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ELECTRIC FIELD AND POTENTIAL AROUND IMPURITY
ATOMS IN SEMICONDUCTORS

Andrej Levstek, Joze Furlan

University of Ljubljana, Faculty of electrical engineering, Ljubljana, Slovenia

Key words: physics, electronics, electrostatics, semiconductor modeling, Coulomb potential, microscopic electric potential, microscopic electric field
intensity, Debye-H(ickel screening, analytical approximation, numerical solution

Abstract: The paper describes different modeis for the microscopic electric field intensity and electric potential in the surroundings of ionized impurity
atoms in semiconductors. The emphasis is placed on a novel comprehensive model that is an improvement of the Debye-Huckel screening applied to
semiconductors. In contrast to other described models, the improved model is featured by respecting all three mechanisms of electric field attenuation in
solids: dielectric polarization, free carrier screening, and spatial distribution of impurity atoms. Electric potential and electric field intensity profiles are
obtained as numerical solutions of the Poisson equation fully respecting the non-linear space charge dependency. Proposed analytical approximations of
numerical resuits facilitate their further use.

Elektricno polje in potencial v okolici atomov primesi v
polprevodnikih

Kljuéne besede: fizika, elektronika, elektrostatika, modeliranje polprevodnikov, Coulombov potencial, mikroskopski elektri¢ni potencial, mikroskopska
elektricna poljska jakost, Debye-Hiickiov model zakrivanja, analiti¢na aproksimacija, numeri¢na resitev

lzvleGek: V prispevku so opisani razlicni modeli mikroskopskega elekiricnega polja in potenciala v okolici ioniziranih atomov primesi v polprevodnikih.
Poseben poudarek je posvecen novemu izErpnemu modelu, ki predstavlja izboljsavo uporabe Debye-Hiicklovega modela zakritega polja v polprevodni-
kih. Za razliko od ostalih opisanih modelov, se izboljsana inacica odlikuje s tem, da so upostevani vsi trije mehanizmi slabljenja elektricnega polja v trdnih
snoveh: dielektri¢na polarizacija, zakrivanje polia s prostimi nosilci in vpliv sosednjih, prostorsko razporejenih, ioniziranih atomov primesi. Poteki ele-
ktricnega polja in potenciala so izradunani z numeriénim re$evanjem Poissonove enache z upostevanjem nelinearne odvisnosti prostorskega naboja.
Dobljeni numeriéni poteki so aproksimirani z analiti¢nimi funkcijami, ki olajajo njihovo nadaljnjo uporabo.

The microscopic electric potential in the surroundings of
an ionized impurity atom is affected by three main factors,

1 Introduction

Properties of various semiconductor devices are usually
described by analytical approaches based on the macro-
scopic model of the semiconductor structure. In such
models uniform microscopic structure is presumed, e.g.,
the edge of the conducting band varies only macroscopi-
cally because of the built-in impurity concentration profile.
Analytical approaches are usually applied only to one-di-
mensional semiconductor structures. Two or even three-
dimensional analyses are prevalently carried out numeri-
cally as in many cases analytical solutions are not feasible.

Foranalysis, description and understanding of certain phe-
nomena it is inevitably necessary to consider local varia-
tions of microscopic space charge, electric field and po-
tential. Scattering and capture of free charge carriers by
tocalized charges consisting of ionized impurities repre-
sent an important type of such phenomena. Microscopic
gradients of the electric potential play also an important
role at the increase of the concentration of thermally emit-
ted free carriers from the energy states within the gap
across the lowered potential barrier into the conduction or
valence band (Poole-Frenkel effect), tunneling of charge
carriers through thin potential barriers, etc.

namely, the atoms of the base semiconductor, mobile
charge carriers, and adjacent ionized impurities. Each of
these factors weakens the electric field strength and elec-
tric potential in its own way. The most accurate result is
obtained when all factors are taken into account. Of course,
this is not an easy task especially if analytical expressions
for the electric potential are desired. However, it is possi-
ble to find approximate analytical expressions if some ef-
fects are simplified or neglected.

In order to maintain the main ideas clear we will constrain
this discussion to n-type sericonductor that is easier to
describe and understand. Maority mobile charge carriers
in n-type are electrons hence the physical picture is less
demanding, as electrons are real particles. Further, all
numerical examples and presented diagrams are calculat-
ed for silicon since it is the most important semiconductor
material.

From the beginning to the end of this article, we shall in-
crease the degree of complexity involved with the de-
scribed solutions of the microscopic electric potential.
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2  Coulomb potential

Silicon crystalline structure is tetrahedral, i.e. each silicon
atom is tied to its four neighbors by covalent bonds con-
sisting of a common pair of valence electrons. In n-type
silicon, a small part of Si atoms is replaced by donors, i.e.,
impurity atoms with five valence electrons. Four valence
electrons form covalent bonds to the four neighboring sili-
con atoms leaving the fifth one loosely tied to the core.
The space around impurities is filled with host atoms Si
that weaken the electrostatic force in such an extent that
at room temperature almost all donors are ionized /1/. In
other words, the fifth electron of almost every donor atom
gets sufficient kinetic energy to become mobile. Impurity
atoms themselves remain firmly bound to the host lattice
and can be treated as a uniform spatial distribution fixed-
point charges +q. However, the spatial pattern of impuri-
ties is not a strict arrangement in the sense of a crystal
lattice, but it is uniform on the average with minor devia-
tions from its regular positions. The process of ionization
does not change the neutrality of the observed volume on
the macroscopic level, because the interstitial space is filed
with mobile electrons, which contribute the negative charge
that exactly compensates the positive charge of fixed ions.

2.1 Electric potential of an isolated ion

The straightforward solution of the electric potential of an
ionized impurity atom can be derived from Coulomb's law
/2/ since an ionized impurity can be viewed as an isolated
point charge +qg

q
Vo) =
) pr— (1)

where g denotes the elementary charge, ris the distance
from the point charge and ¢ is the dielectric constant (per-
mittivity) of the environment. Eq. is well known as Cou-
lomb potential. The potential at a certain point in space is
meaningful only when a reference zero-potential point is
specified. [n most cases, this point is taken at infinity.

The electrostatic potential of an ionized impurity atom al-
ters the shape of band-edge potentials in the close sur-
roundings. The resulting joint profile is obtained by simple
scalar addition of the potentials. This is a significant advan-
tage of using electric potential V rather than electric field
intensity E. The diagram of band-edge potentials, shown
in Fig. 1, illustrates the influence of the Coulomb potential
of an ionized donor in silicon.

The diagram in Fig. 1 is only one -dimensional representa-
tion of the spherically symmetric spatial field. It is actually
the plot of the potential along a straight line, which is laid
through the charged center. The valence and conducting
band-edge potential are denoted by Vv and V¢, respec-
tively. With increasing distance r, those potentials asymp-
totically approach their macroscopic values Vyo and Veo.

In the described Coulomb potential model, only dielectric
attenuation is taken into account. Dielectric polarization of

vr)
vl
0.2+
014 Y
Vio
Ve
Vco
1I 0 I5 (I) é 1|0 r[nm]

Fig. 1: Band-edge potentials in silicon modified by the
Coulomb potential of an isolated ionized donor
atom atr=0.

host semiconductor atoms is responsible for the reduc-
tion of the electric field. The application of the macroscop-
ic dielectric constant for microscopic fields /1/, /3/ is jus-
tified by the fact that the distance between host atoms is
much smaller, e.g., 0.235 nm for silicon, than the distanc-
es of interest.

Permittivities of materials are usually expressed as a prod-
uct of the permittivity of empty space € and the relative
permittivity €, of a particular material. For common semi-
conductor materials €, ranges approx. from 9 to 17, in par-
ticular for silicon we get g, = 11.7 /4/. These relatively high
values of ¢, reduce the electric potential and the associat-
ed binding energy of donors after being incorporated in
host semiconductor.

Finally, the term isolated impurity needs some explana-
tion. We use this expression for semiconductor doped with
very low concentrations, which result in a sparse spatial
distribution of impurities, such that the mutual influences
between immediate neighbors are diminished by large av-
erage distances to a negligible level. There is no explicit
margin of the doping Np, below which the impurities are
considered isolated, but as a rule of thumb Np = 10'* cm™
can be used for silicon.

2.2 Effect of neighbors

Practical doping concentrations are substantially higher
than 10" cm therefore, influences of the ionized impuri-
ty atoms in the neighborhood have to be taken into ac-
count. Neighbors modify the potential and electric field
distribution of an isolated ion (1), introducing saddles be-
tween adjacent charged centers /5/. The modified circum-
stances can be easily explained by the rough draft of the
electrical potential profile along the straight-line laid through
two adjoining charged centers shown in Fig. 2.

The joint potential is obtained by adding the Coulomb po-
tentials (1) of each ionized atom, one at the origin and the
other at r = 2R. For distances 0 <r < 2R we get
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observed\ R
impurity

~
neighbor

Fig. 2: Schematic representation of the electric
potential along the straight-line running through
two adjoining ionized impurity atoms in
n-type semiconductor.

q q
i = +
0 dner 4dme(2R-r) @)

Adjacent impurity atoms are brought closer to each other
as their concentration Np increases regardless of their
spatial distribution. Consequently, an increased impurity
concentration raises the potential saddle at r = R. The dia-
gram shown in Fig. 2 is valid also for other directions in
space where other neighbors are positioned. If impurities
are assumed to have a simple body-centered cubic lattice
then each ion is surrounded with six closest neighbors.
Though the ideal spherical symmetry of the isolated ion
potential is perturbed, high degree of central symmetry
remains for radii r < R where Eq. (2) may be applied in any
direction. It is important to note that the magnitude of the
electric field intensity £ drops to zero at r = R where the
potential has a local minimum. At this stage, we will not
discuss the exact diagram of band-edge potentials because
in this case the zero-valued reference point at infinity does
not exist. The modified band structure will be presented in
section 4.1,

3 Debye-Hiickel screened potential

Free carriers, which are randomly moving in the space
between the ionized impurities, compensate the space
charge of fixed ions. The electrostatic field is screened by
mobile carriers due to electric forces that concentrate the
cloud of charge carriers near ionized impurity atoms. Such
phenomena have been noticed and first addressed in the
context of electrolytes by Debye and Hiickel /6/. This mod-
el can be applied to analyze the screened Coulomb po-
tential of one ionized impurity atom. One has to be aware
that the Debye-Htickel (DH) theory of screening is based
upon simplifications, which are justified for dilute ionic so-
futions, in order to obtain an analytical expression for the
screened potential. Thus, the DH model involves some
deficiencies, which become rather important when this
model is applied to semiconductors.

The expression for the screened potential is derived by
solving Poisson’s equation /1/,/7/

Vi = _P (3)

e
where ¢ is the macroscopic permittivity of the host semi-
conductor and p is the space charge consisting of rigid
ionized impurities and mobile carries. For n-type semicon-
ductor the charges of ionized impurity atoms and free elec-
trons mutually cancel each other. Only the charge of one
electron remains, since the positive charge of the observed
jon is left out. The solution of (3) is obtained by the linear-
ized Boltzmann distribution that is used for p(V).

For an n-type semiconductor with impurity concentration
Np the DH screened Coulomb potential around the fixed
ionized impurity atom is expressed by /8/

q v
r) = exp| ——
" 4rer P Lp ) )

where Lp is Debye length, given by

kTe
L= |25
D qZND . (5)

Two important distinctions should be made between the
circumstances in semiconductors and those in electrolyt-
ic solutions, on which the DH model is focused:

i. lonsare rigidly builtin the crystal structure of the sem-
iconductor

ii.  Mobile carries are unipolar (of only one polarity) as long
as the observed semiconductor is not intrinsic, i.e., Np
is at least an order of magnitude bigger than n;.

The DH screened potential has zero-valued reference point
at infinity hence it can be easily compared with the Cou-
lomb potential Veou. Plots of both potentials vs. distance r
for silicon (Np = 10"" cm™) are shown diagram in Fig. 3.

200

150

100 +

50

» [nm]

Fig. 3: Microscopic potential against distance r from
ionized impurity in Si.
(11): screened DH potential Eq. (3)
(—): unscreened Coulomb potential Eq. (1)
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The plot of DH screened potential Vpy declines steeper
and is always lower than the Coulomb potential. The de-
gree of reduction is governed by the exponential factor in
Eq. (4) that depends on impurity concentration Np. The
DH approach does not include the influence of neighbor-
ing ions that significantly modify the shape of the potential
as it is shown in section 3.2.

4  Comprehensive model of the
microscopic potential

4.1 Numerical solution

The exact screened potential, which respects the above-
mentioned effects at the highest possible extent, can be
calculated only numerically. In this section, we will present
only the important starting assumptions and the main steps
of the method. More details can be found in /9/, /10/.

Unlike the Debye-Huckel approach, which examines the
potential of a single ion within an unlimited space, the com-
bined approach is focused on a finite volume confined by
the same volumes placed around the neighboring fixed
ions. The volume is approximated with a sphere whose
diameter is equal to the closest distance between adjoin-
ing ions. This approximation substantially simplifies the
mathematical complexity of the problem, as the electric
potential field possesses spherical symmetry. As it is shown
in section 2.2, the potential V{r) becomes flat at midway
between adjacent impurities

av

i = ()

| (6)
The microscopic potential is obtained by solving the Pois-
son differential equation (3) for boundary condition (6). In
spherical coordinates, Eq. (3) becomes an ordinary differ-
ential equation

d*V 2dv p
e — = (7)
dr r dr £

as central symmetry of the potential and space charge is
presumed. Space charge density p of the electron cloud
is expressed by electron concentration n(r) that is deter-
mined by the density of states distribution in the conduc-
tion band and by Fermi-Dirac occupation probability, de-
fining

p=—gn=-gN I, Mc)» (8)

where N; is the effective conduction band density of states
and F1/2(ne) is the Fermi-Dirac integral, which is approxi-
mated by analytical functions in various regions of normai-
ized potential 1 = q(Vr - Ve)/KT /11/.

The screened potential of the localized charge V, which
modifies V¢ and thus the space charge density p (8), has

to meet the neutrality condition that can be expressed in
integral form

J;/J-fpdv—l—q:(), ©)

where Vs denotes the observed sphere. The a priori un-
known difference Vg = Vo - Veo at midway r = R, upon
which the total charge of the electron cloud depends, is
determined by an iterative algorithm. The non-linear Pois-
son equation, obtained by inserting (8) into (7), is solved
by numerical integration, which starts at midway r = R, us-
ing boundary condition (6) and an initial guess value Vp.
After each iteration, Vg is successively adjusted until the
neutrality condition (9) is achieved.

7 (r)
|
1
+qg O Ve
/ -
Ve
r Ve

Fig. 4. Schematic diagram of band-edge potentials on
a straight line running through two positive ions.
Macroscopic band-edge potentials \Vivo and Vco
are modified by the screened potential V(r).

The band-edge potentials are then given by

Ve =Veg +V, (10)
and similarly

Vi =Vyg +V. (11)

Schematic diagram of screened band-edge potentials is
shown in Fig. 4, where some important properties of the
final solution can be seen. The polarity of V is both, posi-
tive and negative, thus conduction band-edge potential Ve
is located partly above and partly below its macroscopic
value Veo. This variation of V¢ is accompanied with similar
but more intense deviations of the electron density n from
its macroscopic equilibrium value Np. In the spherical re-
gion close to the ion, the concentration of free electrons n
is much above Np. This increased negative space charge
is compensated by n < Np in the outer shell in order to
meet the neutrality condition (9). The screened potential V
is always negative for radii r beyond a certain r > ro (see
Fig. 4), hence Vg = V(R) is always slightly negative.

The range of the horizontal axis in Fig. 5 covers all the radii
within the observed sphere from O to R, because for simple
cubic spatial distribution of impurities and Np = 107 cm™®,
we get R=10"%m.
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Fig. 5: Numerical and classical potentials against
distance r from ionized impurity in n-type Si,
Np = 10"7cmS,
(1 1): screened potential - numerical solution
of Eq. (7)
(—): screened DH potential Eq. (3)
(- ): unscreened Coulomb potential Eq. (1)

The numerically computed potential, combines all three
major mechanisms that attenuate the electric potential as
we move from the charged center, i.e., dielectric polariza-
tion, space charge screening, and the influence of adja-
cent ions, thus it exhibits a significant improvement upon
the classical expressions, i.e., the Coulomb and DH po-
tential, respectively.

4.2 Analytical approximations

4.2.1 Screened electric field intensity

The main drawbacks of the numerical method are, first,
the very nature of numerical results, which are usually ob-
tained in tabular form, and second, the extensive and time-
consuming iterative algorithm. In this section, we present
analytical approximations proposed in /10/ for the numer-
ical solution of the microscopic electric field and potential,
respectively. Throughout this article, the main emphasis is
put on the electric potential, owing to its scalar nature and
its tight connection to energy bands in semiconductor.
Though in some cases, especially those involved with kin-
ematics of charged particles, electric field intensity E
seems 1o be more appropriate.

The magnitude of electric field intensity £ of a positive
charge q given by Coulomb’s law

Jo—

" dmer? t12)

becomes zero only when the distance r gets infinite. The
same applies to DH screened electric field, which is ob-
tained by differentiating the potential (4). The boundary con-
dition (6), which is postulated to mimic the effect of neigh-
bors, can be met by an approximate expression for the
electric field in the range O <r <R in the form

B q r m
E_4n8r2 1_[Ej (13)

in which the screening effect is contained in the factor [1 -
(r/RY™], where m determines the degree of screening. The
general Eq. (13) satisfies the boundary condition (8) for
any selected value of m. When lowering the exponent m,
the electric field decreases more vigorously with an increas-
ing radius r, thus enhancing the screening effect. At low
values of r/R the electric field in Eqg. (13) approaches the
unscreened Coulomb case.

The optimal value mept, which minimizes the total squared
error between the analytic approximation and the numeri-
cal solution, is shown /10/ to depend slightly on the impu-
rity concentration. The exponent mep: decreases from 1.8
to 0.9 as the impurity concentration Np is being increased
from 10'° up to 10'° ecm™, respectively. If simplicity of the
analytical expression is desired then integer values 1 and
2 are preferred.

