

Nizkonapetostna stikalna tehnika je Sirok nabor razli¢nih
aparatov, naprav in postrojev, ki se uporabljajo za izpol-
njevanje razli¢nih funkcij v elektricnih tokokrogih. V uvodu
so prikazani razli¢ni stikaini principi, ki se uporabljajo v ra-
zliénih stikalnih aparatih. Poudarek je na instalacijskih od-
klopnikih in taljivih varovatkah. V nadaljevanju je prikazano
izpopolnjevanje zascitne funkcije pri Cemer je Se posebno
opredeljena vioga elektricnega obloka kot stikalnega ele-
menta. Osrednji del je namenjen raziskavi elektricnih raz-
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mer v omejevalniku toka s tekoco kovino. Prikazana je
primerjava elektri¢nih razmer v taljivi varovalki in omejeval-
niku s tekoco kovino. V sklepnem delu so podane smer-
nice za nadaljnje raziskave na podrocju omejevalnikov toka.

Naslov naloge: Enofazno galvansko lo¢eni usmernik s
korekcijo faktorja modci

Avtor: KOLMAN Ludvik

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Povzetek

V nalogi je predstavljen enostopenijski galvansko loceni
mocnostni pretvornik s korekcijo faktorja moci. Opisana je
izvedba prevodnega pretvornika z enim transistorskim stika-
fom, oziroma s prevodnim pretvornikom. Prevodni
pretvornik z enim stikalom se uporablja za moc¢i do 250W.
Nad 1kW, pa se uporablja izvedba z dvojnim stikalom. V
osnovi je enostopenjsko galvansko loceni pretvornik s ko-
rekcijo faktorja modi izpeljan iz pretvornika navzdol. Upo-
rablja se princip delovanja pretvornika navzgor s korekcijo
faktorja modi ter zvezo med vhodno omrezno napetostjo in
omreznim tokom. Natej osnovi je izdelan tudi stikalni regu-
lator. Za shranite v energije in galvanske locitve je upora-
bljen transformator in izhodni filter. Tako zastavljen
pretvornik zadosti napetostnim in tokovnim zahtevam. Ek-
sperimentalni rezultati za predlagano shemo 3500 W gal-
vansko lo¢enega prevodnega pretvornika z enim stikalom
kazejo vzpodbudne rezultate. Primerjava dosezenih rezul-
tatov z rezultati v literaturi, potrjuje uporabnost te vezave.

Naslov naloge: Povezljive naprave in omreZni sistemis
podrocja hisne avtomatizacije

Avtor: Laura Klanénik

Univerza v Ljubljani, Fakulteta za elektrotehniko

Povzetek

Magistrska naloga obravnava razlicne pristope k razvoju
inteligentnih povezljivih naprav ter omrezij za potrebe hisne
avtomatizacije.

Nekaj poglavij je posvecenih razlagi standardov, ki so bistven
del razvoja omreznih sistemov. Opisana sta dva komunikaci-
jska standarda, ki izstopata na podrocju hisne avtomatizacije:
LonWorks (de facto standard z 20 letno tradicijo), Konnex
(novejsi vseevropski standard, ki je Se v procesu nastajanja).



Informacije MIDEM 36(2006)1, Ljubliana

Osnova za to nalogo je delo pri projektu Povezljivi aparati
Gorenje, zato si posebno pozornost zasluzi tudi CECED
specifikacija, ki pokriva standardizacijo sporodil pri komu-
nikaciji v omrezju gospodinjskih naprav.

Vedno bolj se poudarja pomembnost razvoja odprtih sis-
temov in omrezij. Uporaba OSGi standarda na strani his-
nega streznika omogoca ravno to - koeksistenco in inter-
operabilnost razli¢nih standardov in komunikacijskih med-
ijev v enem omrezju.

Na koncu naloge so vsa pridobljena znanja zdruzena v ra-
zlicne mozne izvedbe sistemov.

To magistrsko delo je ustvarjeno tudi z namenom njegove
uporabe kot izhodiscne literature za pridobivanje osnovnih
znanj s podrocja hisne avtomatizacije in lazje razumevanije
dejanskih specifikacij omenjenih standardov, saj trenutno
za to podrocje Se ne obstaja literatura v slovenskem jeziku.