The diagram in Fig. 6 shows different plots of the magni-
tude of electric field intensity in the surroundings of an ion-
ized impurity atom, namely, Ecou given by (12) (Coulomb’s
law), Enum is obtained numerically, using the algorithm pre-
sented in previous section, and Eapp according to the ana-
lytical approximation with m = 1.5, The plot of the approx-
imate electric field Eapp exhibits very good matching to the
numerical electric field Enum, which is considered accu-
rate, The values of Enum and Vium are computed simulta-
neously when the Poisson's equation (7) is being solved.
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Fig. 6:  Magnitude of electric field intensity in the
region of an ionized impurity atom in n-type Si,
Np = 70"7cm™,
(——): numerical solution
(eeee): analytical approximation Eq. (13) with
m=15
{----): unscreened Coulomb electric field Eqg. (12)

4.2.2 Screened electric potential

In order to analyze the effect of the proposed approxima-
tion (13), an electrostatic potential for arbitrary m is ob-

5



Informacije MIDEM 33(2003)1, str. 1-7

A. Levstek, J. Furlan:

Electric Field and Potential Around Impurity Atoms in Semiconductors

tained. Integrating Eq. (13) in the range from R to arbitrary
r gives the form

., q L (rY__m r
4 VR_4n£r{1+(m—1)(R) (m—l)R}’ ()

where Vgis the potential at r = R, referenced to the macro-
scopic band-edge potential Vco (see Fig. 4). The expres-

sion is valid even for m = 1 since the limit ’}}E(V - Vz)

exists. In this special case Eq. (14) changes to

q ror., r
V-V, = l—-—+—In—
. 4nsr( R R Rj‘ (15)

The exact value of Vg can be obtained numerically from
the boundary condition (9) and Eq. (8) for the space charge
of the electron cloud. However, it is possible to obtain an
approximate value of Vg by expressing the electron con-
centration with the Boltzmann instead of the Fermi-Dirac
distribution. The derivation of Vg /10/ yields two final ana-
Iytical expressions for the screened potential:

g 1 Lm_é mm+1) r
V—4n8r{l+(m—l)(1€) 2(m—1)(m+2)RJ’(6)

for the general value of m# 1 and

q rlr Tr
V= l+ln—| = |- ——
4TCSI”I: "R [Rj 6R]' (17)

for the special case with m = 1.

An evaluation of the approximate screened potential (16)
is shown in Fig. 7. The approximation Vapp withm = 1.5is
plotted together with the numerical potential Vyym dis-
cussed in section 4.1 and Coulomb potential Vcou, which
is shown for reference. The value of the exponent m is not
exactly the optimal value for Np = 10"7cm™®, but is a rea-
sonable choice for most doping concentrations that ap-
pear in electron devices.

The shapes of the potential profiles Vapp and Vyum are in
good agreement over the whole range of distances. How-
ever, there is small constant difference between the two
potentials that are being compared. In contrast with the
interweaving plots of electric field Eapp and Enum in Fig. 6,
the potential Vapp remains slightly above Vyum over the en-
tire range of radii. This difference arises from the deriva-
tion of VR, in which linearization of the Boltzmann expo-
nential dependency is used.

5 Conclusion

The intention of this article was to present a review of the
various models for the microscopic electric field and po-
tential. The described models were devised or modified
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Fig. 7. Approximate and numerical potential versus
distance r from ionized impurity in n-type Si,
Np = 10"cm™.
(—): screened potential Vnym = numerical
solution of Eq. (7)
(---): analytical approximation Vapp Eq. (16)
withm = 1.5
(---); unscreened Coulomb potential Eq. (1)

for the use in semiconductors, however, some of them,
e.g. the numerical method, can be applied also in other
areas.

In order to maintain informational nature and clearness of
the paper many details and results have been omitted.
Extensive tests of numerical method for the whole range
of interesting doping concentrations have been carried out.
The results show god agreement between the approximate
and numerical profiles.

Numerically calculated potential and its approximation rep-
resent a significant improvement of the DH model, because
all three mechanisms of electric field attenuation (dielec-
tric polarization, screening by mobile charge carriers, ef-
fects of neighbor impurity atoms) are taken into account.
The choice of the appropriate model in a particular case
depends on a variety of factors. As general rule, it can be
suggested that in cases where higher doping concentra-
tions are concerned a comprehensive model would be
more appropriate, since the effect of screening is more
intense at high space charge densities.
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Abstract: FOLIS, a relatively simple, PC compatible photolithography simulation tool, developed for photolithography process development and demon-
stration, is presented, and physical models incorporated into software outlined. Examples of simulations by FOLIS of selected photolithography process

steps are given.

FOLIS, programsko orodje za simulacijo fotolitografskega
procesa

Kljuéne besede: fotolitografija, projekcijski poravnalniki, simulacija procesov, mikroelektronika

IzvieCek: V prispevku je predstavijen FOLIS, relativno preprost in za uporabo na osebnih racunalnikih prilagojen programski paket za simulacijo in
demonstracijo fotolitografskega procesa. Oértani so fizikalni modeli, ki so vkljuéeni v program in prikazani primeri simulacij izbranih faz v fotolitografkem

postopku.

Introduction

Lithography is the cornerstone of modern IC manufactur-
ing, and lithography tools and process characterization at
the core of the lithography process engineering. A great
majority of the ICs today are manufactured by optical pho-
tolithography. The concept behind it is relatively simple: a
light sensitive photoresist is spun onto the wafer forming a
thin layer on the surface, which is selectively exposed by
light through a mask, containing the pattern of the particu-
larlayerto be patterned. The resistis then developed, which
transfers the pattern on the mask to the wafer. The remain-
ing resist is finally used as a mask e.g., to etch the under-
lying layer. As the dimensions of the features to be fabri-
cated on the wafer approach 0.1 um, the classical limit of
the resolution of optical tools used in photolithography, the
implementation of the simple concept becomes quite com-
plex. In fact, complex enough for the tradition empirical
tools of the IC manufacturing process development to be
insufficient for the task at hand. They have to be comple-
mented by different computer simulation tools which make
understanding and optimization of the performance of the
lithographic process possible. Such tools are based on
the Fourier optics to describe the performance of expo-
sure tools, and resist chemistry to describe the formation
of the mask pattern in the resist. Photolithography simula-
tion tools generally follow the directions developed by Dill
/1, 2/, and a number of commercial products is available
for simulation purposes. However, these tools themselves
are quite complex and in connection with optimizing per-
formance of the projection Ultrateh Stepper Aligner UTS

8

1100 in our Microelectronics laboratory, there was a need
to develop a relatively simple, PC based simulation tool,
which could also serve for demonstration purposes. The
result of this efforts is FOLIS (Fotol ltografski Simulator), a
software simulation tool presented in this contribution.

Optical Considerations

All of the projection exposure systems used in IC manu-
facturing industry today are diffraction limited optical in-
struments. Consequently Frauenhofer diffraction theory (3)
has to be incorporated in any simulation describing their
performance. The basic tenet of the theory is that a point
object is imaged by the optical system into a finite patch of
light, or blur spot, in the image plain, i. e. the image of the
source is not perfect. This obviously has important conse-
quences for imaging the fine, detailed pattern present on
the mask on the photoresist covered wafer. In FOLIS the
imaging of the mask pattern is modeled by the standard
Fourier analysis of the Frauenhofer diffraction. The dif-
fraction theory is used to calculate spatial distribution of
the light intensity I(r) in the blur spot, the image of an aper-
ture in the mask. There is a small but significant difference
between diffraction patterns of a circular and rectangular
aperture. For the former, an axially symmetric spot (Airy
disc), the intensity is given by:

X
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where x = (T a sin ©)/A, |, the intensity maximum in the
center of the disk, a the diameter of the aperture in the
mask, ® angle between the direction of the intensity max-
imum and direction of the current position in the image, A
the wavelength of the light, and J1 the first order Bessel
function. The expression for rectangular aperture is analo-
gous and results of a FOLIS simulations for both are shown
in Fig. 1. According to the Rayleigh criterion the maximum
resolution R of the projection optics can be extracted from
the above expression:

R=1.22L/ NA,

where NA is the numerical aperture of the projection sys-
tem. This expression strictly applies to point sources only.
In real photolithographic systems, imaging a variety of
shapes of finite dimensions on resists of different abilities
to distinguish closely spaced features, further details of
the imaging, e.g. defocusing of the image plane, have to
be considered. Usually all such effects are incorporated
into a factor kLw in the corrected expression for R, i.e. the
minimal line width that can be imaged:

R = kuwA/ NA

In practice kuwis a number between 0.8 and 1.0, result-
ing in e.g. 0.36 um resolution for the Hg emission | line in
the UTS 1100 aligner. As this projection aligner utilizes |,
H, and G emission lines, all 3 are considered in the FOLIS
simulations.

Y

-5 -4 -2 )
4 X .

Fig. 1 Airy disk simulaton by FOLIS for circular point
source (diamonds) and line source (squares).
x—axis divisions are scaled by the objective
focal length.

Depth of focus (DOF) of the imaging optics also influences
the resolution limit and is considered in FOLIS. The
Rayleigh criterium for the DOF is simply translated to the
requirement that the lengths of the on-axis and edge of
entrance aperture rays not differ by more than A/4, and

DOF = ki A/(NA)?

where ki is a factor analogous to kiw, accounting for the
increased DOF for larger features, the dependence of DOF
on other factors, e.g. resist process.

Another basic optical concept allowing modeling of the
aerial image on the surface of the photoresist film, which
is incorporated into the FOLIS, is the modulation transfer
function (MTF) /3/. MTF is basically a measure of the con-
trast in the aerial image produced by the exposure sys-
tem. It is defined as

maax min

I .+ .

max

MTF =

where | is the intensity of light at different parts of the im-
age. MTF of a system depends on a variety of factors, in-
cluding the illumination light wavelength, mask spatial fre-
quency and feature size to be transferred to the photopol-
ymer, the NA of the lens, and spatial coherence of the
source. MTF decreases with the mask feature size and is
at the resolution limit for an ideal mask only 0.5. Generally,
an exposure system needs to achieve a MTF value of at
feast 0.5 in order for the resist to properly resolve the fea-
tures incorporated in the mask. In principle the concept of
MTF strictly applies only to coherent illumination, howev-
er, its approximations for partially coherent radiation are
known /4/ and this is incorporated into the FOLIS. The
aberrations of the Wynne—Dyson imaging system of the
UTS 1100 are neglected in our simulator, and DOF treated
as a phase aberration. In Fig. 2 an example of the Bosung
plot calculated for a diffraction grating-like mask of 0.6 um
line width and 1.2 um pitch is shown. It should be noted
that in practice actual measurements of such data are quite
difficult and therefore an accurate modeling of the image
of great value.
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Fig. 2:  Bosung plot (UTS 1100 projection stepper and
600 nm AZ1350J photoresist on SN-SO
covered wafer) fora 0.6 um CD line-space mask

structure, calculated by FOLIS.

Photoresist Image

Formation of the aerial image, and its quality, by the expo-
sure tool is the first step of the photolithographic process
that is considered in modeling. Translation of this image
into its 3 dimensional replica in the photoresist is the next

9
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one. Geometric accuracy, exposure speed, and also pat-
terned resist physical and chemical properties have to be
considered. While the later aspects of this stage of process-
ing are not modeled by the FOLIS at this time, the first two
are.

There are several reasons for the optical intensity pattern
of the aerial image to be different from the intensity pattern
in the resist layer. One is the reflection of light from under-
lying structures which results in establishing a 3 dimen-
sional standing wave pattern in the resist, resulting in an
exposure pattern that reflects it. Modeling of the standing
waves is relatively simple only if it is assumed that the light
entering the film is all vertically incident, i.e. parallel rays
perpendicular to the wafer plane, and this is the approxi-
mation used in the FOLIS. In an exposure systems with a
high NA this is clearly not the case. Partial coherency of
the light source and the reflected light further complicate
the calculations as they involve an integration of effects
over the total angle of the incoming light. Non-uniform re-
sist film thickness and similar factors of random nature are
not considered.

The calculation of the standing wave pattern in the resist
layer is a straightforward application of the electromagnet-
ic theory /3,5/ - electric field at different depths in the
film is calculated, taking into account the change in wave-
length of the light in the photoresist film due to its refrac-
tive index, reflection coefficients at interfaces and absorp-
tion coefficient of the film. In FOLIS this is accomplished
by the standard technique of introducing the complex re-
fractive index. The light intensity is then simply proportion-
alto the square of the magnitude of the electric field. In Fig
3. a simulation of the standing wave pattern in a uniform
photoresist film of 0.65 pum thickness on bare Si substrate,
for the 3 wavelengths used in the UTS 1100 projection
aligner, is shown. The actual calculation of the standing
wave pattern in a more realistic structure, e.g. oxide layer
in top of Si, or several films, each with different optical prop-
erties, is considerably more complex, but is approached
in an analogous manner as the simplest case.
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Fig. 3:  Standing wave pattern in a 0.65 pim photoresist

layer for G, H, and | Hg emission lines, as
simulated by FOLIS. Intensity units are arbitrary.
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The light intensity in the photoresist film, calculated as
described above, is not directly related to the transfer of
the aerial image on the film surface into the 3D image struc-
ture in the exposed film. During the exposure the optical
properties of the resist material change with exposure time
(the so called resist bleaching). The effect can be handled
by the Dill model of the positive photopolymer /6, for a
review see 2/. In this model the film is treated, essentially,
as a succession of a number of thinner layers, each thin
enough for the bleaching effects to be considered uniform
throughout the film subdivision, and certainly thinner than
A/2n {(where n is the refractive index of the photopolymer
material), the spatial frequency of the standing wave pat-
tern in the resist film. The changes in the exposed pho-
toresist are related to the changes of concentrations of
one of its components, e.g. the inhibitor, and local bleach-
ing rate calculated from the concentrations and light inten-
sity at a point. The model involves determining 3 parame-
ters (Dill parameters) for the resist and iteratively solving 2
coupled equations, simultaneously with the equation of the
standing wave pattern. The results of the procedure in
FOLIS, for 1 um film of the AZ1350J resist on 3 different
underlying structures, exposed in UTS1100 projection
aligner at 50 mW/cm?, is shown on Fig. 4. Only G and H
Hg emission lines are included in the calculation. As most
modern exposure tools use monochromatic light, such
effects are even more pronounced, and consequently the
control of critical dimensions in the exposed resist film even
more difficult.

Photoresist Developing

Photoresist developing is a surface controlled etching proc-
ess /6/. In modeling it is assumed, that at each point the
developer solution etches the surface of the resist isotrop-
ically, with the etch rate at each point governed by the lo-
cal concentration of the resist inhibitor. Of course, it is ex-
actly the local (normalized) concentration of the inhibitor
that is calculated by the exposure model described above.
The dependence of the etch rate on the inhibitor concen-
tration is nonlinear. In FOLIS, as in most models, terms
higher than quadratic are neglected. Time evolution of the
developing resist profile is calculated by setting up a 2 di-
mensional grid, where the inhibitor concentration is de-
fined in each cell, and the developer moving into the resist
at local etch rate, thereby evolving the profile. 2 different
methods for calculating the evolving pattern are used in
FOLIS. One is an interactive cell method that is computa-
tionally relatively simple. An example of calculating the
developed profile in 0.5 um AZ1350J resist film by the
interactive cell method is shown on Fig. 4. The relatively
large size of the cells has been chosen for clarity. The 2
dimensional interactive cell method can easily be extend-
ed to 3 dimensions, and an extension of FOLIS in this di-
rection is considered.

The second method for calculating the resist profile in
FOLIS is the advancing front method. In this case the lat-
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UTS 1100: 50mJ/em?
1 gm AZ1350J na Si

UTS 1100: $0mfcm®
1 p0m AZ1350J na 60nm SiQzin Si

UTS 1100: 50mJfem’®

1gm AZ1350J na aluminiju

Fig. 4:
aluminum), as simulated by FOL/S.

tice points define, locally, the interface between the resist
and developer and this interface (front) advances into the
resist, according to the local etch rate. Such a computa-
tion process is easy to relate to the evolving resist profile,
however, it is computationally quite demanding and slow.
An example of developed 1.5 um AZ1350J resist film, as
calculated by this method, is shown on Fig. 5 and Fig. 6.
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Fig. 5. Photoresist development simulation (interactive

cell method) by FOLIS.

Phase Masks

Efforts to improve the resolution of lithography systems are
directed not only towards improving the exposure tools and
photoresist processing, but also to designing masks with
advanced features that allow better transfer of the design
pattern to the photoresist. For the projection lithography
tools phase masks are of considerable interest and it thus
seemed desirable to include, for demonstration purpos-
es, at least some of the features of phase mask operation
into the FOLIS. The concept of phase shift masking tech-

Time evolution of inhibitor concetration M in photeresist on different substrates (Si, 60 nm SO on Si, and

nigues is not new and has been proposed some time ago
/7/, however, its application to the masking process
prooved to be quite complex. The concept is based on the
elementary fact, that any diffraction pattern observed in
the aerial image plane is a result of superposition of elec-
tric fields of the light waves scattered by the mask. Diffrac-
tion minima in the image are the sites where the fields can-
cel, and conversely maxima the sites where they add con-
structively. At an image point the phases of the light waves,
arriving from different positions of a standard e.g. chrome
“black and white” mask, are determined solely by the dif-
ferent geometrical path lengths from the point to the differ-
ent positions on the mask. The result of superposition, e.g.
for a circular opening in the mask, is the familiar Airy disk
pattern of the image. However, the phase of light waves
emerging from the mask can also be altered by adding to
the mask the so called phase shifters, which are basically
transparent films of appropriate thickness and index of re-
fraction. For a 180 deg. phase shift the relation between
the thickness d, refractive index n and the wavelength of
the light A is

d=A/2(n-1)

By suitable positioning of the phase shift plates on the mask
it is possible to arrange for the electric fields at desired
sites in the image to be canceled. The photoresist responds
to the intensity of the light, which is proportional to the
square of the electric field and is thus not effected directly
by the phase of the light waves. But by causing the fields
to cancel at desired image sites, the resolution and quality
of the aerial image can be significantly improved (2,7).

It is not excessively difficult to calculate, by the Fourier
methods, the light intensities in the image plane for phase
masks with relatively simple geometries. Fig. 7. illustrates
a FOLIS simulation for a via mask in which the geometry of
the contactviais represented by an opening in the chrome,

11
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Fig. 6:  Photoresist development simulation (advancing
front method) by FOLIS.

i.e. dark field, (a), chrome patch (light field, b), 180 deg.
phase shift plate with dimensions of the via on light field
(c), and 180 deg. phase shift plate behind in an opening
(dark field + phase shift, d). Top part of the figure repre-
sents the (normalized) electric field intensities immediately
behind the mask, and the lower part the light intensities in
the image plain. (It should be noted, that the simulation
includes a mirroring of the image around the optical axis
by the objective lens.) Clearly the contrast afforded by the
phase shift mask (b) is largest, exceeding contrasts of oth-
er mask types by at least a factor of 2. A simulation of a
mask of greater complexity is shown on Fig. 8. As in Fig.
7, on the top the electric field intensity behind the mask is
shown, light intensity in the image plain for a phase mask
(center), and the light intensity for the same mask geome-

Fig. 7. Viaimaging by different masks: (a) dark field,
(b) light field, (c) 180 deg. phase shift plate with
dimensions of the via on light field, (d) dark field
+ phase shift, as simulated by FOLIS.
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try without phase shifting (bottom). It can be observed that
imaging of the phase mask retains greater detail of the mask
geometry than is the case with standard mask, however,
the image is distorted. At present FOLIS is incapable of
simulating and optimizing image light intensities for a masks
with random pattern geometry, which would, presumably,
model a real life mask more closely.

Fig. 8:  Viaimaging for a »random« phase mask. (a)
electric field behind the mask, (b) aerial image
at focal plane, (c) image of standard mask of
same geometry, as simulated by FOLIS.

Conclusion

The FOLIS simulation tool has been developed to augment
the introduction of projection alignment techniques into the
Microelectronics Laboratory of the Faculty of Electrical
Eng., University of Ljubljana. An important development
goal has been to provide a means of demonstrating the
relatively complex photolithographic topics and process to
the faculty students. At present the FOLIS program pack-
age is not being further developed but improvements, in-
dicated in the text, are planned for the future.
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IZVEDBA PARAMETRICNEGA NELINEARNEGA FILTRA ZA
ISKANJE KOZNIH ZNACNIC V DIGITALNI SLIKI Z FPSLIC
TEHNOLOGIJO

Iztok Kramberger, Zdravko Kacic

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

Kljuéne besede: digitalni filter, digitaina slika, koza, barva, digitaino procesiranje signalov, FPGA, mikrokrmilnik, FPSLIC, PAL

Izvlegek: Clanek obravnava razvoj matematiénega modela in strojne izvedbe parametriénega digitalnega filtra za iskanje koznih znaénic v digitalni sliki.
Prikazana je implementacija z FPSLIC tehnologijo podjetia Atmel, ki predstavija u¢inkovito zdruzenje FPGA programabiinih logi¢nih celiénih vezij in RISC
mikrokrmilnikov. Predstavijen parametriéni digitaini filter omogoéa filtriranje digitalne slike zapisane v YCbCr barvnem prostoru in na svojem izhodu daje
digitalno sliko v obliki binarnih mask. Primarni namen uporabe danega digitalnega filtra je izlo¢anje odtenkov kozne barve v digitalni sliki, kar primarno
predstavlja predprocesiranje slike v algoritmih detekcije ali sledenja koznih formacij. Ob tem je digitalni filter parametri¢no zasnovan in tako omogoda
izlo¢anje barvnih odtenkov v sirSem pomenu. Struktura filtra je primerna za izvajanje operacij na nivoju slikovnih to¢k, ki ne vkljuéujejo asovno povezanih
opravil. Predstavljena arhitektura digitalnega filtra s hitrostjo izraunavanja izhodnih vzorcev zadovoljuje potrebe procesiranja digitalne slike v realnem ¢asu
za standardne PAL slikovne formate v polni locljivosti. Glede na odprte moznosti perifernih enot FPSLIC integriranih vezij, nudi izvedeni digitalni filter
enostavno povezovanje z obstojecimi video dekodirniki in razvojnimi orodji za digitalno procesiranje signalov.

Implementation of Parametrical Nonlinear Digital Filter for
Skin Features Identification in Digital Image Using FPSLIC
Technology

Key words: digital filter, digital image, skin color, digital signal processing, FPGA, microcontroller, FPSLIC, PAL

Abstract: This article is about development of mathematical model and hardware implementation of the digital filter for skin features identification. With
increasing popularity of digital video the computer vision is becoming one of the common media in mainstream electronics. One of the general tasks that
are required by consumer computer vision systems is image understanding like detection and tracking of people. Before those tasks can be performed,
the images have to be preprocessed. Suchlike tasks can be very cumbersome for general purpose computers. In such cases the skin color can be a very
comprehensive feature to achieve the goal. The core of color tracking is color based image segmentation. introduced parametrical digitat filter makes it
possible to filter digital images in YCbCr color space and on its output it gives digital images in a binary mask fashion. As the primary purpose of this digital
filter is to identify skin color tones in digital images that is the main preprocessing task in detection and tracking of skin color formations, the parametrical
design of the filter also offers color detection at comprehensive sense. In contrast to other classical digital filters known for digital audio and video signal
processing with convolution equation, this filter features a multitude of threshold functions as transfer function. Appropriated thresholds are defined in
HSV color space for the value and saturation components where the hue attiibute is reliable. Therefore we use a polyhedron with appropriate threshold
values that correspond to the skin-colored clusters with well-defined saturation and value components, based on a large sample set /16/. Each pixel from
the digital image that passes through the filter is labeled with appropriate binary information. This binary information creates a binary mask with the same
size as the original image where a logical one points to skin-colored pixel. As the applicable level of shown digital filter extends to digital image preprocess-
ing the low level hardware implementation is very suitable. The hardware implementation is shown with FPSLIC technology from Atmel that features high
performance combination of FPGA programmable logic circuits and RISC microcontrollers. The given digital filter structure is suitable for low-level non-
temporal preprocessing tasks that operate on pixel level. Shown architecture of the digital filter offers sufficient computing power or data bandwidth to
satisfy the requirements for full resolution real-time image processing in standard PAL picture formats. For hardware implementation we developed a
mathematical model that enables calculation of the digital filter parameters from given boundary values in HSV color space. The digital filter hardware is
completely designed in FPGA part of FPSLIC circuit. The embedded FPSLIC RISC microcontroller features parameter computation within the given
mathematical model. The appropriate boundary threshold values for skin color identification in HSV color space are passed to the filter through asynchro-
nous serial port and afterwards used for parameter computation. After calculation the computed parameters are directly applied to the digital structure of
the filter by the embedded microcontroller. For parameter storage we use 8-bit wide registers that are implemented in the FPGA part of the FPSLIC. Such
digital structure enables dynamical changing of the filter parameters as they are computed by the embedded microcontroller and their computation
doesn't disturb the digital image filtering which is done by the FPGA logic. As it is shown in the given mathematical model we have expose the polyhedron
threshold values to several conditional states that are computed by three logical processing units. We have shown that six conditional states are needed
to delineate the given threshold polyhedron in HSV color space. Each of those three processing units is performing two parameters computation so two
of conditional states are processed by each unit. Through the parallel structure we get six computed conditional states for each image pixel that are
gathered together for the binary pixel label on the filter output by a simply logical function. As FPSLIC integrated circuits utilize many peripheral units with
open connection possibilities it is simple to interface the digital filter to other devices like video decoders and development tools for digital signal process-
ing. Through simulation and testing we found that the performance of digital filter mostly depends on lightning conditions of the captured scene. In those
cases where lightning conditions are worse the value threshold in HSV color space or the brightness parameters have to be appropriately corrected to
increase the performance of the filter in identifying skin-colored features in digital image. in the future we will implement automatic tracing of the lightning
conditions in captured scene and re-computation algorithm for specific brightness depending parameters.
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1. Uvod

Z narasdéajoco popularnostjo digitalnih video kamer posta-
ja elektronskivid eden izmed splosnih medijev potrosniske
elektronike. Med sploSna opravila, ki jih zahtevajo z ele-
ktronskim vidom podprti potrosniski sistemi, spada tudi
razumevanje slike, kot na primer detekcija in sledenje lju-
di. Preden je mozno taks$na opravila dejansko izvesti, je
potrebno slike predprocesirati. TakSna naloga je lahko
izjemo zahtevno opravilo za splosno namenske racunaln-
ike. Ne le zaradi racunske zapletenosti, temved tudi zaradi
velikin podatkovnih hitrosti.

Barva koze v taksnih primerih nudi primaren nacin za dose-
go omenjenega cilja. Jedro barvnega sledenja je na barvi
osnovana segmentacija. Glede na predstavitev barvne
razdelitve v dolocenih barvnih modelih, lahko trenutno upo-
rabljene tehnike barvnega sledenja uvrstimo v dva splosna
pristopa: parametricni /11, 9/ in ne-parametricni /3, 2/.

Sistem detekcije in sledenja odtenkov koZne barve vkljucuje
modul predprocesiranja, ki omogoca izloCanje odtenkov
barve koze v zivem slikovnem zaporedju. Uporabljena pa-
ralelna arhitektura je $e posebej primerna za tiste naloge
predprocesiranja, ki se izvajajo na nivoju slikovnih tocCk.
Arhitektura je tako uporabna pri elektronskem vidu na niz-
kem nivoju procesiranja, ki ne vkljuéuje casovno povezanih
opravil, saj sistem ne vsebuje slikovnega pomnilnika in je
Casovno propusten.

Predstavljen digitalni filter za razliko od klasic¢nih digitalnih
filtrov, ki jih poznamo s podrocja procesiranja zvocnih in
slikovnih signalov, kot prevajalino funkcijo /33/ ne upora-
blja konvolucijske enadbe, temve¢ mnozico pragovnih funk-
cij, ki izhajajo iz opravijene statisticne obdelave predhod-
no zajetih slikovnih vzorcev /16/. Tako gre v nasem primeru
za oznacevanje slikovnih tock v obliki binarnih mask, kjer
vsaka toc¢ka dobljene binarne maske vsebuje informacijo
o prisotnosti barve koze. Torej lahko za vsako slikovno tocko
vhodnega slikovnega toka dolo¢imo ustreznost opisnim
pogojem odtenkov kozne barve, pri tem se ta oznaci z
logiénim stanjem na izhodu filtra. Ker izhodno slikovno za-
poredje v obliki binarnih mask dimenzijsko ustreza vhod-
nemu slikovnemu zaporediju, lahko govorimo o slikovnem
filtru.

Ker aplikativni nivo uporabe digitalnega filtra sega na po-
droé&je predprocesiranja Zivega slikovnega zaporedja, ga
je smotrno realizirati na logi¢nem strojnem nivoju. Pri sami
izvedbi logi¢nega stroja smo uporabili FPSLIC tehnologi-
jo podjetia Atmel. FPSLIC tehnologija predstavlja pro-
gramabilna logi¢na vezja, ki vkljudujejo vgrajen RISC
procesor /28/.

2. ldentifikacija odtenkov kozne
barve

Identifikacijo in sledenje kozno obarvanih regij dolo¢amo
z uporabo predhodnega poznavanja porazdelitve barve

koze v HSV barvnem prostoru. Ugotovijeno je bilo, da od-
tenki kozne barve formirajo precej dobro definirana podroc-
jav HSV barvnem prostoru /15/. V tem prostoru lezi nam-
re¢ porazdelitev koznih barvnih tonov dominantno v ome-
jenem obmodju barvnih odtenkov rdece in rumene barve
ter v doloc¢enih primerih v obmodiju skrlatne in rdece barve
za temnejse tipe koze /16/. Komponenta nasi¢enosti teh
formacij nakazuje, da so kozne barve do neke mere
nasicene, vendar ne globoko nasi¢ene s spreminjajo¢im
nivojem osvetlitve. Komponenta barvnih odtenkov je naj-
bolj pomembna lastnost za dolo¢anje karakteristik koznih
formacij, vendar so lahko barvni odtenki dokaj nezanesljivi
v primerih nizke osvetlitve scene ali nizke vrednosti nasi¢en-
jana podrod¢jih koznih formacij /16/. Zato je potrebno defin-
irati primerne prage za komponenti vrednosti osvetlitve in
nasic¢enja v primerih, kjer je ustrezen tudi atribut barvnih
odtenkov.

V skladu s kozno obarvanimi formacijami iz podatkovne baze
zajetih slikovnih vzorcev, je mozno zapisati ustrezen po-
lieder s primernimi vrednostmi pragov, ki imajo ustrezno
definirani komponenti nasicenja in vrednosti osvetlitve:

| cee 340° > H (k)< 50°,
p()=1"" s(k)=50% V(k)=35%  (11)
0, drugje

Polieder velja za poljubno lokacijo tocke p v sliki, kjer je k
trenutna koordinata tocke.

Kot je iz nastetih pogojev razvidno, je problem dokaj jasno
definiran v HSV barvnem prostoru, vendar je smotrno prob-
lem zasnovati tako, da bo zadoscal uporabi potrosniskih
slikovnih senzorjev ~ kamer. Pri veéini potrosniskih kamer
je slikovni tok zapisan v YCbCrbarvnem prostoru in iz tega
razloga so potrebni dodatni racunski postopki, ki preslika-
jo pogoje iz prostora HSV v prostor YCbCr.

3. Izpeljava matematichega modela

Kot smo omenili v poglavju 2 je binarna prevajalna funkcija
/39/ digitalnega filtra podana v obliki poliedra v HSV
barvnem prostoru. Zapisan polieder je neparametricnega
tipa, saj so pogoji natancno doloceni, vendar je v prakticni
uporabi mnogokrat zahtevano dolo¢eno odstopanije, ki ga
je nujno potrebno upostevati na samem zacetku snovanja
matematicnega modela. Zato smo se odlodili za para-
metricno obliko filtra, ki omogocda spreminjanje pogojev
danega poliedra.

Zaradilazjega prehoda iz HSV barvnega prostorav YCbCr
barvni prostor smo vpeljali Se RGB barvni prostor, ki zaradi
svoje aditivne lastnosti na eni strani omogoca lazje razume-
vanje pogojev danega poliedra koznih odtenkovv HSV pros-
toru in na drugi strani ponuja enostaven prehod v YCbCr
barvni prostor.
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3.1 Predstavitev barvnih prostorov

Clovesko oko ima v odesni mreznici tri tipe celic receptor-
jev, ki so obcutljive na tri razlicna obmodja valovnih dolzZin
elektromagnetnega valovanja. Svetloba povzroc¢a stimulac-
ijo teh celic, ki posledi¢no proizvajajo elektricne impulze,
le-ti pa potujejo do mozganov, ki na podlagi jakosti impul-
zov zaznajo doloceno barvo.

Barvo lahko predstavimo z ve¢imi modeli, ki jim pravimo
barvni prostori. Posamezni barvni prostori so prilagojeni
razlicnim tipom aplikacij (racunalniska grafika, televizija,
video oprema, ...). Zelo pomembno vlogo pri izbiri
primernega barvnega prostora igra tip operacij, ki jih mo-
ramo izvrsiti nad barvno informacijo. Dolo¢ene operacije
so lahko namrec¢ nekemu barvnemu prostoru “naravne” in
jih je zato mo¢ lazje in hitreje izvesti. To pomeni, da lahko
neko barvno informacijo, ki je zapisanavizvornem barvnem
prostoru, pretvorimo v drug prostor, v katerem izvrsimo
obdelavo in nato pretvorimo informacijo nazaj v prvotni
barvni prostor.

3.1.1 Barvni prostor YCbCr

YCbCr barvni prostor je bil razvit za namene prenosa in
obdelave video in televizijskega signala. Komponenta Y
predstavlja intenziteto in nosi vso potrebno informacijo za
prikaz slike v ¢rno-beli tehniki. Celotno barvno informacijo
je mozno interpretirati z uporabo preostalih dveh kompo-
nent kromaticnosti Cb in Cr. Prvotnaideja YCbCr barvnega
prostora izhaja iz ugotovitve, da so Cloveske oci obcutljivej-
Se na zeleno kot na rdec¢o ali modro barvo /33/. Glede na
razmerja obcutljivosti Cloveskega ocesa vsebuje tako kom-
pozitna kot tudi komponentna oblika analognega signala
70 % informacije o zeleni, 20 % informacije o rdediin 10 %
o0 modri barvi, Glede na dana razmerja so zasnovani tudi
slikovni senzorji, ki najpogosteje uporabliajo Bayerjevo
razporeditev slikovnih elementov - toCk. Bayerjev vzorec
uporablja dvakrat ve¢ zelenih kot rdecih in modrih elemen-
tarnih detektorjev. [z omenjenih razlogov tako analogni sig-
nal kot digitalno slikovno zaporedje vsebuje dvakrat vec
informacije o intenziteti (pretezno zelena barva), kot o kro-
mati¢nosti (rdec¢a in modra barva). Pri pretvorbi analogne v
digitalno obliko zZivega slikovnega zaporedja se slikovni tok
vzorci glede na dana razmerja po vzorcni shemi 4:2:2, kar
pomeni, da vsakemu vzorcu intenzitete izmeni¢no pripa-
data kromati¢ni vzorec modre in rdec¢e barve. Za nadaljnjo
obdelavo slikovnega toka je potrebno vzoréno shemo
pretvoriti iz razmerja 4:2:2 v razmerje 4:4:4, kjer vsakemu
vzorcu intenzitete slikovnega toka pripadata kromati¢ni
vzorec rde¢e in modre barve /34/.