Naslov naloge: Karakterizacija in analiza delovanja
bralne elektronike amorfnosilicijevih detektorjev ul-
travijoliCnega sevanja

Avtor: Andrej Zunié

Univerza v Ljubljani, Fakulteta za elektrotehniko

Povzetek

Namen magistrske naloge je, na podlagi karakterizacije
razlicnih konceptov bralne elektronike, doloditi optimalen
pretvornik za prakticno realizacijo senzorskega sistema
zaznavanja ultravijolicnega sevanja. O primernosti realiza-
cije posameznega pretvornika bi se odlocali na podlagi
izmerjenih vhodnih obmocij pretvornikov, nelinearnosti,
dinamicnih in Sumnih lastnosti ter enostavnosti pretvorbe
izhodne elektricne velidine v UV indeks in minimalno erite-
malno dozo sevanja, ki dolo¢a zgornjo mejo zdravega iz-
postavljanja sonénim Zarkom.

V uvodnem poglavju je opisana zdruzljivost tankoplastnih
polprevodniskih tehnologij in mikroelektronskih tehnologij
za narocniska integrirana vezja (ASIC). Za tankoplastne
detektorje iz amorfnega silicija, ki so obdcutljivi v ultravi-
jolicnem, vidnem in infrardec¢em spektru, so opisane zaht-
eve, dogajanje znotraj plasti in njihove lastnosti. Narejen
je tudi kratek pregled namensko integriranih vezij od nji-
hovega zacetka, ki sega v 80. leta. do danasnjih dni.

V drugem poglavju na kratko, kolikor je potrebno za oprav-
lianje meritev. opisemo delovanje posameznih pretvornik-
ov: I-f pretvornika, ki izhodni tok detektorja pretvarja v frek-
venco izhodnega signala pretvornika; U pretvornika, ki
izhodni tok detektorja pretvarja v napetost na izhodu
pretvornika; A-D pretvornika, ki analogni signal prevaja v
digitalni izhodni signal; in H pretvornik, ki sluzi zgolj za za-
§¢ito bralne elektronike na vhodu vseh dosedanjih
pretvornikov. Sledi opis nad¢rtovanja oz. doloditve debelin
posameznih plasti UV detektorja. Bralna elektronika je na¢r-

tovana tako, da je moZna direktna depozicija UV detektorja
na njeno vrhnjo plast, zato smo opisali zaporedje nanosa
plasti detektorja pin na bralno elektroniko in postopek
plazemsko vzbujene kemijske parne depozicije (PECVD).
Za to¢ne meritve je potrebno zagotoviti ustrezne merilne
pogoje. zato smo na koncu opisali postopek realizacije
testne ploscice, na kateri so potekale vse meritve.

Poglavie o karakterizaciji je najobsirnejse, ker je v njem
zajeta glavnina raziskovalnega dela, zato je razdeljeno na
Stiri podpoglavja. Vedinoma se posvec¢amo dolocanju ele-
ktricnih lastnosti pretvornikov. Zaradi razliénih zahtev, kaj
se tiCe vzbujanja in oblike izhodnega signala, so bile za
posamezen pretvornik izbrane razlicne merilne metode.
Zato na zacetku opisemo merilne metode za posamezen
pretvornik, ki se med seboj razlikujejo tudi za dolodanje
stati¢nih, dinamicnih kakor tudi Sumnih lastnosti.

Nato za posamezen pretvornik podamo rezultate meritev,
ki vkljucujejo staticne, dinamiéne in Sumne lastnosti. Pri
stati¢nih lastnostih je podano merilno obmodje, izmerjena
prenosna karakteristika, njen lineariziran potek in nelinear-
nost. Z dinami¢nimi lastnostmi smo opisali obnasanje
pretvornika pri sinusnem vzbujanju, vendar je bilo pri f
pretvomiku to neizvedijivo, ker je pretvornik nelinearen sis-
tem. V tem primeru smo podali le relacije med amplitudo
vhodnega toka, frekvenco vhodnega signala in referenéno
napetostjo pretvornika. Sumne lastnosti dolo¢ajo prag
pretvornika in posredno celotnega UV senzorja. zato jim je
potrebno posvetiti posebno pozornost. Pri /f pretvomiku
smo pomerili odvisnost gostote moénostnega spektra tok-
ovnega Suma od vhodnega toka in prisli do ugotovitve, da
le-ta raste z vhodnim tokom. Ker je I-U pretvornik linearen
sistem. smo zanj izdelali Sumni model, ki ga sestavljata
ekvivalentni tokovni Sumni izvor in ekvivalentni napetostni
Sumni izvor. Pri [-U pretvorniku smo torej dolodili gostoto
mocnostnega spektra tokovnega in napetostnega Suma,
ki nam skupaj podajata pravo sliko o Sumnih lastnostih
pretvornika. Napetostni prispevek upada z vecanjem
vhodne upornosti, za razliko od tokovnega, ki je neodvisen
od upornosti na vhodu. Gostota mo&nostnega spektra tok-
ovnega Suma analogno-digitalnega pretvornika vsebuje
komponento kvantizacijskega Suma, ki smo ga zmanjsali z
nizkopasovnim Butterworth-ovim filtrom razli¢nih mejnih
frekvenc. Raven spekter dobimo, ¢e uporabimo filter druge-
ga reda z mejno frekvenco pri 600 Hz.