3.1.2 Barvni prostor RGB

RGB barvni prostor je posebej primeren za uporabo v radu-
nalniski grafiki. Barva je dolocena s tremi komponentami:
R (rdeca), G (zelena) in B (modra). Na sliki 1 vidimo, da je
RGB barvni prostor predstavljen v obliki tridimenzionalnega
kartezijskega koordinatnega sistema. Poljubna barva je
dolo¢ena kot vsota vektorjev osnovnih komponent RGB.
Za prenos slikovne informacije v RGB prostoru je potreb-
na vecja podatkovna Sirina.
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Slika 1: RGB barvni prostor.

3.1.3 Barvni prostor HSV

HSV barvni prostor je zelo podoben ¢lovekovi percepciji
barv. Barvna informacija je v HSV prostoru dolo¢ena s
komponentami: H - hue (barvni odtenek), S - saturation
(nasicenje}, V- value (vrednost osvetlitve). Na sliki 2 je pri-
kazan model barvnega prostora HSV v obliki stozca. Ra-
zliéni barvni toni H so opazni na horizontalnem preseku
stozca in sespreminjajo v odvisnosti odkota med izhodis-
¢nim barvnim tonom 0 (rdec¢a barva) in zelenim barvnim
tonom. Nasic¢enje S naraséa od vrednosti 0 do vrednosti 1
v smeri od sredis¢a proti obodu. Osvetljenost V pa nai-
asca po vertikalni osi od vrednosti O (¢rna barva) do vred-
noti 1 (bela barva). HSV barvni prostor je zaradi svoje so-
rodnosti s Clovekovo percepcijo barv iziemno primeren za
aplikacije elektronskega vida.

Hue

Saturatisn

Valuz

Slika 2: HSV barvni prostor.

3.2 Matematicni model

V uvodnem poglavju smo ze omenili, da bo vhodni slikovni
tok digitalnega filtra zapisan v YCbCr prostoru, med tem
ko bo izhodni slikovni tok predstavijen na nivoju binarnih
mask. Tako lahko radunsko operacijo filtra v splognem za-
piSemo z izrazom:

M(t)=T((1)). (B.1)

kijer je T prevajalna funkcija filtra, / slika vhodnega sliko-
vnega zaporedia in M binarna maska izhodnega slikovnega
zaporedja v ¢asu t.

Ker filter izvaja prevajalno funkcijo v obliki pragovnih funk-
cij na vsaki posamezni slikovni to¢ki vhodnega slikovnega
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zaporedija in pri operaciji filtriranja ni medsebojne odvis-
nosti med posameznimi slikovnimi tockami, lahko matema-
ticno formulacijo prenesemo na nivo posamezne slikovne
tocke v obliki zapisa:

m(k,t) =T(i(k,1))

kier je T prevajalna funkcija filtra, i/ tocka vhodne slike iz
slikovnega zaporedja in m tocka binarne maske izhodnega
slikovnega zaporedija s koordinatami k v ¢asu 1.

(3.2)

Ce upostevamo zahteve procesiranja v realnem casu, lahko
ugotovimo, da moramo operacijo prevajalne funkcije izvesti
vsaj tolikokrat, kot to pogojujejo dimenzije vhodnega sliko-
vnega toka. Zaradi narave zivega slikovnega zaporedja je
¢as, ki je na voljo za enkraten izracun operacije prevajalne
funkcije podan z izrazom:

1

t, =—
Y omen f

(3.3)
kjer sta m in n dimenziji vhodne slike v vodoravni in navpic¢-
ni smeri in f frekvenca slik Zivega slikovnega zaporedja.

Ker moramo pri snovanju filtra upostevati zahteve proce-
siranja slikovnega toka v realnem ¢asu, je formulacija filtra
podana z izrazom:

m(k)=T(i(k))

Tako lahko delovanje filtra ponazorimo s sliko 3.

Barvno obmodje, ki
ustreza barvi koZe

Slika 4: Pogoji v HSV prostoru.

Ce barvne vrednosti v RGB bharvnem prostoru zapisemo
kot vektorje v komponentni obliki

F=(r,r

xo 'y

n).8=(g..8,,8.).b=(b,,b,,b,),87

je iz slike 4 razvidno, da lahko z ustrezno postavitvijo HSV
barvnega prostora v RGB barvni prostor, vrednosti
posameznih komponent zapiSemo kot

1
r.=R 1, =07 ="§R, (3.8)
1 NE) 1
=G g =G g.=—=G
g,\ 2 lg) 2 l \/g 1 (39)

VHOD:
- tocka (osnovni element slike)
dolo¢ena s komponetami YCbCr

[N

vhodne informacije

IZHOD:
ey - lOgiCNA "0": ni barva koze
-logi¢na "1": barva koze

Procesiranje

Slika 3: Princip delovanja filtra.

Na sliki 4 je grafiéno prikazano obmodje barv v HSV
barvnem prostoru, ki ustreza barvi koZze po pogojih pred-
stavljenih v poliedru prevajalne funkcije filtra, pri c¢emer so
meje pragovnih funkcij parametriéno zapisane.

Polieder prevajalne funkcije filtra lahko v skladu s sliko 4
razdelimo na sledece pragove

V 2 Vmux (34)
~o, <H <aq, (3.5)
Szs (3.6)

max

pri tem so ti zapisani s parametri vipax, &1, 02 iN Smax, Ki
dolo¢ajo meje podrodja, na katerem bo filter na svojem
izhodu dajal pozitiven rezultat.

(3.10)

Tako lahko s pomocjo barvnih vrednosti RGB barvnega
prostora zapiSemo izraze za nasi¢enje S, barvni odtenek
H in vrednost osvetlitve Vv HSV barvnem prostoru:

S :\/(rx +g, +b) +(r, +g, +b)" =

5 (3.11)
= J(R=G)* +(R-B)G-B)
J3
rtg +b G-
H=atan-+*—>22 2 = gtan ; (3.12)
}.\‘+gx+bx RME(B_G)’ '
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2 2 2
V=\rl + gl +b] = wa, (3.13)

Iz izraza (3.11) je razvidno, da vrednost nasicenja S limitira
proti razliki maksimalne in minimalne komponente RGB tro-
jice. Za zadovoljivo oceno vrednosti nasi¢enja S, Kjer je
vrednost normirana na interval [0-1], lahko izraz (3.11) po-
enostavimo in zapisemo:

~max(R,G,B)-min(R,G, B)
max(R,G, B)

S (3.14)

Podobno je iz izraza (3.13) razvidno, da vrednost osvetlitve
V limitira proti maksimalni komponenti RGB trojice. Tako
lahko izraz (3.13) poenostavimo in oceno vrednosti osvetli-
tve V zapisemo kot

V = max(R, G, B). (3.15)

Ker aktivno podrocje filtra lezi v okolici rdece barve, lahko
izraz za vrednost osvetlitve V dodatno poenostavimo

V= R. (3.16)

Iz tega sledi, da lahko prvi prag (3.4) poliedra prevajalne
funkcije zapisemo kot

Ci. R> Vmax (83.17)

Iz slike 4 je prav tako razvidno, da ob upostevanju pogoja
¢1{8.16 - 3.17) velja za barvne odtenke v prvem kvadrantu

POgO]

co:g—b20 (3.18)
in barvne odtenke v ¢etrtem kvadrantu pogoj

cib—g =20 (3.19)

Tako lahko za obmodji v prvem in Cetrtem kvadrantu za-
piSemo izraz za nasi¢enje S (3.14) z izrazoma

(3.20)(3.21)

Glede na drugi prag poliedra prevajalne funkcije (3.6) lahko
zapisemo pogoja nasi¢enja S za prvi in Cetrti kvadrant kot

cs: R(1-s,_,.)—G=0in (3.22)

max

ca R(l=s,,.)—B2=0. (3.23)

max

Prav tako lahko s pomocjo pogojev (3.18) in (3.19) preure-
dimo drugi prag poliedra prevajalne funkcije (3.5) in ga za-
pidemo s pogojema za barvni odtenek v prvem in Cetrtem
kvadrantu kot
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Rtano, +G(——1~tanoc1 ——3)+
2 2

Cs: 1 in  (3.24)
+B(—~2~tanoc1 +~\/2j3~) 20

1
Rtana, +G(—Etanoc2 +3§3~)+

e | N . (8.25)

3
+ B(——tano.,, ——) 20
(2 2 2)

Aktivno podrodje filtra lahko torej razdelimo na podrocje v
prvem in Getrtem kvadrantu. Ce je pogoj (18} izpolnjen,
dolocajo aktivno podrogje pogoji (3.17), (3.23) in (3.24).
V obratnem primeru dolocajo aktivho podrocje pogoji
(3.17), (3.22) in (3.25). Z namenom hitrejSega izvajanja je
smiselno preverjati vse pogoje hkrati, pri tem lahko z do-
datno logiko ugotavlijamo ali smo v aktivnhem podrodju filtra

oziroma izven njega. Pogoje lahko zberemo z zapisom
n, R+n, G+n,-B=p, (3.26)

Kjer n; predstavljajo parametre filtra v RGB barvnem pros-
toru pri pogojnih vrednostih pj, / pa predstavlja indeks
posameznegda pogoja. Parametre filtra iz RGB barvnega
prostora pretvorimo v YCHCr barvii prostor s pomodjo trans-
formacijske matrike K /34/:

m i
T
., = | A,
i2 i2 , (3'27)
777’[3 ni3

pri tem m; predstavljajo parametre filtra v YCbCr barvnem
prostoru in / indeks posameznega pogoja. Parametre filtra
lahko s pomocjo danega matematicnega modela izrau-
namo iz podanih mejnih vrednosti poliedra prevajaline funk-
cije. Izhodno funkcijo filtra lahko zapisemo z logiénim izra-
zom:

0=(c,; ¢y 5 c5)+(c, 'C; ey Cg) = (3.28)
=(c, ¢y ¢y c5)+(c, ¢y cycy) ’ .

kjer so ¢;logic¢ni rezultati posameznih pogojev in o logi¢na
vrednost na izhodu filtra. Ker sta pogoja ¢z (3.18) in ¢p’
(3.19) komplementarna, je potrebno izracunati le pogoj ¢z
in v logi¢nem izrazu izhodne funkcije namesto c»' uposte-
vati njegovo negirano vrednost ¢,.

4. lzvedba digitalnega filtra

Za izvedbo digitalnega filtra smo izbrali FPSLIC tehnologi-
jo podjetja Atmel, ki prihaja v obliki integriranih vezij AT94K.
FPSLIC tehnologija predstavija FPGA rekonfigurabilna logic-
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navezja z vgrajenim RISC AVR mikrokrmilnikom /28/. Kon-
figuracija logi¢nega vezja in vgrajenega mikrokrmilnika je
osnovana na statiénem pomnilniku in jo je potrebno naloziti
iz zunanjega pomnilnika.

T PROGRAMIJABLE 1O
Y.

{ 5 - 40K Gates FPGA

Up 10 16 truerrupt Lines

| Data Bus B-bil
Up e 16K x 16 Program
Program Counter
inslruction Ganeral
[ R e
[« Registrers 2-wire Senal o
Un:t <>

x
Stalus ol Controt
and Test Regisirers
SRAM Hlamory”
(
Decodor L P o
W — |

. Yoo 601t

16 Adde
Decoder
Y
I intorrupt
32x8 [ Uit [«— 4 Intetrupt Lines
A\
Control Lines

TimeriCountars.

Direct Addressing
Indirect Addressing

65
<f>{ Timer/Counter
L Upto
»| P
P wilh PWM
SRANY Wetehdog
Timer
- 16 Prog. bO i
) 4 "o

\{

Slika 5: Arhitektura integriranega vezja AT94K

Slika 5 prikazuje notranjo zgradbo FPSLIC integriranih vezij,
na sliki 6 pa je podrobneje prikazan vmesnik med FPGA
jedrom in mikrokrmilnikom.

Up to 16 Memory-mapped
Decoded Address

tines from 4 /O Memory | AppRESS

fpace Addresses DECODER ‘IIO tMemory Address Bus

- 4:16

PR DECODE

8-bit FPGAIORE
EMBEDDED | Data Out < EMBEDDED
FPGA CORE § AVR CORE
>

< >
4-—,;<}J 8-bit Bitirectionat Data Bus

8-bit
Data In
<

FPGAIOWE

>
 t

Up 1o 16 Interrupt Lines from FPGA to AVR - Various Priorily Levels

Slika 6: Povezava FPGA jedra in mikrokrmilnika.

Za samo izvedbo filtra smo uporabili integrirano vezje
AT94K40L, ki vsebuje FPGA polje velikosti 48 x 48 pro-
gramabilnih logi¢nih celic. Vgrajen 8-bitni RISC mikrokrmil-
nik lahko konfiguriramo tako, da ima na voljo od 20KB do
32KB programskega pomnilnika in od 4KB do 16KB po-
datkovnega pomnilnika.Vgrajen mikrokrmilnik ponuja upo-
rabo perifernih enot, kot sta dva zaporedna asinhronavmes-
nika UART, tri ¢asovnike/Stevce in uro realnega casa.

Digitalni parametri¢ni filter je v celoti zasnovan v FPGA
logiénem vezju, pri tem za izracun parametrov skrbi vgra-
jen mikrokrmilnik. Ta je preko asinhronega zaporednega
vmesnika povezan z osebnim radunalnikom. Na ta nacin
lahko z osebnim racunalnikom spreminjamo mejne pogoje
prevajalne funkcije digitalnega filtra, kar je v ¢asu preizku-
Sanja zelo koristno. Ce se mejni pogoji prevajalne funkcije
filtra spremenijo, vgrajen mikrokrmilnik izracuna nove par-

ametre za vgrajene pogoje in jih zapise v logi¢no strukturo
filtra.

YOBCHK) T vehCrk) [ oK)
—> 42:2/4:4:4 > LU —

)

UART 1
—_— uC

Cy Ty Cy Gy

(C1' Cy Cy Cs)"'(

Slika 7: Vzporedna zgradba digitalnega filtra (LU -
logi¢ne enote).

Na sliki 7 je prikazana zgradba digitalnega filtra, iz katere
je razvidno, da se po pretvorbivzoréne sheme 4:2:2v 4:4:4
za vsako slikovno toéko izracunajo pogoji cifk)-celk) iz
katerih logi¢na funkcija poda binarno vrednost o(k) na
izhodu filtra. Hkraten izradun pogojev vrsijo logicne enote
LU, ki na svojem vhodu prejemajo slikovne podatke v YCbCr
barvnem prostoru in na svojem izhodu podajajo binarno
vrednost glede na izpolnjenost dolo¢enega pogoja. Vgra-
jen mikrokrmilnik na eni strani omogoca sprejemanje mej-
nih vrednosti prevajalne funkcije in na drugi strani le-te im-
plicira v obliki parametrov v logi¢ne enote LU.

X
Cr —2—> 7
Pi [ 16

Slika 8: Splosna zgradba LU enote.

Za izradun pogojev smo zasnovali logi¢no enoto LU, ki jo
prikazuje slika 8. Na sliki je prikazana splosna logiCna enota,
s katero je mozno resiti poljubnega izmed navedenih poge-
jev. Matematiéno funkcijo LU lahko zapisemo kot skalarni
produkt vektorjev

¢, =m, m, my|lr Cb crl =p. @

LU na svojem vhodu sprejema slikovne podatke v YCbCr
barvnem prostoru, pritem je vsaka posamezna komponenta
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zapisana z 8-bitno podatkovno Sirino, kar v skupnem pome-
ni 24-bitno barvno globino. Komponenta Y je podana na
intervalu vrednosti [0,255], med tem ko sta komponenti
Cbin Crpodaninaintervalu [-128,127]. Vsako komponen-
to vhodnega podatka pomnozimo z ustreznim parametrom
mij, ki je prav tako zapisan z 8-bitno podatkovno Sirino.
Uporabljeni mnozilniki izvajajo predznaceno celosteviléno
mnozenje. S pomodjo sestevalnikov tvorimo delno vsoto,
ki jo primerjamo s parametri p;. Primerjanje izvaja primer-
jalnik, ki na svojem izhodu podaja binarno informacijo o
izpolnjenosti pogoja ¢;. Parametri mj; in p; so izvedeni v
obliki registrov, do katerih lahko dostopa vgrajen mikrokrmil-
nik in vanje vpide ustrezne vrednosti parametrov.

Ker realizacija predstavijene vzporedne zgradbe digitainega fil-
tra presega Stevilo razpoloZljivih FPGA logi¢nih celic izbranega
FPSLIC vezja, smo se odlo¢ili za kombinirano vzporedno za-
poredno zgradbo digitalnega filtra, kot kaze slika 9.

’(__)‘\" ]

YCbCr(Kk) 7 1YCbCr(k [T k) 5
( 4:2:204:4:4 | r 1 22 it

! (8]

I S
e e 1S

LU 3,4( ) :;?) 50<k)

UART | ) 5
IR nC e : l I G oK) (')N
| H | 5.8 [§)

‘ , LU ——— ¢

] S

L s

Slika 9: Vzporedno zaporedna zgradba digitainega
filtra.

V zgradbi filtra na sliki 9 vsaka LU izmenjujoce izracunava
po dva pogoja, pri tem se hkrati izradunavajo trije pogoji.
Na ta nacin upade $tevilo potrebnih FPGA logiénih celic
priblizno na polovico v primerjavi z zgradbo na sliki 7. Ob
tem se poveca zahtevnost po hitrosti LU, saj mora ta za
vsako slikovno to¢ko izrac¢unati dva pogoja v danem &a-
sovnem intervalu.

Iz matematiCnega modela je razvidno, da med primerjalni-
mi parametri p;, le p1 zavzema pozitivno vrednost, med tem
ko so ostali primerjalni parametri pa...ps enaki 0. Iz tega
razloga je mozno poenostaviti izhodni primerjaini del LU
enot, saj je smiselno spremijati le najbolj utezeni bit zadnje-
ga sestevalnika.