V nadaljevanju 3. poglavja opisemo UV detektor z njegovi-
mi opticnimi, elektriénimi, optoelektronskimi. dinami¢nimi
in Sumnimi lastnostmi. Z optiéno analizo. s katero smo zeleli
dosedi ¢im vedjo obdéutljivost detektorja v UV spektru, smo
iz primerjave lastnosti struktur nip in pin zakljuéili. daima iz
opticnega stalis¢a boljse lastnosti slednja. Prav take se je
izkazala oditna prednost uporabe strukture pin v substrat
konfiguraciji, kjer sta plasti p in n izdelani iz a-SiC:H s $irSo
opticno rezo, Pri ¢emer naj bo, zaradi dobrega kvantnega
izkoristka, debelina prednje plasti p ¢im tanj$a. Debelina
plasti / pa je pogojena z razmerjem med absorbirano svet-
lobo v UV in vidnem. spektru. Primerjava potekov spek-
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tralne obcutljivosti razli¢nih detektorskih struktur je poka-
zala, da je zlinearno kombinacijo Siroko- in ozko-pasovnega
detektorja dosezemo dobro korelacijo z dejanskim UV
indeksom.

Na koncu opisemo koncept karakterizacije celotnega UV
sistema, ki bo opravijena. ko bodo odpravijene tezave z
depozicijo UV detektorja na bralno elektroniko. Za karak-
terizacijo bi potrebovali ustrezen UV izvor s poznanim
spektrom in referenéni senzor UV indeksa.

Kon¢ni cilj razvoja UV senzorja je izdelati cenovno spre-
jemljiv senzor UV indeksa. ki bi integriral UV indeks vse do
minimalne eritemalne doze sevanj. ki predstavija zgornjo
mejo zdrave izpostavitve soncnim Zarkom. Ker se izhodi
pretvornikov med seboj razlikujejo, smo za vsakega od njih
predvideli posebno logiko za dolocanje eritemalne doze
sevanja. Ko bi uporabnik dosegel minimalno eritemalno
dozo sevanja, bi ga na to opozoril pisk piezo piskaca.

DOKTORSKE DISERTACIJE v letu 2005

Naslov disertacije: Akcijska logika dreves izvajanj z op-
eratorjem unless

Avtor: MEOLIC Robert

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Povzetek

Doktorska disertacija definira in raziskuje akcijsko logiko
dreves izvajanj z operatorjem unless (ACTLW). ACTLW je
izjavna temporalna logika razvejanega ¢asa. Izhaja iz logike
ACTL, ki je bila vpeljana leta 1990 in je ena od uveljav-
lienih temporalnih logik za izrazanje lastnosti modelov, ki
temeljijo na dogodkih. ACTLW je fleksibilnej$a od ACTL,
saj ne vsiljuje uporabe notranjega dogodka T pri izrazanju
lastnosti. ACTLW je tudi nekoliko izraznejéa od ACTL, saj
vsebuje temporalni operator unless (W), katerega pomena
v ACTL ni mozno v celoti izraziti. Nasprotno pa lahko vse
formule ACTL izrazimo z uporabo operatorjev ACTLW.
ACTLW omogoca udinkovito izvedbo preverjanja modelov
s podobnimi algoritmi kot pri preverjanju modela s CTL,
kar je pomembna izboljSava glede na logiko ACTL. Doktor-
ska disertacija podaja definicijo logike ACTLW, izpeljave
vseh standardnih temporalnih operatorjev in algoritme za
globalno preverjanje modela z ACTLW s simboliénim radu-
nanjem. Predstavljeni so tudi algoritmi za tvorjenje diag-
nostike pri ACTLW, za tvorjenje lineamih pri¢ in pro-
tiprimerov pri ACTLW ter za tvorjenje avtomatov pri¢ in pro-
ti primerov pri ACTLW. Doktorska disertacija je v celoto
zaokrozena z vzorci formul ACTLW in dvema vedjima prak-
ticnima primeroma: verifikacijo ve¢ razliénih algoritmov za
medsebojno izkljucevanje in verifikacijo dveh asinhronih
vezij za porazdeljeno medsebojno izkljutevanje.
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Naslov disertacije: Novi postopki implementacije adap-
tivnih digitalnih sit s programirnimi vezji

Avtor: OSEBIK Davorin

Univerza v Mariboru, Fakulteta za elektrotehniko, radunal-
nistvo in informatiko

Povzetek

V doktorski disertaciji se ukvarjamo s sistemi za digitalno
obdelavo signalov in njihovo implementacijo. Pri sistemih
digitalne obdelave signalov lo¢imo med izvedbo s signalnim
procesOliem, ki temelji na uporabi programske opreme in
izvedbo v strukturi programirnih logicnih vezji, ki temelji na
uporabi aparaturne opreme. lzvedba s programirnimi vezji
je zanimiva zaradi moznosti so¢asnega izvajanja ved arit-
meti¢nih operacij. V doktorski disertaciji smo predstavili nove
strukture funkcij za digitalno procesiranje signalov, ki so
primerne za implementacijo v programirna vezja. Omejilismo
se na funkgije, ki jih uporabljajo sistemi adaptivnih digitalnih
FIR sit. Med razliénimi adaptivnimi algoritmi za nerekurzivna
digitalna sita smo zaradi enostavnega izraduna izbrali algo-
ritem najmanjsih srednjih kvadratov (LMS - least-means-
squares) z nespremenljivo adaptivno konstanto. Omenjen
algoritem smo uporabili v podsistemu za izracun koeficien-
tov digitalnega sita. Algoritem temelji na dveh glavnih funke-
jah: funkciji izracuna zmnozka produkta dveh vektorjev in
funkciji izracuna vsote dveh vektorjev. Pri razvoju novih struk-
tur teh funkgij v sistemih adaptivnih nerekurzivnih digitalnih
sit s programirnimi vezji smo naredili modele na razliénih nivo-
jih. Z modeli na vigjih nivojih smo opisali delovanje sistema
adaptivnega digitalnega sita s plavajo¢o vejico. Z modeli na
nizjih nivojih pa smo opisali delovanje sistema adaptivnega
sita implementiranega v programirna vezja s celostevilsko
aritmetiko. Za izracun koeficientov smo z novimi strukturami
funkeij zmanjdali aparaturno kompleksnost podsistema. Zato
smo predlagali vhodno polje, ki bo aparaturno poenostavilo
implementacijo polia mnoZilnikov. Omenjeno vhodno polje
se obi¢ajno uporabija pri nerekurzivnih digitalnin sitih v struk-
turi porazdeljene aritmetike. Za dodatno aparaturno poenos-
tavitev implementacije smo predlagali uporabo enakega
vhodnega polja tudi za medsebojno povezavo polja zapored-
nih mnozilnikov s poliem zaporednih sestevalnikov v enotni
podsistem za izracun koeficientov. Predlagali smo tudi nov
nacin implementacije LMS algoritma z nespremenljivo adap-
tivno konstanto (NLMS - normalized LMS) v programirna vezja
s katerim bomo v celoti izkoristili procesno moé aparaturne
opreme sistema. V novih strukturah smo podali ocene na-
tanénosti izvajanja aritmeti¢nih operacij po naslednjih kriter-
ijih: srednjega kvadrati¢nega odstopanja, porazdelitvene
funkcije odstopanja in razmerja modi signal Sum. Sistem
adaptivnega FIR sita smo implementirali v dve programirni
vezji druzine XC4000E. Sistem ima 16 koeficientov, dolzina
registrov za zapis vhodno-izhodne besede in notranje struk-
ture je 16 bitov. Opisan sistem adaptivnega sita smo upora-
bili za izlo¢anje motilnega signala iz koristnega signala. Pri
tem smo s simulacijskimi rezultati v realnem okolju dosegli
izbolianje razmerja signal Sum v popredju za 12dB.
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Naslov disertacije: Zasnova veéstoritvenega posredni-
ka v telekomunikacijskih omrezjih naslednje gener-
acije