X16
v —a X

; 16
; 8 +
My mzz—/L
Cb ———~—,LB—>7>E | 18 i /16

- + r
My M T b
L __,__,,:/L**". | >= > Ci2
¥ Lyt - r%

16

Slika 10:Zgradba LU za pogoja c1 in ca.
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Slika 12:Zgradba LU za pogoja cs in ce.

4.1 Sinhronizacija

Za delovanje v realnem ¢asu moramo digitalni filter sin-
hronizirati na slikovni izvor. V primeru vzporedno zaporedne
zgradbe moramo delovanje fittra uskladiti z dvakrat visjo
uro, kot je ura slikovnih toc¢k. V takdnem primeru je vsaka
posamezna LU sposobna za eno slikovno tocko izradunati
dva potrebna pogoja. Tako v prvem ciklu ure za izracun
pogoja ¢; uporabimo parameter my, v drugem ciklu ure pa
za izraCun pogoja cix+1 uporabimo parameter m;+1. Tako na
primer znasa v slikovnem formatu PAL linijska frekvenca
15.625 kHz in vsebuje skupno 944 slikovnih tock. Od teh
je 768 aktivnih tock, ki dejansko nosijo informacijo o sliki.
Frekvenca slikovnih to¢k za dan format znaga 14.75 MHz
oziroma njen dvakratnik 29.50 MHz. V slikovnem formatu
PAL ITU-R BT.601 je linijska frekvenca prav tako 15.625
kHz, pri tem ta vsebuje skupno 846 slikovnih tock od kat-
erih je 720 aktivnih. Frekvenca slikovnih to¢k za ta format
znasa 13.50 MHz oziroma njen dvakratnik 27.00 MHz.

Da je digitalni filter sposoben obdelati vse slikovne tocke v
realnem ¢asu, mora hitrost izracunavanja LU enot zadostiti
podanim frekvencam. Glede na dane hitrosti izradunavan-
ja smo v enotah za izra¢unavanje delnih produktov in deln-
ih vsot LU uporabili pristop cevljenja. Tako ima digitalni fil-
ter Gasovno zakasnitev za dve slikovni tocki. V trenutku, ko
je navhodau filtra slikovni vzorec p(k) je na izhodu filtra vzorec
ofk-2). Na sliki 13 je graficno prikazano cevljenje LU. Sig-
nal PCLK predstavlja uro slikovnih tock, signal SCLK pa
njen dvakratnik. Za izratun enega pogoja so potrebni trije
cikli SCLK ure. Z uporabo cevljenja se izmenjujode izradu-
navata dva pogoja, ki sta med seboj ¢asovno zamaknjena
zaen cikel ure SCLK. Intervali T predstavijajo trenutno hra-
njenje rezultata izracunanega pogoja.
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Slika 13: Cevljenje v LU.

Za nemoteno delovanje filtra je smotro parametre v LU
enotah spreminjati v Casu zatemnitve digitalnega video sig-
nala.

4.2 Primer izra¢una filtra za iskanje koznih
znadnic

Predpostavimo, da so zelene mejne vrednosti prevajalne

funkcije digitalnega filtra podane za podrodje koZzne barve:

=035, 5., =05 o, =500, =20. (4.2)

VIHZ\X max

V taksnem primeru bo digitalni filter na svojem izhodu dajal
pozitivno vrednost le za tocke slike, katerih barva ustreza
barvhnemu podro&ju koze v HSV prostoru, ki ga opisujejo
dane mejne vrednosti.

Za izradun parametrov in simulacijo digitalnega filtra smo
predlagan matematic¢ni model prenesli v programski paket
MATLAB 6.

Iz mejnih vrednosti po matemati¢nem modelu izratunamo
parametre filtra nj za RGB prostor:

0 0,5 0,5
n=0|n={1|n=0]n=|-1
0 -1 -1 0
1,1918 0,364
ng =|—14619 g = 0,684 (4.3)
0,2701 —-1,048
P =035 p,ps=0 (4.4)

Tako dobljiene parametre filtra pretvorimo s pomocjo trans-
formacijske matrike Kv parametre myza YCbCr barvni pros-
tor:

10 0 -5
my = 0| m=|-21| my=-17
14 =7 7

-5 0 0

m,=|3 ms = 10 Mg = -20 (4.5)
14 27 0
p =893, pypg =0 (4.6)

Pri izracunu parametrov filtra se moramo zavedati, da reg-
istri za hranjenje parametrov v LU lahko sprejmejo le 8-
bithe predznacene celosteviléne vrednosti na intervalu
[-128,127]. Pri tem so izjema le parametri p;, ki so lahko
16-bitne pozitivne celostevil¢ne vrednosti. Tako je potreb-
no vrednosti parametrov po pretvorbiiz RGBv YCbCr barvni
prostor najprej ustrezno skalirati in zaokroziti. Prikazane
vrednosti v enacbah (4.5) in (4.6) so desetkratna
zaokrozena Stevila izracunanih vrednosti.

Na sliki 14 je prikazan barvni krog v HSV barvnem prostoru
za najvecjo vrednost osvetlitve V. Na sliki 15 je prikazano
filtrirano podrocje slike 14, kjer so v digitalnem filtru upora-
blieni predhodno navedeni parametri (4.5)4.6) oziroma
mejni pogoji prevajalne funkcije (4.2).

Na sliki 16 je prikazano filtrirano podrocje, kier so zahteva-
ni vecji mejni pogoji za barvni odtenek H. Na sliki so vidne
tezave pri uspesnosti dolocanja mejnih vrednosti nasi¢en-
ja S za vecje kote barvnega odtenka H. Tezave nastopajo
zaradi kvantizacije parametrov.

Na sliki 17 je prikazana testna slika realnega slikovnega
izvora in na sliki 18 njen rezultat filtriranja.

Slika 14:Barvni krog v HSV barvnem prostoru.

Slika 15:Filtrirano podrocje za kozno barvo V20.5,
$20.35, 50°>H2>340°.
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Slika 16:Filtrirano podrocje za V>0.5, $20.35,
80°2H>280°.

Slika 18:Filtrirana testna slika realnega slikovnega izvora.
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5. Zakljucek

Predstavljen parametri¢ni digitalni filter je uporaben pred-
vsem na podrocju rdecih barvnih odtenkov, saj je bil speci-
ficno zasnovan za iskanje koznih znacénic oziroma odtenk-
ov kozne barve v digitalni sliki. Na digitalnem vhodu je
sposoben sprejemati slikovni tok v najbolj razsirjenem YCbCr
barvnem prostoru, pri tem je mozno z uporabo razli¢nih
transformacijskih matrik za barvne prostore, izracunati para-
metre tudi za druge barvne prostore, ki so zapisani s tremi
komponentami. Mejne vrednosti za dani digitalni filter se
podajajo v HSV barvnem prostoru, Ki je po svoji naravi
najblizji ¢loveski percepciji barv. Skupna realizacija filtra
omogoca dinami¢no spreminjanje binarne prevajalne funk-
cije, saj struktura omogoca sprotno izracunavanje para-
metrov med samim delovanjem filtra.

Predstavljen digitalni filter bomo uporabljali skupaj z video
dekodirnikom TVP5040 podjetja Texas Instruments, ki na
svojem vhodu sprejema analogni S~video signal in na digital-
nem izhodu podaja slikovni tok v YCbCr barvnem prostoru.
Slikovni tok iz digitalnega filtra se preko hitrega sinhronega
zaporednega vmesnika posilja v digitalni signalni procesor
TMS320C6711 podjetja Texas Instruments.

Pokazalo se je, da je udinkovitost filtra ob iskanju koznih
znacnic predvsem odvisna od osvetlitve zajete scene. Z
spremembo osvetlitve se spreminja vrednost intenzitete in
v primerih slabe osvetlitve scene je potrebno ustrezno
znizati prag za vrednost osvetlitve vmax. Zato v nadaljnjem
razvoju predvidevamo vkljucitev samodejnega prilagajanja
na osvetlitev scene.
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Abstract: The conventional small signal modeling techniques as are state space averaging and injecting-absorbed current method are not appropriate for
using in converters based on high frequency resonant link (HFRL). The mentioned methods are appropriate for processes where the switching frequency
is constant. Because the operation frequency of the HFRL converters is load dependent the other way of modeling must be used. In this paper a small-
signal model of the HFRL converter, operating with a variable resonant link frequency, is developed by using of the estimator for linear system (ELIS) which
exists under MATLAB. The high frequency resonant link voltage is modulated by the fow frequency signal. The Levenberg-Marguardt aproximation method
is used for evaluation of the magnitude and phase of the envelope of the high frequency resonant link voltage.

Malosignalni model pretvornika z resonané¢nim
povezovalnim krogom

Kljuéne besede: napajanje elektronskih vezij, visokofrekvenéni pretvorniki, resonancni povezovalni krog, mehko preklaplianje, modeliranje

izvie€ek: Obicajne tehnike za malo-signalno modeliranje, kot so povprecenje v prostoru stanj in metoda iniciranega-absorbiranega toka, niso primerne za
uporabo pri pretvornikih, ki so zasnovani na visoko-frekvenénem povezovalnem krogu. Omenjeni metodi sta primerni v procesih, kjer je frekvenca proziine
enote konstantna. Ker je frekvenca delovanja visoko-frekvenénega povezovalnega kroga spremenljiva v odvisnosti od bremenske upornosti, moramo
uporabiti drugi nadin modeliranja. V tem ¢&lanku bomo opisali postopek malo-signalinega modeliranja pretvornika z visoko-frekvenénim povezovalnim
krogom pri spremenljivi resonancni frekvenci. Postopek modeliranja bomo izvedli s pomocjo estimatorja za linearne sisteme (ELIS), ki deluje znotraj
programskega paketa MATLAB. V ta namen bo napetost na visoko-frekvenénem povezovalnem krogu amplitudno modulirana z nizkofrekvencnim signa-
lom. Za ocenitev vrednosti amplitude in faze ovojnice je uporabljena aproksimacijska Levenberg-Marguardt metoda.

or device stress by restricting the switching time to the in-
stants of zero current or zero voltage. In general ac or dc

1. Introduction

The term hf-ac or hf-dc resonant link converter usually de-
notes a circuit, whose main part is the resonant tank cir-
cuit. It is also possible to utilize the resonant links to derive
energy storage and filtering functions normally obtained
by the dc voltage link. Electrolytic capacitors provide low
cost, high density energy storage in the dc voltage link of a
voltage source inverter. However, the dc link based on elec-
trolytic capacitors has several inherent limitations. One im-
portant drawback is the excessive switching loss and de-
vice stress which occurs during the switching interval. In-
troduction of a resonant or quasi-resonant operation prin-
ciple into the known converter/invertertopology represents
a possible solution of this problem. While this principle has
been recognized for over ten years, the important advan-
tages in avoiding switching stresses have been appreciat-
ed because the conventional hard-switched based con-
verters suffer from the switching losses and hence cannot
work at the very high frequency.

Recently, resonant ac or dc links have been studied and
suggested as strong candidates for a power conversion
link as it was described in /1/, /2/, /6/ and /7/. The
using of high frequency ac resonant link principle for ener-
gy storage purposes enables to reduce the device losses
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high frequency link inverters have been used only for high-
power application as are the motor drives, UPS etc. as itis
shown in Fig. 1 (a). The converter proposed in /1/, /2/
and [6] are based on bidirectional switches.

In Fig 1 (b) is shown the converter circuit which enables to
supply the resonant tank circuit only by using unidirection-
al switches /3/. This principle of the operation can be used
in the low power de-dc conversion as well, as it is shown in
Fig. 2 (a) and (b). The energy storage function is taken
over by resonant tank circuit, by using the transformer the
energy can be provided to load. The load side of trans-
former is equiped by rectifier and filter elements. In this
paper the structure of dc-dc conversion based on an ac-
resonant link is presented. This resonant tank circuit is
capable to provide the energy storage function instead of
the conventionaly used electrolytic capacitor. The main
drawbacks is that the resonant link voltage magnitude
and the operation frequency of resonant link circuit is load
dependent.
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Fig.1:  Induction motor drive based on resonant link
converter circuit: (a) Main side converter with
bi-directional switches; (b) Main side converter
with uni-directional switches.

Lp Q:  De

L ey o — K
Fig. 2: (a) The ac to dc converter based on resonant
link circuit (b) The dc to dc converter based on
resonant link circuit.

Hence the conventional methods for the small-signal mod-
elling as are state space averiging, injected-absorbed cur-
rent method, pwm equivalent circuits /4/ cause the mod-
elling problems because the conventional methods require
the constant switching frequency of operation /8/, the
method based on the measured data is proposed. The es-
timator for linear system (ELIS) has been used for small-
signal model developing of the HFRL converter, which is
operating with a variable resonant link frequency. ELIS is
the software available as a toolbox in Matlab-Simulink pack-
age. The high frequency resonant link voltage is modulat-
ed by the low frequency signal. The Levenberg-Marguardt
approximation procedure is used for accurate evaluation
of the magnitude and phase of the HFRL voltage envelope
from measured data. The control parameter adjustment will
be based on developed small signal model.

2. Principle of the operation

The basic scheme for “evolution” of the dc to ac high fre-
quency converter circuits is shown in Fig. 3. In steady state
the parallel resonant circuit consists of Ly and C+ operates
and provides the energy to the resistor R (R represents
the load). Transistor Q1 could be switched on when the
voltage on the parallel resonant link crosses zero as it is
shown in Fig. 4 (time instant t). Then L, with the elements
of parallel resonant tank circuits L1 and C establish a se-
ries resonant circuit. The current through transistor Q4 is
supposed to be of sinusoidal wave shape (interval A). When
the current through Q4 crosses zero, diode D4 turns off
and transistor Q1 can be turned off as well (time instant 7).
When the series resonant frequency s is higher than par-
allel resonant frequency wp the soft switch operation of
converter has been used. The energy was provided from
dec voltage source Vg1 to parallel tank circuit during the time
interval A. Because of similarity with half-wave operation of
diode rectifier the circuit can be described as "half-wave”
configuration of the dc-ac hf resonant link converter.

g
. S
1La )
e *—¢
La QjL Dl ! |
= Va1 e "J" |
| L].T:J Ry, |
v

Fig. 3: The "half-wave” topology of dc-ac hf resonant
link converter.

Operation of the circuits from Figs. 5 (a) and (b) is similar.
The energy is provided from the dc-supply to the parallel
resonant tank circuit in both half periods of the output ac
high frequency resonant link voltage. Because of that the
circuit could be titled a “full-wave” configuration of the ac-
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Fig. 4: (a) The current and voltage wave-shape.

hf resonant link converter. The oscilograms measured in
the “full-wave” configuration are shown in Fig. 4 (b). In or-
der to provide the energy from main supply to the resonant
tank circuit the configurations shown in Figs. 6 {a) and (b)
are suggested. The circuit in Fig. 6 (a) is coming as evolu-
tion of the circuit shown in Fig. 5 (a). The disadvantages of
this circuit are two capacitors, which “simulate” the volt-
age sources Vg1 and Vyo and there are still two inductors
L, and Ly and two diodes D1 and D».The component min-
imized converter circuit is shown in Fig. 6 (b). The convert-
er consists of diode bridge, the transistor bridge, inductor
L, and the resonant tank circuit. The function of two series
diodes D¢ and D> can be taken over by diodes from the
rectifier bridge.

S

T /

I A S

N

4 2ps 280V 2 ps BB Y 0 SyoPPED
t

fl 2ps 5@ m

Fig. 4: (b) Experimental results measured in “full-wave”
configuration

3. The small signal modeling

The hard switch converters represent the non-linear cir-
cuits and because of that it's analysis is so complicated.
Because the load, connected at the converter output, re-
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quires constant voltage regardless of the current, a volt-
age controller circuit should be implemented. Many algo-
rithms are developed for the linear time invariant circuits,
which can be described in “s” or “z” space. Because of
that the linearization method as are the state space aver-
aging, injection-absorbed current method and etc. are
widely used. Sometime the modeling process is of great
pretension because of non-ideal and parasitic elements.
in this case the transfer function, which is necessary for
controller parameter design, could be measured.
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Fig. 5:  (a) The "full-wave” topology of dc-ac hf resonant
link converter. (b) The "bridge” topology of dc-
ac hf resonant link converter.

3.1 The standard procedure for
measuring of small signal model

The small-signal model of the converters can be evaluated
through the frequency response (FR) of the circuit. The
FR of the circuit may be regarded as a complete descrip-
tion of the sinusoidal steady-state behavior of a circuitas a
function of the frequency. In Fig. 7 (a) the standard open
loop procedure of FR measurement for buck converter is
shown. The “small” signal v,er is adding to dc voltage Vpe,
which defines the steady state of the converter operating
points. The large gain of the object causes that the steady
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Fig. 6: (a)the “full-wave”topology of dc-ac hf resonant
link converter connected with the mains. (b) The
“bridge” topology of dc-ac hf resonant link
converter connected with the mains.

state is unstable, therefore the small signal perturbation
causes the large changing of the output voltage. For ex-
ample when the gain is 60 dB (i. . 1000) the input small
signal perturbation of 1 mV will cause the output changing
of 1 V. Through the measurement process the different
operating points of the power stage are exited and such
measured frequency response is not accurate. How to
avoid this problem is described in /10/. Network analyz-
ers could measure the control objects with large gain where
the small signal perturbation has been injected into closed
control loop as it is shown in Fig. 7(b). During the meas-
urement process the controller keeps the converter oper-
ating point stable. The measurement of the converter FR
is very accurate when the network analyzer was used. The
ac output has been measured by narrow pass-band filter,
which guaranties good disturbance rejection. These instru-
ments also repeat measurement procedure by equal fre-
quency and as result; the arithmetic average value of the
FR at the particular frequency is evaluated.
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Fig. 7. (a) The buck converter open loop measurement
of the frequency response; (b) The buck
converter closed loop measurement of the
frequency response.

3.2 The measurement procedure for small
sighal model of HFRL converter

The ac-hf resonant link converter does not have such “nice”
properties. The output link voltage is alternative and when
small signal perturbation is injected the amplitude modula-
tion will appear on link voltage. The resonant link voltage is
alternative but not sinusoidal as it is shown in Fig. 4 (a) and
(b). The amplitude changing caused by input small signal
perturbation is sinusoidal. The measurement circuit is
shown in Fig. 8.