Avtor: ALJAZ Tomaz

Univerza v Mariboru, Fakulteta za elektrotehniko, racunal-
nistvo in informatiko

Povzetek

Disertacija temelji na ugotovitvi, da trenutno uveljavijena
arhitektura omrezij nastednje generacije ne more v celoti
zagotoviti funkcionalnosti dopolnilnih storitev, ki jih omogoca
signalizacija SS7 (ang. Signaling System No. 7) v klasi-
énem telefonskem omrezju, kar Se posebej velja za tiste
storitve, ki se nanasajo na identiteto uporabnika (telefon-
sko stevilko, ime ipd.), omejujejo njihovo komunikacijo in
jo zakonito prestrezajo. V doktorski disertaciji predlagamo
dopolnitev arhitekture omrezij naslednje generacije z novim
omreznim elementom, imenovanim vecstoritveni posred-
nik (ang. Multi-Service Mediatar -MSM), za katerega smo
zasnovali ustrezno arhitekturo in klju¢ne protokole. Novi
omrezni element omogoca tudi v telekomunikacijskih
omrezjih naslednje generacije delovanje dopolniinih storitev
signalizacije SS7 in zakonito prestrezanje prometa v novi
tehnologiji na enak nacdin kot v klasi¢nih telefonskih
omrezjih. Predlagana resitev je popolnoma primerna za
promet v realnem c¢asu, kot je prenos govora prek paket-
nega omrezja - VoIP, in minimalno vpliva na druge kljucne
arhitekturne gradnike omrezij naslednje generacije. Teor-
eticne raziskave smo podkrepili s simulacijami na nivoju
paketov IP telekomunikacijskega omrezja naslednje gen-
eracije z vklju¢enim veéstoritvenim posrednikom. S simu-
lacijo smo preverili delovanje novega omreznega vecs-
toritvenega posrednika in dolocili njegovo minimalno zmo-
gliivost obdelave paketov na sekundo, ki $e zagotavlja
primerno delovanje celotnega omrezja za razlicne oblike
prometa VolP.

Naslov disertacije: Uporaba povrsinske mikroobdelave
opti€nega viakna v senzorski tehniki in fotoniki

Avtor: CIBULA Edvard

Univerza v Mariboru, Fakulteta za elektrotehniko, rac¢unal-
nistvo in informatiko

Povzetek

Cilj disertacije je uvedba povrsinske mikroobdelave s se-
lektivnim jedkanjem opti¢nega vlakna v aktualno podrocje
MEMS in MOEMS tehnologij z realizacijo vrste miniaturnih
senzorjev tlaka in raztezka ter mikrole¢ na vrhu opti¢nega
vlakna. Predstavljeni senzorji delujejo na principu Fabry-
Perot interferometra, ki omogoca visoko obd&utljivost in
kompaktno miniaturno zasnovo senzorske strukture. Z na-
menom ocenitve moznosti in omejitev pri realizaciji sen-
zorjev v taksni izvedbi smo izpeljali prenosno funkeijo Fab-

ry-Perot interferometra z upostevanjem geometrijskih last-
nosti senzorske strukture. Kot prvo je prikazana izvirna teh-
nologija izdelave miniaturnega senzorja tlaka za biomedicin-
ske in industrijske aplikacije. Senzor uporablja polimerno
membrano, postavljeno v notranjost votlega distancnika,
izdelanega z jedkanjem stopni¢nega mnogorodovnega
vlakna v HF kislini. Zunanje dimenzije senzorja tako ne pre-
segajo premera standardnega opti¢nega viakna. lzdelani
in preizkuseni so senzorji z elasti¢no poliuretansko mem-
brano ter senzor z membrano iz polistirena. Senzor s po-
liuretansko membrano zagotavija visoko obdéutljivost in je
zato primeren za biomedicinske aplikacije, kjer se zahteva
merilno cbmocje pod 40 kPa, senzor s polistirensko mem-
brano pa je zaradi vejega modula elastiGnosti primeren
za merjenje visjih tlakov za razli¢ne industrijske aplikacije
(do 1200 kPa). Posebnost senzorja v primerjavi z obsto-
jec¢imi reSitvami je v izjemni obcutljivosti, kjer smo dosegli
lo¢ljivost manj kot 10 Pa, ob soéasnem zmanjsanju zunan-
jih dimenzij na premer opti¢nega viakna. Naslednji prispe-
vekje realizacija senzorja raztezka, primernega za tocko-
vne ali kvazi- porazdeliene meritve. [zpopolnjena tehnologija
izdelave na osnovi selektivnega jedkanja vrha gradientnega
opticnega vlakna v HF kislini z namenom pridobitve
konkavne poglobitve in posebnim postopkom varjenja z
enorodovnim vlaknom omogoca doseganje dovolj nizkih
transmisijskih izgub senzorja, kar omogodéa vezavo vedjega
Stevila senzorjev v kvazi-porazdeljen sistem. Dodatno je
razvit originalni postopek za nastavitev delovne tocke sen-
zorja, s Cimer zagotovimo linearen odziv senzorja na mer-
jen raztezek in ponovljivost izdelave, kar je $e posebej
primerno za enostavno procesiranje signalov kvazi-po-
razdelienega sistema z optiénim reflektometrom (OTDR).
Pomembna lastnost senzorja raztezka je moznost samo-
kompenzacije temperaturnega raztezka merjenca z upo-
rabo dodatnega kompenzacijskega senzorja. Kot tretji pris-
pevek predstavljamo originaino zasnovo in tehniko izde-
lave miniaturnega senzorja tlaka s SiO2 membrano, za ka-
terega je v primerjavi s senzorjem tlaka s polimerno mem-
brano sicer znacilna nizja obéutljivost, odlikujejo pa ga vi-
soka temperaturna (do 700°C) in kemiéna obstojnost.
Bistvenega pomena je moznost doseganja poljubne obdut-
ljiivosti senzorja v obmodju tlakov 0-40 kPa pa vse do nekaj
sto MPa. Cetrti prispevek je originalna zasnova in iznajdba
postopka za izdelavo posebne senzorske strukture, ki
omogoca pretvorbo merjenega tlaka, ki deluje na vlakno v
radialni smeri, v vzdolzni raztezek. Na ta nadin smo dosegli
moznost kvazi-porazdeljene meritve tlaka, kjer so posamez-
ni senzorji locirani vzdolZz enega opti¢nega viakna. Taksna
zasnova omogoca enostavno instalacijo kvazi-porazdeljen-
ega senzorja na merilno mesto ter preprosto metodo proce-
siranja signalov z uporabo opticnega reflektormetra (OTDRY).
Kot zadnji primer uporabe povrsinske mikroobdelave vrha
opti¢nega vlakna smo prikazali izvirno zasnovo in tehniko
izdelave mikrolece na vrhu opti¢nega vliakna, uporabne za
razlicne namene. Sem spadajo kolimacija in fokusiranje
svetlobe na izhodu opti¢nega vlakna, povedanije sklopne
ucinkovitosti vlakna s svetlobnimi viri, detektorji ali drugim
opti¢nim viaknom, za uporabo v mikrooptiki itd. Posebnost
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resitve je v enostavnosti in prilagodljivosti postopka, ki s
pomocdjo razvitega simulacijskega algoritma jedkanja vrha
vlakna omogocda realizacijo mikrolece z raznovrstnimi op-
ticnimi lastnostmi. V primerjavi z obstoje¢imi resitvami na
tem podroc¢ju mikrole¢a hkrati izpolnjuje zahteve po me-
hanski kompaktnosti, ustrezni poravnavi mikrolec¢e z op-
ticnim vlaknom, temperaturni in kemicni obstojnosti itd.