The open-loop principle has been used. This could be used
because the open loop gain was only 40 dB. The small
signal voltage vin and output signal on transistor Q2, the
voltage v¢ has been measured by scope LC334A. In Fig.
9 the measurement results are shown.

The results shown in Fig. 9 were also available as a file in
binary form. This data has been processing with Mathe-
matica, where the Levenberg-Marquardt method for ap-
proximation was used to find the unknown parameters of
the signal described by (1). Both the input signal vi, and
the envelope of the output signal ve could be defined with
expression:
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Fig. 8:

The open loop circuit for FR measurement of
the HFRL converter

v, =V, +V. cos(ot+¢) (1)

where Vpxx is the dc operating points, I}x represents the
magnitude of the input signal or magnitude of the output
signal envelope, o is the signal frequency and ¢ is the
phase angle regarding scope synchronization point.

i il i
{ .1 ms 50mY 0 .lms 200V STOPPED

Fig. 9. Measurement results of the input voltage vi, and

output voltage ve

From the difference between input phase angle and out-
put phase angle the phase diagram of the HFRL converter
could be evaluated as well. Fig. 10 (a) shows the input
signal waveform (green) with measurement noise and the
solid line is the result of approximation by Levenberg-Mar-
quardt method. The output signal causes some problems
because it has been defined as peak values of the reso-
nant link voltage and these points are discrete. The result
of this approximation is shown in Fig. 10 (b). From this re-
sults all parameters needed in (1) have been defined and
the measurement data becomes appropriate for evalua-
tion of the gain and phase waveforms in frequency domain.

28

By using the estimator for linear system (ELIS) which ex-
ists under the Malab the converter model has been de-
rived. The ELIS works better with a set of the measured
data, which are measured under the same conditions as
shown in Table 1.

To identify the model of the converter a general presump-
tion, i.e. the number of zeros and poles must be defined.

2.02

a 0.09602 200003 © 0o0nE

I

_______________________________ RN REERE]

u [FREETITS U Bt i G L ERRNGE
1)

()

Fig. 10. Measurement results of the input voltage vin and
output voltage ve

In Table 2 the placement of the poles as a result of the
evaluation procedure by ELIS is shown. In the first and sec-
ond columns the evaluation results of the first and third
order system are presented. In the third and fourth col-
umns the models of the first order system with the differ-
ent delays have been shown /5/. When the number of
poles has been changed the placement of one of the poles
did not change significantly. In the third order model this
pole has a natural frequency of 42644 rd/s. Two other
poles have complex values.

There exists a physical explanation of this natural frequen-
cy. The paramount of interest is not the dynamics of the
tank circuit itself but the dynamics of the resonant link volt-
age envelope V,,, caused by the input voltage V,(s). For
V.., dynamics could be supposed it is dependent on re-
sistance R, and capacitance Cp. For chosen R and Cp
(RL=23706L, Cp=2.014nF) the natural frequency of this
parallel system is wge = 1/R,C, =20946 rad/s which is more
or less half of the previous derived natural frequency (Ta-
ble 2).
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Table I: Measurement results

1. experiment 2. experiment 3. experiment
Freq. Gain Phase Gain Phase Gain Phase
f(Hz) A(dB) o(deg.) A(dB) o(deg.) A(dB) o(deg.)
200 40.835 -3.0271 40.2397 |-2.46356 40.4445 |-3.54746
500 41.2899 ~-4.20871 40.2185 |-2.65827 40.1483 |-3.10764
800 41.3075 -6.54668 401752 |-5.17673 40.0429 [-4.50148
1000 41.2422 -8.0458 39.9262 |-5.29607 40.0305 |-3.88876
2000 41.1928 -17.02 39.921 -13.6055 39.9932 [-15.9025
3000 40.5761 -25.7001 39.6663 |-23.8292 39.6571 -23.6579
5000 39.4706 -40.5851 38.6214 |-37.1977 38.691 -38.2392
8000 37.389 -56.2334 36.7191 -53.3234 36.6696 |-54.2372
10000 35.842 -64.4906 35.374 -61.4672 35.3644 |-61.0895
20000 31.3755 -84.3958 30.8801 -84.5519 30.8145 1-82.9609
30000 28.5177 -95.866 28.0225 |-98.1729 28.4572 |-97.4357
Table II: Pole placement
1st model 2nd model 3rd model 4th model
Number of zeros 0 0 0 0
Number of poles 1 3 1 1
delay 0 0 1.8us 1.9us
The values of poles -3698 -42644 -44729 ~-45106
- 194816
+i445496
- 194816
-j445496
That's why the pole placement could be expressed as: where:
S, = —2Wq (2) o= - LL,
Two complex poles appear in the system because of the ) \/[—nC1 ’ Li+L,

discrete nature of the link voltage (only peak of the HFRLV
has been observed) and the discrete VCO controlled mod-
ulator. The steady state operation frequency (©was 1.6x1 0°
rd/s (cca. 250kHz). The authors in /4/ and /5/ suggest
that the discrete structure of such system could be de-
scribed by time delay as it follows:

1

Hs) = expt-sT,) = 7
1+ 5T, +§Ssz ... (3)

where Ty is half of the period of the resonant link voltage.
The gain of the plant can be estimated from the energy
stored in the capacitors and dissipated on the load resis-
tor. The magnitude of the current through L, and the time
ton as difference of t1 and tp can be evaluated by formulas:

;Lo J[uom] +[ Vil j "
L+L, L+L, LL, +Lw,

__7‘:_“2"L1(O)L1 1

o Ll J[momj:[ VL, ) )
“Yo+L ) L+ o,

The average value of the current through La in half-period
of the resonant link voltage is obtained as

—

¢

_ 'm°on

Laavg — -T;:f— (6)

1
The energy provided inside whole period is obtained by:
W = 4Vd1lLa,avg T1 (7)

Presume that the resonant link voltage has sinusoidal wave-
shape, than its rms value is:

and magnitude:

(9)

where ” represents the magnitude of the current or volt-
age. The gain consists of the gain of VCO (Kyco) and the
converter gain Kyw which is frequency dependent /3/. By
substitution (4)-(8) into (9) the slope could be expressed
as:

29



M. Milanovi¢,R. Kovadic:

Informacije MIDEM 33(2003)1, str. 24-31 Small-signal Model of Resonant Link Converter
o, : L
Ko =325 = LRI @2J0,) (0) 22
P 0 386 X
Therefore the whole transfer function is: w21 \
30 \\‘ *HZ
Yeny = Koo Nm” 10’ 102 19% 104 * 1p®
Vi pIO [1+~S—-J(‘I+Tds+1szszj (11) o Phese
2We 2 T
) -20 *\\
£ \,
in Figs. 11 the different frequency responses are shown g_:z *‘“;_
(“+" is the average value of the measured results from g’_” ‘*\_‘
Table 1). 100 o |Hz
10?1yt 197 1% 197 195
3.3 The control of HFRL converter pwct2 (s,V3), 0=0 , F‘fm (o 11)
In this section the experimental results obtained on a bridge e
structure of the HFRL converter are shown. The control Magnitude
problem can be defined as a necessity to keep constant 40 %”““*““"“*“ﬂm\
magnitude of ac-hf resonant link voltage regardless of load a8
conditions. For smali-signal modeling the above-described @ ;3 )
method has been used. Inlab. prototype the measurement 3z
is realized by using the appropriate electronics circuit as it ig \\” 1z
is shown in Fig. 12. The control object includes the volt- Y 1p! 102 107 109 105
age-controlled oscillator as modulator (VCO), dc-ac high Phase
frequency converter and sample and hold circuit (S/H) as ;0 "'““'*M“**x%\
a peak voltage detector. Fully analog circuits generate the
control signals. For triggering units (instead of pwm) the g:z
VCO has been used. The S/H circuitis used for the meas- gm '}\.\‘ |
urement of the peak of the high frequency voltage. The oo "~ Hz
capacitor current icy has a delay with respect to voitage vc 10%  qp? 1p# 10° 194 10°
of exactly /2. If the voltage is sampled in this time instant pect2 (3,0M1), d=1.8e-008 5 Fywect (fleq: 11)
(when the current icr crosses zero), the peak value of volt- (h)
age vc will be measured. This simple phenomenon elimi- '
nates the need for filter in measuring circuit. Based on the Fig. 11: (i) Frequency response (number of zeros
developed small signal model the Pl controller has been are 0, number of poles are 3, delay is Ous;
designed. In Fig. 13 the experimental results are shown. (if) Frequency response (number of zeros
In particular time instant the load resistance has been are O, number of poles are 1, delay is 1.8us)
changed which has influence on the high frequency reso-
nant link voltage v¢. From the waveforms it is evident that
the control of the high frequency resonant link voltage ve DA ‘m:rﬁl'?L ]
has been reached. g 0,8
_,;;’;:/ Y ? { A
4. Conclusion i s . “ \
-V, ; \
The high frequency resonant link converter has been dis- % _—Cl [LFJRY ,;
cussed in this paper. The energy has been provided to the , » L _}
resonant tank circuit through the series resonant process. o o ! R
Because of that the soft switch converter operation has h \° \? "
been reached. The main effort has been done at the effi- . k +
ciency study and consequently the efficiency increases [ veo - ; [ zexo
up to 92%. The magnitude of the resonant link voltage is [ 1o§ic e C_Cruorszei’fg
always larger than the dc input voltage. This “disadvantage” | ,
can be avoided by introducing the transformers and the E ' : R
lower voltage can be reached at the converter dc output. ! o1 Csample | [ ;_QYm
The EMlinfluences is lower than the hard switch converter S ontrol. € ! ho&ld e sum .  Vier
usually produces because the current and voltages have R S )
sinusoidal wave-shape and because of soft switching op-
eration. Fig. 12: The control sheme of HFRL converter
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For control purposes the method based on measurement
data has been used. The MATLAB tool-books ELIS foriden-
tification of the small signal model of the ac resonant link
converter has been investigated. For accurate identifica-
tion of resonant link voltage parameters (i. e. magnitude
and phase of the voltage envelope) the Levenberg-Mar-
guardt method was used. The experimental results have
shown that this procedure is capable of providing a good
solution of the frequency response for the non-linear prob-
lem. Based on this modeling the control of HFRL voltage
has been realized.

s Bp=500

RL:330

Fig.13: Experimental results when the load resistance
has been changed: (uper) the current of parallel
resonant link circuit i1 (200 mA/div), (lower)
the magnitude of resonant link voltage v. (20V/
div).
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Klju€ne besede: temperaturno polie, MKE, motorsko zadgitno stikalo, ANSYS;

lzvie€ek: Delo predstavija analizo segretja motorskega zascitnega stikala (MZS) pri trajnem toku s programskim paketom ANSYS, ki temelji na metodi
kon¢nih elementov (MKE). Ta stikala predstavijajo enostavno obliko motorskega zaganjalnika, v katerem so zdruzene funkcije stikanja, preobremenitvene
in kratkosticne zadCite. Geometrijski model zad¢itnega stikala, ki je bil upostevan pri analizi, je deino poenostavijen. V analizo je bil vkljuden le en pol
stikala, ki je sicer tripolen. Opravijeni so bili izracuni segrevanja pri dveh razliénih koeficientin toplotne prestopnosti na povrsinah ohisja stikala.

Analysis of Heating of Motor Protection Switch by Permanent
Current Load

Key words: temperature field, FEM, motor protection switch, ANSYS:

Abstract: Nowadays, electrical motor is, due to its simplicity, robustness and immediate readiness to operate, the most wide-spread driving machine
wherever electrical energy is available. Switching and protection devices should enable undisturbed working, allow complete utilization of motor and
interrupt its operation only in cases when the motor is really endangered. One of such devices is the motor protection switch, in which functions of start-
up, switch-off, overload and short-circuit protection are combined.

The paper deals with the analysis of heating of motor protection switch by permanent current foad of 32 A. Joul losses are caused by that current and all
parts of the switch are being heated as a result of heat transition from the site of production to the surrounding parts. Produced heat is partly used to
increase the temperature of switch parts and partly conveyed into the surroundings. All three physical heat transition mechanisms perform at the transport
of heat (Pic. 1). However, the influence of radiation was negligible because of low temperatures.

Motor protection switch present a very complex 3D geometry, which has been simplyfied during the analysis. Parts of the switch i.e. are control device,
mechanism, do not influence the temperature field and for that reason their presence has been neglected. The main source of heat consists of a heating
coil with bimetal, so the influence of coil has been neglected, which has slighty changed the current flow of motor protection switch (Pic. 2). Three-pole
constructions with partition walls are usually located between the individual poles. Treatment has been reduced to one pole with a suitable boundary
condition i.e. heat isolation of partition wall between two poles. The final model of motor protection switch is presented in figure 3. Program package
ANSYS, which is based on finite element method (FEM), was used for static calculation of temperature field.

The results of calculations for two different values of convection coefficients on housing of motor protection switch were presented as that boundary
condition, which has the most important influence on temperature field distribution. Convection coefficient at the conductor isolation was the same in the
both cases. Temperature field distribution with a convection coefficient of 15 W/m?2K is presented in figures 5 and 6. When a convection coefficient
increases to 20 W/m?K temperature field distribution is presented in figures 7 and 8. As seen there, the temperature on housing of motor protection
switch never exceeds the maximum heat permitted by a standard. Contact part on the bimetal and heating coil side is more strained by temperature as
those two elements present the most important source of heat. Maximum temperature of the conductible part is the middie turns of the heating coil, which
is caused by taking away the heat from both sides of the heating coil to the connected parts of the switch.,

1 Uvod funkcije stikanja (vklop - izklop), preobremenitvene in

kratkosticne zascite. Njihova stikalna zmogljivost je mno-
Elektromotor je danes zaradi svoje enostavnosti, robust- go vecja od zahtevane za samo krmiljenje motorja, zato jih
nosti, ekonomic¢nost in takojsnje pripravijenosti na delovan- priStevamo kar med odklopnike. Nekateri jih imenujejo tudi
je najbolj razsirien pogonski stroj povsod tam, kjer je na »odklopnik za zaséito motorjeve,

voljo elektricna energija. V sodobnih tehnologkih procesih

pa sta pomembni predvsem zanesljivost in varnost. Stikalne Glavni sestavni deli taksnega stikala so:

in zas¢itne naprave morajo torej omogodati nemoteno obra- - mehanizem za ro¢ni vklop in izklop,
tovanje, dopuscati popolno izkoriséenost motorja in teh- - kontaktni sistem s fiksnim in gibljivim kontaktom,
noloski proces prekiniti le tedaj, ko je motor resni¢no _ komore za gasenje obloka in

ogrozen. ) L L )
- nadtokovni sproznik kot kombinacija bimetalnega in

Ena najenostavnejsih oblik motorskega zaganjalnika je elektromagnetnega (kratkosticnega) sproznika.
motorsko zascitno stikalo (MZS), v katerem so zdruzene
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Glede na splosno razvrstitev stikalnih aparatov spada MZS
med ro¢no krmiliene mehanske stikalne aparate in je obicaj-
no trinolne izvedbe.

Zgradba in delovanje MZS mora ustrezati zahtevam vecih
standardov. Glede na njegove lastnosti se morajo pri zas-
novi konstrukeije in preizkusanju upostevati zahteve stand-
ardov IEC 60947-1 (splosni standard za nizkonapetostne
stikalne aparate), IEC 60947-2 (za odklopnike) in 1EC
60947-4-1 (za motorske zaganjalnike) /10/.

Ustreznost delovanja in zmogljivosti MZS se preverja z veC
standardiziranimi preizkusi. Kosovni preizkusi obsegajo
preizkus dielekiricne trdnosti stikala, delovanje bimetalnega
sproznika, ob&asno se opravlja kontrola umerjanja bimet-
alnega sproznika. Med tipske preizkuse spada meritev
segrevanja prikljuénih sponk, elektri¢na in mehanska tra-
jnost stikala, pa tudi kratkosti¢na izklopna zmogljivost. Vsi
testi, ki so zahtevani po standardih tu niso navedeni.

V ¢lanku je prikazana analiza segrevanja MZS pri trajnem
nazivnem toku 32 A. Analiza temelji na uporabi metode
konénih elementov (MKE), ki spada med sodobne numeri-
¢ne metode, saj je njen razvoj Sel vzporedno z razvojem
racunalnikov. Zaradi kompleksnosti geometrije brez po-
enostavitev le-te ni slo. Obravnavan je bil le en pol stikala.
Rezultati izracunov so predstavijeni za dve razlicni vred-
nosti koeficienta toplotne prestopnosti na ohisju stikala.

2. Temperaturno polje

Proces prevajanja toka skozi tokovodece dele MZS sprem-
liajo joulske izgube, ki segrevajo vse dele stikala, saj pre-
haja toplota iz mesta nastanka na sosednje dele in okoli-
co. Del nastale toplote se porablja za zvisanje temperature
delov stikala, del pa odteka v okolico.

Segrevanije in ohlajanje MZS je splet fizikalnih procesov, ki
jihje treba spoznati, da bi lahko razumeli pojav sam. Prenos
toplote in mehanika tekodin pa sta tisti veji znanosti, ki nam
dajeta na razpolago orodja, s katerimi lahko resimo zastav-

liene probleme.

Prenos toplote proucuje transport toplote z enega mesta
na drugo, tj. z mesta visje temperature na mesto nizje tem-
perature. Za toplotni tok, ki je posledica krajevno in ¢as-
ovno spreminjajocega temperaturnega polja, veljajo zako-
ni termodinamike, predvsem drugi, ki govori o smeri, v ka-
teri potekajo termodinamicéni procesi /5/.

Koliko toplotne energije se prenese iz enega mesta na dru-
go, lahko dolo¢imo le z merjenjem temperature. Torej je
poznavanje temperaturnega polja klju¢nega pomena za
izracun toplotnih tokov iz osnovnih zakonov transporta to-
plote, ki povezujejo temperaturni gradient in toplotni tok.