Naslov disertacije: Transport elektronov po minipasu
polprevodniskih superresetk

Avtor: Uros Merc

Univerza v Ljubljani, Fakulteta za elektrotehniko

Povzetek

Polprevodniske superresetke so nanometrske heterostruk-
ture, zgrajene z izmenjujoc¢im se periodicnim nanasanjem
dveh polprevodniskih materialov z razli¢nima energijskima
rezama. Delovanje superresetk temelji na resonancénem
tuneliranju, ki je posiedica interference valov v strukturah z
dvema ali ve¢ potencialnimi barierami. Namen tega dela je
bil predstaviti in nadgraditi fizikalno sliko delovanja struktur
z resonancénim tuneliranjem. Pretezno smo se ukvarjali z
modeliranjem in karakterizacijo struktur, pri cemer je bil
poglavitni poudarek na novih, Se ne poznanih lastnostih.
Raziskave smo priceli s strakturami z dvema in tremi bari-
erami, ki predstavljajo uvod v raziskave superresetk. Pri
slednjih nas je se posebej zanimal transport elektronov po
minipasu, preden le-ta razpade na diskretna lokalizirana
energijska stanja. Prednost struktur, katerih osnovni prin-
cip delovanja temelji na resonanc¢nem tuneliranju, je ta, da
imajo njihove tokovno-napetostne karakteristike negativno
diferencialno prevodnost. To je lastnost, ki omogoda iz-
vedbo $tevilnih novih in zanimivih nacinov uporabe struk-
tur, Se posebej s podrocja optoelektronike.

Ker znasajo debeline plasti raziskovanih struktur tipicno le
nekaj nanometrov, je bilo potrebno celotno analizo delovan-
ja izvajati z vidika kvantne mehanike in poslediénim resevan-
jem Schrodingerjeve valovne enacbe. Na podlagi teor-
eticnih osnov smo razvili dva kvantnomehanska numerié-
na modela. Prvi je bil model matrik sipanja (model odprtih
sistemov) in smo ga uporabljali za dolo¢anje prepustnost-
nih spektrov in valovnih funkcij elektronov z energijami vis-
jimi od prevodnega pasu emitorja. Na ta nadin smo lahko
nazorno analizirali princip nastanka energijskih minipasov
in raziskovali vpliv elektri¢nega polja na resonanéne vrhove.
V model matrik sipanja smo vkljudili tudi zelo pomembno
odvisnost efektivne mase elektrona od njegove energije.
Drugi model je bil model lastnih vrednosti in lastnih vektor-
jev sistema (model zaprtih sistemov), in smo ga uporabljali
za dolocCanje lege energijskih nivojev in pripadajodih val-
ovnih funkcij, ne glede na lego nivojev. Na osnovi obeh
modelov smo raziskovali fizikalne pojave in sklepali o nacinu
delovanja struktur.
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V disertaciji smo natancno raziskali vpliv elektricnega polja
na resonancne vrhove prepustnostnih spektrov Stevilnih
struktur z razli¢nim stevilom period. Na ta nacin smo lahko
sklepali o lokalizaciji in delokalizaciji elektronov na
posameznih energijskih nivojih. V nadaljevanju smo posku-
Sali ugotoviti, ali koherentne lastnosti diod z resonanénim
tuneliranjem z dvema barierama veljajo tudi za diode s tre-
mi barierami. Pri tern smo raziskovali vpliv temperature in
Fermijeve energije na tokovno-napetostno karakteristiko,
ki smo jo dolocali na osnovi prepustnostnih spektrov. Nas
namen je bil izdelati diodo s tremi barierami z izboljSanimi
lastnostmi glede na diodo z dvema barierama, Raziskava
je vkljucevala diode s protiodbojno zasdito, ki poveca vrh-
njo tokovo gostoto in omogoca izvedbo struktur z visjimi
barierami.

Primerjali smo razli¢ne hitrosti elektronov v superresetkah
in izpeljali skupinsko hitrost elektronov, ki temelji na mode-
fu neskoncnih struktur in se navadno uporablja kot hitrost
elektronov v navadnih superresetkah. Pokazali smo. da je
zato, ker je transport elektronov doloden z resonanénim
tuneliranjem, dejanska hitrost elektronov hitrost tuneliran-
ja, ki se jo doloc¢i s prepustnostnim spektrom, in se razliku-
je od skupinske hitrosti. V disertaciji smo hitrost tuneliran-
ja dolocili na dva nacina: iz Lorentz-ove oblike resonanénih
vrhov in iz faznih ¢asov. Nase ugotovitve so pokazale, daje
hitrost tuneliranja moc¢no odvisna od robnih vrednosti in je
neodvisna od dolzine strukture. Za razliko od skupinske
hitrosti smo z uporabo hitrosti tuneliranja lahko dolodili tudi
hitrost elektronov v razli¢nih tipih superresetk.