Pri transportu toplote lo¢imo tri fizikalno razlicne mehaniz-
me, ki pa lahko nastopajo istocasno (slika 1).

PRENOS TOPLOTE

sevanje (radiacija)

7y

7 7

A N
7z Z o
Z 2

Prencs toplotne cnergije prenos toplole preko prenos toplole z H
preko nihanja kristalne mreze naravnega ali prisifienega elektromagnetnim H
in's pomotjo nosilcev naboja gibarja snovi sevanjem (iransport

{prosti elektroni) fotonov)

Slika 1. Mehanizmi prenosa toplote

Pri MZS je temperatura prevodnih elementov majhna, zato
so uéinki sevanja zanemarljivi. Glavni nacin odvajanja
sproscene toplotne energije je kombinacija prevoda v
okoliski zrak in naravne konvekcije. Naravna konvekcija je
v notranjosti stikala s povrsine prevodnih in izolacijskih delov

mala, poleg tega pa se v simulaciji ne da zajeti, saj je tem-
peratura v notranjosti stikala neznana.

2.1 Enacbatemperaturnega polja

Zakon o ohranitvi energije v telesu prostornine V, kije ome-
jena s povrsino A pravi, da je prirastek notranje energije
enak netu dotoka toplote skozi povrsino, in notranjemu iz-
voru toplote v telesu ¢. Matemati¢na oblika zakona se gla-
si/1/

Jcp%zt:dV:—jq*dEijc]dV. (1)
14

V gornji enachi je ¢ specificna toplota, p gostota snovi, ¢
pa gostota toplotnega toka. Ce ploskovni integral trans-
formiramo z Gaussovim diferencnim stavkom, dobi gornja
enacba obliko

or .. _ ..
J(cp~é;+dlvqiq dv=0 (2)
V
Ker je integral za poljuben V enak ni¢, mora biti tudi inte-

grand ni¢

: or ..
iq:cp§+d1vq, (3)

Gostota toplotnega toka g je vektor, ki je normalen na izo-
termno ploskev, dolo¢imo pa ga po (4)

Gg=-hgradT, (4)

kjer je A toplotna prevodnost. Ce v (3) vstavimo (4), dobi-
mo splo$no diferencialno enacbo, ki velja za vsa temper-
aturna polja

oT

cp N =div (K grad T)i q, (5)
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Ki je v razviti obliki zapisana kot

C?.Z:ixai+ixg+ixg+
R o L T ™ M T

Kerimamo ponavadi opravka z notranjimi izvori toplote smo
v (6) pred ¢lenom ¢ pisali pozitivni predznak in ga bomo v
nadaljevanju upostevali.

Ce je snov, skozi katero se prevaja toplota, izotropna
Mx=Ay=A2), preide (6) v (7)

oT .
cp—é[—:?&VzT%—q_ 7)

oT

Ce se temperatura s ¢asom ne spreminja torej je 5{ = 0,

dobimo Poissonovo diferencialno enacbo:
vir=-21 (®)

Diferencialne enacbe temperaturnih polj lahko resimo, Ce
poznamo zadetne in robne pogoje. Zacetni nam podajajo
porazdelitev temperature v ¢asu t=0, robni pogoji pa
dolo¢ajo toplotne razmere na povrsini. Ti so lahko:

- Diricletovi -~ na povrsini je predpisana temperatura

T=T(xy,2) (9)
- Neumanovi - predpisan toplotni tok

oT
Ka—=q(x,y,2) (10)
173

- Cauchyjev - predpisan konvektivni toplotni tok

ng:a(TY—Tw) (11)
on

kijer je o koeficient toplotne prestopnosti, Ts temperatura
trde povrsine, T. povpreéna temperatura okoliskega flui-
da.

Tako imenovani poseben robni pogoj je, ko je povrsina to-
plotno izolirana.
or

A—=0
on (12)

3. Model MZS

MZS predstavija zelo kompleksno 3D geometrijo, ki bi jo
pri analizi segrevanja tezko ali nemogoce zajeli v celoti.
Nekateri deli stikala (mehanizem, gasilne komore obloka)
na temperaturno polje nimajo skoraj nikakrsen vpliv, zato
lahko njihovo prisotnost zanemarimo. Tudi obravnavi vseh
treh polov se odre¢emo, Ceprav je ze iz samega fiziCnega
modela razvidno, da je sredinski pol stikala temperaturno
bolj obremenjen od zunanjih dveh.

34

Najvedji izvor toplote predstavlja grelno navitje z bimetalom,
zato lahko vpliv navitja tuljave zanemarimo. S tem se neko-
liko spremeni tokovna pot MZS. V stikalu pa je tudi veliko ti.
precnih plasticnih sten (slika 2), ki so vtesnem dotiku tako z
elektri¢no prevodnimi deli kot tudi z ohisjem stikala. Nastala
toplota na prevodnih delih se preko njih odvaja na ohisje in
precej vpliva na temperaturno porazdelitev.

SLASTAN DELI VIOTIN 2 ELFRIKICHOPLEVDLATG

AMALIZA SEGRETIA MZS$ PRI TRAJNI TOKOVHI CBREMENITVI

Slika 2: Deli tokokroga in preéne plasti¢ne stene v
notranjosti ohisja MZS

Ohisje takega stikala je prav tako kompleksno, saj vsebuje
polno utorov, kanalov, zaskodk, zato tudi tukaj ni lo brez
poenostavitev. Ohisje stikala za en pol smo tako nadomes-
tili s Skatlasto obliko, katere dimenzije so priblizno enake
kot pri realnem modelu. Prav tako je pri preskusih seg-
revanja predpisan presek in dolzina prikljucnega vodnika.
Vodnik mora biti okroglega preseka 6 mm? njegova dolzina
pa 1 m. Zaradi lazjega modeliranja smo pri simulaciji upo-
rabili vodnik pravokotne oblike, kiima enak presek kot okro-
gel vodnik. Kon¢no obliko modela MZS uporabljenega za
porazdelitev temperature v stacionarnem stanju nam pri-
kazuje slika 3.

AN

AHALIZA SEGRETIA MZS PRETRAIRITOKOVNI OBREMENITVL

Slika 3: Model MZS uporabljen v simulaciji

4  Robni pogoji

Doloéitev robnih pogojev predstavija pri izracunih temper-
aturnih polj najvedji problem. Posebej tezavno je dolocevan-
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je koeficienta toplotne prestopnosti, ki je odvisen tako od
geometrije, lastnosti povrsine kot tudi od lastnosti medija,
ki obkroza geometrijo.

Da skozi stikalo tece tok 32 A, vsilimo na koncih vodnika
dolo¢en elektriéni potencial. Razlika potencialov med vs-
topno in izstopno ploskvijo elekiricnega toka vodnika je
odvisna od elektriéne upornosti vseh tokovodedih delov
stikala. Na teh dveh koncih vodnika smo vsilili tudi tempe-
raturo - Diricletov robni pogoj, ki je enaka temperaturi
okoliskega zraka 20 °C.

Med poli tripolnega stikala so vmesne stene, ki pole med
seboj locujejo in predstavljajo toplotno izolacijo, zato velja
enacba (11). V nadaljevanju si podrobneje poglejmo nacine
za dolocitev koeficienta toplotne prestopnosti in sicer na
ohisju stikala (0.s) ter na povrsini prikljuénega vodnika (o).

4.1 Dolocanje azs na povrsini sten stikala

Kolik je koeficient toplotne prestopnosti s s sten na
okoliski fluid, je odvisno od vec¢ dejavnikov. Najpomembne-
j$i sta oblika stene in vrsta gibanja fluida. Zaradi velikega
razpona o je potrebno le tega cimbolj realno doloditi.

V tehniki so na voljo trije nadini, ki pa terjajo zelo razlicen
trud:

- uporaba pribliznih izkustvenih vrednosti,
- doloc¢anje vrednosti s poskusom in
- izracun vrednosti z empiri¢nimi formulami.

Pri dolocanju toplotne prestopnosti na zunanjih stenah stikala
smo se posluzili prve variante - izkustvene vrednosti. V litera-
turah in priroénikih se vrednosti koeficientov toplotne prestop-
nosti pri naravni konvekaiji gibajo med 2 in 30 W/m? K. Zara-
divelikega razpona smo izracun opravili za dve vrednosti in
sicer za Clzs=15W/m? K in clzs=20W/m? K, ki smo jo kot
robni pogoj postavili na vse stene razen na tisto, ki mejina
sosednji pol stikala. Slednja je namrec toplotno izolirana,
torej velja (12).

4.2 Dologanje oy na povrsini vodnika

Za dolocitev koeficienta toplotne prestopnosti na povrsini
vodnika (ay) smo se posiuzili empiriénih obrazcey, kitemelj-
ijo na teoriji podobnosti. Uveljavila se je cela vrsta ti. krite-
rialnih Stevil, od katerih omenimo le tista, ki so za nas
pomembna /4,7/

Grasshofovo Stevilo

BAT- B
Gr = *g—‘E“V*‘Z‘——“ (13)
Prandtlovo Stevilo
n ! C D
F== : (14)
Rayleighevo Stevilo
R =P -G (15)

Nusseltovo Stevilo

o-L

N =——
" N (16)
V gornjih enaébah je g pospesek prostega pada, B tem-
peraturni razteznostni koeficient fluida, AT razlika tempera-
ture med fluidom in trdo povrsino, h visina pri navpiéni ste-
ni ali valju, v kinemati¢na viskoznost fluida, ¢, specificna
toplota fluida pri konstantnem tlaku in L karakteristicna

dolzina.

Koeficient toplotne prestopnosti je najlazje doloditi s po-
mocjo Nusseltovega Stevila. To Stevilo za horizontalni valj
dolo¢imo po (17)

N, =C-R/, (17)

kier sta konstanti C in n odvisni od vrednosti Rayleigheve-
ga Stevila, podani po Michejew-u v tabeli 1 /8/.

Tabela 1: Vrednosti konstant C in n v odvisnosti od Ra
R, C n
<107 0,5 0
1072 + 5 102 1,18 0,125
5107+ 2107 0,54 0,25
2107+210" 0,135 0,3

Vse snovne vrednosti fluida (zraka) se morajo vzeti pri arit-
meticni sredini temperatur vodnika in zraka, ki ga obkroza.

Temperatura okoliskega zraka (T..) je bila pri izradunu 20°C,
povprecno temperaturo izolacije vodnika pa smo ocenili
na 25°C. Vse snovne vrednosti za zrak bi torej morali jemati
pritemperaturi 22,5°C. Ker v tabelah snovne vrednosti niso
podane za to temperaturo smo le-te vzeli pri 20°C /9/.

Tabela 2: Snovne vrednosti zraka pri normalnem
zracnem tlaku
Cp n v B A
(kJ/kg K) | (kg/m s) (m?/s) (1/K) (W/m K)

1,007 18,24 10°1153,5 107 | 3,421 102 | 0,02569

Po Michejew-u je h v (13) za horizontalen valj pri naravni
konvekciji enak

h=Tr (18)

kier je r polmer vodnika z izolacijo in znasa 2,18 mm. Z
upostevanjem enacbh od 13 do 18 in tabel 1 in 2 dobimo
vrednost koeficienta na povrsini vodnika 17 W/m? K.
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Slika 4: Robni pogoji

5. Rezultati

lzracuni, ki so bili narejeni s programskim paketom AN-
SYS, so prikazani za dve razlicni vrednosti koeficienta to-
plotne prestopnosti na povrsinah ohisja stikala (¢izs) in pri
konstantni vrednosti koeficienta toplotne prestopnosti na
povrsini vodnika (o). Temperatura okoliskega zraka je pri
obeh izracunih bila 20°C.

Tabela 3:  Koncept toplotnega izratuna MZS
s (W/m? K) | oty (W/m? K) T.. (°C)
15 17 o
20

5.1 Analiza temperaturnega polja pri
Ozs=15 W/m2K

AHSEY5542
JUL 12 2000

HODAL SOLUTION

ANALIZA SEGRETJA MEZS$ PRI TRAINI TOXOVHIE CBREMEMITVI 133,653

Slika 5: Temperaturno polje celega modela stikala

Sliki 5 in 8 nam podajata porazdelitev temperaturnega pol-
japri 0zs=15 W/m?K na stenah stikala. |z slike 5 je razvid-
no, da se temperatura na ohisju giblje med 30°C in 70°C,
kar je $e v mejah standarda [EC EN 60947, ki pravi, da se
lahko zunanja stran plasticnega ohisja segreje za 50°C nad
temperaturo okolice, ki je v nasem primeru 20°C. Maksi-
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Slika 6: Temperaturno polje elektricno prevodnega dela

maina temperatura elektricno prevodnega dela je na sred-
njih ovojih grelnega navitja in znasa okoli 161°C (slika 6).
Da je maksimalna temperatura prav na srednjih ovojih grel-
nega navitja, ima vzrok v odvajanju toplote z obeh koncev
grelnega navitja na z njim spojenima dela stikala.

Iz slike 6 je tudi razvidno, da je kontaktni del na strani bi-
metala in grelnega navitja temperaturno bolj obremenjen.
Prav tako je tudi temperatura prikljucka na strani bimetala
in grelnega navitja za priblizno 1,5°C vigja kot na delu, Kjer
teh dveh elementov niin znasa 73°C.

5.2 Analiza temperaturnega polja pri
0zs=20 W/m?K
Oblika temperaturnega polja je podobna kot v primeru

nizjega koeficienta toplotne prestopnosti na stenah stikala
(sliki 5 in 6).

{AVG)

ANALIZA SEGRETIA MEZS PRI TEAIME TOKOVHE OBREMENITVI

Slika 7: Temperaturno polje celega modela stikala

Visina temperature na posameznih delih stikala se je v pov-
preciju znizala za 2 do 4°C. Tako je maksimalna temperat-
ura na grelnem navitju sedaj okoli 157°C, temperatura prik-
ljucka na strani bimetala in grelnega navitja pa 70°C.
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Slika 8: Temperaturno polje elektri¢no prevodnega dela

6. ZakljuCek

Z uporabo programskega paketa ANSYS (ki temelji na
metodi konénih elementov) smo preucevali porazdelitev
temperaturnega polja motorskega zascitnega stikala. Upo-
rabljen 3D model pomeni dolo¢eno poenostavitev glede
na dejanske razmera v stikalu, kljub temu pa je dovolj pod-
roben in obculljiv, da zajema vpliv vseh tistih pojavov, ki v
najvecji meri vplivajo na temperaturo polje v stikalu.

Iz rezultatov analize je razvidno, da temperatura na prik-
ljucnih sponkah nikjer ne presega podanega RTl indeksa,
ki je za uporabljen izolacijski material 105°C, pri cemer je
zunanja temperatura 20°C. Ta temperatura se lahko pri
testih segrevanja prikjjuénih sponk po standardu UL 508
in IEC EN 60947 giblie med 10 in 40°C.

Segrevanje MZS je kompleksen proces, ki ga je mogoce
raziskati z obseznimi meritvami in numericnimi studijami. V
prihodnosti se bo potrebno osredotoditi tudi na konvektiv-
ni prenos toplote v notranjosti stikala in na dolodevanje
kontaktne upornosti, ki ima lahko velik vpliv na segrevanje.
Prav tako se s temperaturo spreminja specificna ohmska
upornost elektri¢no prevodnih materialov, kar e dodatno
povecuje izgube in s tem segrevanje stikala.
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Abstract: A single-channel sensor intended for measurement of forces in small volume contracting tissues within the range of mN was designed, devel-
oped and experimentally tested. The force sensor was made up of a Wheatstone bridge composed of four semi-conductor strain gauges bonded on a
specially designed cantilever with a handle and metallic cover to protect them. The natural frequency of the sensor is 350Hz while the compliance is
5.7X10%m/mN. The sensor represents a very linear dependence of the output voltage upon the load. The sensibility of the sensor, at a bridge excitation
voltage of 5V, is 0.5mV/mN and the nominal range of the sensor is 0-70mN. Results show that the sensor enables almost isometric measurements of
forces in contracting tissues. The results also show that the sensor measures forces with a frequency of up to 300Hz with appropriate accuracy. Finally,
the sensor is suitable for isometric measurements of forces in all types of contracting tissues.

Senzor sile za meritve kréenja drobnih misic

Kljuéne besede: senzor sile, strain gauge, fiziologija, kontraktilna tkiva

Izvle€ek: lzdelali in testirali smo enokanalni mehansko-elektricni pretvornik za meritve moci kréenja drobnih misic. Senzor site je izdelan iz &tirih polprevod-
niskih strain-gaugov povezanih v Wheatstonov mosti¢ek, pritrienih na rigidno merilno rocico ter zaséiteninh s kovinskim oklepom. Naravna frekvenca
senzoria je 350 Hz in podajnost 5.7 x 10 m/mN popolnoma ustreza za meritve skoraj izometri¢nega kréenja drobnih misiénih tkiv (<5 N, <50 Hz).
Obcutljivost senzotja z napajanjem 5 V je v razponu 0-7C mN linearna, 0.5 mV/mN. Testiranja so pokazala, da je mogode s senzorjem zadovoljivo meriti

tudi kréenja s frekvenco blizu 300 Hz. Merilec je primeren za meritve sile izometri¢nega kréenja razliénih kréljivih tkiv,

Introduction

In basic research related to the physiology of muscles and
other contracting tissues, especially in studies of contrac-
tion mechanisms, measurements of elicited forces are very
important /1, 2, 3, 4/. Transducers made of strain gauge
bridges give the opportunity to develop highly sensitive and
reliable force sensors /5, 6, 7/. The development of sen-
sors to measure muscle or vein contractions has a history
at least 30 years long and many devices are now commer-
cially available [Axon Instruments (USA), Experimentaria
(HUN), 8, 9]. The force sensor should fulfill the following
requirements: a) it should be able to evaluate the force
elicited by contraction of the muscles and most other con-
tracting tissues, b) electrical response should be as linear
as possible in the whole range of expected forces, and ¢)
nevertheless, the sensor should react fast enough to be
able to follow a contraction as reliably as possible /10,
11/. The goal of our work was therefore to develop a force
sensor that would fit all of the above-mentioned require-
ments and be easy to manipulate, as a part of the device,
especially when testing muscles that are difficult to access.
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Material and methods

In the majority of cases of measuring forces of muscle tis-
sues /n vivo the force sensor should be able to approach
the desired contracting tissues at desired angles. There-
fore, we designed the cantilever and its holder in such a
way that it could move linearly and rotate within a limited
space. However, in some cases of measuring forces in
situ the sensor should be able to be mounted in any posi-
tion required according to the protocol measurements es-
pecially for pharmacological purposes. To obtain adequate
characteristics of the force sensor the measurements
should be obtained in the way in which the tissues are at-
tached to the force sensor always perpendicularly to the
direction of the measured contraction. The cantilever,
shown in Fig. 1, was made of highly tempered stainless
steel ribbon machined out of the stainless steel bar that
acts as the handle of the force sensor at the same time.
The dimensions of the section of the cantilever that could
be bent upon the applied force were defined according to
the request of the gauge’'s manufacturer (Celesco, USA)
and our request to develop the force sensor that would be
enough sensitive to measure the elicited forces.