Poleg hitrosti je za transport elektronov po minipasu
kliuénega pomena tudi Sirina minipasu. V tern delu je izvir-
no predstavijena odvisnost Sirine minipasu od elektri¢nega
polja. Zvezo med njima smo dolocili na osnovi lege energ-
ijskih nivojev in izvirnega dolocanija lokalizacijske dolZine
elektronov neposredno iz valovne funkcije. Dobljeno odvis-
nost Sirine minipasu smo aproksimirali z analiti¢no funkcijo
in jo uporabili za nadgradnjo znamenitega Esaki-Tsu-jeve-
gamodela, ki dolo¢a zvezo med hitrostjo sipanih elektronov
in elektricnim poljem. S primerjavo izracunanih rezultatov z
izmerjenimi rezultati drugih raziskovalnih skupin smo poka-
zali, da je dejanska prostorska amplituda Bloch-ovih os-
cilacij dolo¢ena z lokalizacijsko dolzino elektronov, in je
manjSa od amplitude, dolo¢ene z disperzijsko relacijo.

Naslov disertacije: Optimizacija analognih elektronskih
vezij z dinamiénim izbiranjem algoritmov

Avtor: Andrej Nussdorfer
Univerza v Ljubljani, Fakulteta za elektrotehniko

Povzetek

Doktorska disertacija obravnava dvostopenjsko kom-
binirano optimizacijsko metodo. Zaradi radunske zaht-
evnosti optimizacijskih problemov je velik poudarek na raz-
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voju radunsko ucinkovitejsin optimizacijskih metod, Med
drugimi je zelo razsirjen vedstopenijski pristop optimizaci-
je. Pri tern pristopu skusa kombiniran algoritem izkoristiti
dobre lastnosti sestavnin metod ob izogibanju slabih last-
nosti le-teh.

Velik pomen pri optimizaciji ima tudi kriterijska funkcija
sama. Posebej pri inZenirskih optimizacijskih problemih je
lahko kvaliteta resitve zelo odvisna od lastnosti kriterijske
funkcije. V splognem so kriterijske funkcije optimizacijskih
problemov nelineame funkcije parametrov problema, kar
oteZuje analiticno obravnavo le-teh. Zaradi Zelje po robust-
nosti rezultatov je bil vpeljan zapis kriterijske funkcije s ka-
zenskim in kompromisnim podro¢jem ter princip ogljisCnih
tock. Tak zapis se je v praksi izkazal za zelo uspesnega. V
disertaciji je pokazana analiti¢na obravnava take kriterijske
funkeije. pri cemer so predstavijene doloCene uporabne
lastnosti takega zapisa. Te namre¢ nakazujejo moznost
razvoja udinkovitejsih vedstopenjskih optimizacijskih algo-
ritmov.

Na podlagi pokazanih lastnosti sta bili izbrani sestavni opti-
mizacijski metodi, to sta Box-ova metoda omejenih sim-

pleksov in metoda podrocja zaupanja. Za metodo podroc-
jazaupanja je poleg algoritma pokazana teoreticna obravna-
va in mocéni konvergencni teoremi. Za Box-ovo metodo
omejenih simpleksov pa je prikazan le algoritem sam, saj
za to metodo ni konvergenénih teoremov, oziroma so ti zelo
Sibki in omejeni na majhno skupino funkcij.

Vsaka veéstopenjska metoda vsebuje tudi mehanizem za
preklop med metodami. Pokazano je nekaj primerov takih
kombiniranih metod. Opisana je tudi izbrana prekiopna
strategija.

Sestavni deli kombinirane optimizacijske metode so nato
zdruzeniv celovit algoritem. Ta algoritem je tudi implementi-
ran in preizkusen na nizu optimizacijskih primerov. Ti primeri
gredo od optimizacije analiticnih funkcij do reainih optimiza-
cijskih problemov. Rezultati optimizacijskih poskusov so
pokazali, da je predstavljena kombinirana optimizacijska
metoda ucinkovitejSa od obeh posameznih sestavnih me-
tod.

Nazadnje so pokazane pomanijkljivosti kombinirane metode
ter nakazane moznosti za nadaljnjo izboljSavo.
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