The force sensor itself was made up of a Wheatstone bridge
composed of four semi-conductor strain gauges (Celes-
co, P05-02-500, resistance in ohms: 500.0 + 0.3%),
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bonded on a section of the cantilever where bending is of
the highest degree. Strain gauges were actually bonded
according to the procedure described by both the manu-
facturer of the strain gauges and the producer of the adhe-
sive (Micro Measurements, M-Bond 610). The mechani-
cal tension produced by the force within the nominal range
elicits elastic deformation of the cantilever, thus resulting
as a change of the output voltage that could be amplified
and connected to the A/D converter and IBM Compatible
PC.

Figure 1. A force sensor mounted within the vice.

The static characteristic of the force sensor was obtained
by mechanical connection of the reference force sensor
(ITIS d.o.0., Slo) to the cantilever of the developed force
sensor perpendicularly to the level that is supposed to be
the acting point of the measured forces. Then the same
manual force was applied to both sensors, exciting them
to elicit corresponding voltage signals at the outputs. The
output voltage of the developed force sensor was fed to
the X input of the X-Y oscilloscope while output voltage of
the reference force sensor was fed to the Y input of the
oscilloscope. When the applied force reached a nominal
value of 70mN, the developed force sensor force was re-
moved. In this way the static charasteristic in both direc-
tions was obtained. The compliance of the cantilever was
also measured during the recording of the static charas-
teristics. For this purpose a laser beam was directed to the
cantilever and the distance between reflexions when the
force sensor was loaded and unloaded was measured.
Dynamic behavior of the sensor was defined by eliciting
mechanical vibration of the cantilever by striking it with a
finger. The output signal of the Wheatstone bridge was
amplified at a gain of 100 and fed to a DigiPack 1200 (Axon
[nstruments) acquisition system and sampled at 2kHz. The
recorded data was analyzed using a (Matlab) software
package enabling Fourier analysis. The dynamic behavior
of the force sensor was also tested by a sharp thrust of
force applied on the force sensor generated when a weight
of 2.75g was dropped on the cantilever of the force sen-
sor from a height of 5cm.

Resulis

Fig. 2 shows the static characteristics of the force sensor.
Considering the data obtained in the aforementioned char-
acteristics and amplification of the output signal, the sen-
sitivity of the force sensor was calculated. Calculations
showed that over the nominal range of O-70mN the sensi-
bility is 0.5mV/mN. The results also showed that the com-
pliance was about 5.7x1 0®m/mN. Furthermore, from Fig.
3, showing the dynamic characteristics of the force sen-
sor, the natural frequency and the data describing a be-
havior of the force sensor below the natural frequency was
obtained. The corresponding natural frequency of the force
sensor is 350Hz.

Output [mV]

70
Force [mN}

The static characteristic of the force
sensor.

Figure 2.

R el el Eelteletel ettt

Figure 3.

The dynamic characteristic of the force
sensor.

Figure 4, however, represents the record of sharp thrust
of force applied on the force sensor. It coud be seen that
the time from zero to peak force when a weight of 2.75g
was dropped on the cantilever of the force sensor from a
height of 5cm was 55.23ms.
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Figure 4. A record of sharp thrust of a force applied
on the force sensor.
Discussion

According to the requirements determined in the methods
section we can conclude that all of the requirements de-
fined at the start of the development of the force sensor
were met. Namely, as can be seen in Fig. 2, the force
sensor shows a highly linear dependence of the output
voltage upon the load within the whole nominal range of
applied forces. However, the different slopes in the trajec-
tories (Fig. 2) arising in opposite directions of the applied
force were attributed exclusively to mechanical sliding that
occurred at the contact between the two sensors when
mounted within the vice. By sliding, the length of the refer-
ence sensor was slightly changed. This could be confirmed
by the intersection of the two trajectories which is settled
exactly at the middle between the points representing zero
and maximum load. Moreover, it could be seen in Fig. 3,
showing the frequency spectrum contained in the response
of the force sensor on the strike applied to the cantilever,
that the natural frequency of the sensor is equal to 350Hz.
At frequencies below the natural frequency of the force
sensor the curve is relatively linear, enabling accurate
measurements of forces. Since the natural frequency and
sensitivity of the force sensor are relatively high one could
conclude that the force sensor is able to record fast chang-
es that could be expected in muscle contraction, also of
only a few muscle fibers, without any deformation. In Fig.
4. representing a record of sharp thrust of force applied
on the force sensor, one can see that the rise time of
55.23ms corresponds to a frequency of 18Hz, which is
far below the natural frequency of the force sensor. Ac-
cordingly, the force sensor is also suitable for recording
sustained tonic contractions of a muscle. The limitation of
the force sensor is that it is designed to measure contrac-
tions of 70mN maximum. This sensor with a compliance of
5.7x10%m/mN enables the recording of forces in a pre-
dominantly isometric mode. However, the higher the force,
the more isotonic the contraction appears. The important
advantage of the force sensor is that it could be orientated
in space to reach any point of the hemisphere with a diam-
eter of 15cm from the vertical handle. Because of that the
measurements of contracting tissues could always be par-
pendicular to the axis of the measured muscle contrac-

40

tion. Our force sensor is relatively simple, reliable and is
sold at an acceptable price.
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lzvlecek: Pri nacrtovanju in vzdrzevanju sistemov vodenja v industriji igrajo senzorji odiocilno viogo. Inzenirji avtomatike morajo namre¢ upostevati dejstvo,
da je nemogoce regulirati, ¢e ni na razpolago ustrezno natanénih meritev. Pri tem je pomembna tudi njihova izvedba, saj morajo biti prilagojene okolju, v
katerem delujejo, tako po zgradbi kot tudi v smislu dinamicnih lastnosti. Zato je izbira, vgradnja in vzdrzevanje merilnih sistemov kompleksen postopek, ki
je odlocilen za uspeséno delovanje obravnavanega procesa.

The Role of Sensors in Control Applications

Key words: control systems, measuring systems, sensors, control projects life-cycle.

Abstract: In the process of control system design and its maintenance sensors play an important role. Control engineers are namely faced with the fact
that any control is based on attainability of correspondingly accurate measurements of system outputs. The realisation of measurements must be adapted
to the system characteristics and environment. Their dynamic aspects must also be taken into account. Therefore, the choice, mounting and maintenance
of measuring systems is complex procedure which is crucial for the successfulness of control systems.

Modern controf technology is among most important factors concerning successfulness and progress of state or even world economy. It has infra-
structural character which means that its effects can be evaluated through many engineering, economic, social, and other activities. As the requirements
of industrial organisations are more and more complex only interdisciplinary groups of experts can tackle such problems efficiently.

Term control represents the procedures which inuence the process behaviour in a way that some previously predicted goal can be achieved. Here open
loop (sequential) and closed loop (feedback) control are included.

Control engineers are aware of the fact that only the process variable which can be

accurately measured can also be successfully controlled. Unreliable measurements can be filtered by signal processing only in special cases. Control
loop can compensate, to a certain extent, some properties of elements in the loop or disturbances from environment. However, the long term deviation of
sensor output, its non-linearity, significant time delay etc. always cause undesired phenomena in the loop behaviour. The comparison between reference
(desired) and measured (achieved) value of process variable, which represents the essence of feedback control by generating the error, which is the
basis of control action, is not ideal. However, the sensor output is never identical to the value of process variable. If the value of process variable and
sensor output are not in good agreement, poor control quality is unavoidable regardless of the rest of the control system. In the control of sequential,
batch, semi-batch and continuous process or their combinations, beside simple well known sensors, more and more complex measurement equipment
with a lot of knowledge and intelligence incorporated is needed. Measurements of quantitative and qualitative properties of media are very delicate and
expensive, therefore, the choice of corresponding sensors is of high importance.

Experts are still arguing, whether everything previously referred to as detector, transducer, transmitter, field device, etc. can be included into the term
sensor. However, nowadays it can be concluded that the term sensor represents whole measurement system with all necessary element and signal
converters. A very loose definition of sensor could be:A sensor is a black box which converts knowledge of process parameters or outputs as well as
about product characteristics into usable information. This description could be

extended in different ways but nevertheless defines the main point: sensors are concerned with the procurement of information. Some conclusions can
be summarised as follows:

- significance of sensor technology for international economics is much greater than actual magnitude of sensor production,

- Europe, USA, and Japan divide the world market fairly equally among themselves,

- sensors (only for the area of process automation) contribute approximately one third of the complete investment in process control.

- standard sensors are rather the exception than the rule, custom-made sensors are becoming the usual choice,

- the producers of sensors are huge multinational companies on one side and small producers occupying certain niches in the market on the other,

- trends in sensor production are moving towards compact and miniature devices, enabling better characteristics and lower prices.

se namre¢ prepletajo z mnogimi inzenirskimi, ekonomski-
mi, druzbenimi in drugimi dejavnostmi.

1 Uvod

Sodobna tehnologija vodenja spada med t. i. kriti¢ne teh-
nologije, to je tiste, ki so v drzavnem in celo svetovnem
merilu posebej pomembne za uspesnost in napredek gos-
podarstev. V nasprotju z drugimi tehnologijami, ki dajejo

Podrocje tehnologije vodenija je izrazito interdisciplinarnega
znacaja. Potrebno je povezovanje znanja o sistemih oz.
procesih, ki jih Zzelimo voditi, z znanjem iz tehnologije vode-

pretezno vidne izdelke in dobrine, pa ima tehnologija vode-
nja bolj posreden, tj. infrastrukturni pomen. Njeni udinki

nja. Poleg klasic¢nih zahtev po minimizaciji surovin, energi-
je, Casa izdelave in cene so dandanes $e zahteve po eksi-
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bilnosti in zanesljivosti proizvodnje, po kvaliteti izdelkov, pa
tudi po varnosti in humanizaciji delovnin mest ter po varo-
vanju okolja. V teh razmerah so uspesnejse interdiscipli-
narne skupine strokovnjakov, ki poleg svojega specialnega
podrodja poznajo tudi osnove tehnologije vodenja.

Vodenje je proces, s katerim vplivamo na delovanje siste-
ma z namenom, da dosezemo neki zastavijeni cilj. Gre torej
za transformacijo informacij o vodenem procesu in o nje-
govem okolju v odloditve in ukrepe, ki ob upostevanju me-
ril in omejitev zagotavljajo zeleno vodenje sistema. Pritem
pojem vodenja zajema tako odprtozanéno (sekvencno)
vodenje - krmiljenje kakor tudi zaprtozanéno (povratnozanc-
no) vodenje - regulacijo /1, 2, 3/.

S podrodjem vodenja sta nelocljivo povezana tudi pojma ki-
bernetika, ki se ukvarja s studijem vodenja in komunikacij v
zivih bitjin in tehnicnih sistemih, ter avtomatika, ko se proce-
si zbiranja informacij o stanju sistema in okolice, priprave
ukrepov in odlo¢anje ter ukrepanje opravljajo brez posre-
dovanja ¢loveka. Prav tako pa seveda ne gre brez komu-
nikacijskih, informacijskih in racunalniskih tehnologij.

V delu predstavijamo pogled inZenirja tehnologije vodenja
- avtomatika na podrocje senzorike.

2 Merilni sistemi

Dosegljivost in izbira pravega merilnega sistema je prvi in
obenem eden od klju¢nih korakov pri nac¢rtovanju in reali-
zaciji vodenja nekega procesa. S slike 1 je razvidno, da
merilni sistem sestavija ve¢ elementov. Pri delitvi prihaja
mnogokrat tudi do terminoloskih nesporazumov. V smislu
izrazov, ki se pojavijajo v literaturi, bilahko rekli, da je tipalo
ali senzor (prvotno tudi detektor) primarni element meril-
nega sistema, ki je v neposrednem fizicnem stiku z mer-
jenim medijem. Merilni sistem v tuji literaturi imenujejo
pretvornik ali transducer. Sekundarni element merilnega
sistema pa je eden ali ve¢ merilnih pretvornikov ali prenos-
nikov (transmitterjev), ki iz izhodne veliCine tipala tvorijo
uporaben signal, ki ga potrebujemo bodisi za prikazovanje
rezultatov meritev, bodisi v regulacijski zanki. Medtem ko
imajo primarni elementi raznovrstne konstrukcije in njihovo
delovanje temelji na najrazlicnejsih fizikalnih principih, pa
sekundarni elementi tezijo k ¢im vec¢ splosnim, skupnim
lastnostim in je zato izvedb precej manj. Naloga merilnega
sistema je torej meritev neke fizikalne veli¢ine, kar pomeni
v bistvu prenos neke informacije obenem s prenosom ener-
gije. Zato vse meritve v nekem smislu vplivajo tudi na mer-
jeno veli¢ino, kar kaze na dejstvo, da mora biti proces
merjenja zelo skrbno nacértovan /3, 4, 5/. Tipala s pripada-
joéimi merilnimi pretvorniki so osnova avtomatiziranega
vodenja procesov. Procesno veli¢ino, ki jo kvalitetno meri-
mo, lahko v vedini primerov tudi uspesno reguliramo. Le v
iziemnih primerih lahko slabo in nezanesljivo meritev nado-
mesti posebna racunalniska obdelava signalov. Regulacij-
ska zanka ima sicer Cudovito lastnost, da nadomesca ozi-
roma kompenzira neidealnosti elementov zanke in vplive
motenj, ne more pa zmanjsati npr. dolgoro¢nega odmika
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izhodne vrednosti tipala, njegove nelinearnosti, dolge za-
kasnitve, neponovljivosti itd. brez bistvenega vpliva na di-
namicne lastnosti regulacijske zanke. Najbolj kriticno mesto
vsake regulacijske zanke je namrec mesto primerjave med
zeleno in dejansko vrednostjo procesne spremenljivke.
Regulacijska akcija tako ne temelji neposredno na pogres-
ku med referencno in regulirano veli¢ino, temve¢ na pogres-
ku, ki je odvisen od izhoda merilnega sistema. Ce med
signalom na mestu primerjave in pripadajoco procesno
veli¢ino ni dobre povezave, je proces voden slabo.

Motnje v
izvrénem .
REGULATOR 1ZVRSNI SISTEM | Y Motnje
sistemu
. A Y v procesu
i — Y
) . onlciideil onénl u v
L = JiTg{‘;‘l;:iL‘fk‘ - Aktuator F—» i ’{ Proces p] -
xl H i cien l 7
| L Merilno
! tzvrsino nesto
i mesto
%
| : ! ;
L ,,,,,,,,,,, Merilui | Merilni —  Tipalo
ojacevalnik pretvornik
A Motnije v

MERILNE SISTEM ’ .
merilnem sistemu

Slika 1. Prikaz gradnikov regulacijske zanke, kjer je r
referenca, u regulirna, y regulirana velicina, e
pa fe pogresek

Tipala lahko razdelimo na proporcionalna in stopenjska.
Za regulacijo potrebujemo predvsem proporcionalna. Sto-
penjska tipala (npr. konéna, tlacna in nivojska stikala, fo-
tocelice za detekcijo plamena, pretocna stikala, senzorji
blizine itd.) uporabljamo v razli¢ne namene, in sicer za:

- alarmiranje

- oznacevanje zacetkov in koncev sarz

- preprecevanje nevarnih situacij v primeru izpada regu-
lacije

- signalizacijo stanja procesa

- sekvencno (logiéno) vodenje Sarznih in semisarznih
procesov

- v izdeléni proizvodniji.

Proporcionalna tipala pa delimo na osnovna (premik, hitrost,
pospesek, sila, nivo, pretok, tlak, temperatura itd.) in na
zahtevnejsa. Potrebe po objektivnem dolocanju kvalitativnih
in kvantitativnih lastnosti snovi tako v laboratorijskem okolju
kot tudi v industrijskih procesih namrec postajajo vse vecje.
Posebno pri slednjih mora biti merilna oprema prilagojena
mnogo tezjim razmeram, kot pa so pri laboratorijskih meri-
tvah (korozija, necistoce, velike spremembe temperature
in/ali tlaka itd.). Tako je pravilni izbor merilnika za analizo
dolodene snovi odvisen od fizikalnih in kemic¢nih lastnosti
vzorcev, od znacilnosti procesa, od njegove okolice in nav-
sezadnje tudi od poznavanja delovanja merilnikov ter ce-
Jotnega merilnega sistema. Nastejmo nekaj lastnosti mate-
rialov, ki jih pogosto merimo: gostota, viskoznost, viaznost,
toplotna in elektricna prevodnost, pH-faktor, redoks in vseb-
nost ter prisotnost ali koncentracija razlicnih komponent
plinov v mediju, kjer gre za analizne postopke.
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Merjenje lastnosti snovi in analizne meritve so $e bolj kom-
pleksne od merjenj osnovnih procesnih velidin. Meritve so
mnogokrat tudi posredne in zahtevajo vCasih izredno obsez-
no in drago opremo (tudi ve¢ velikostnih razredov drazjo
od merilnikov obicajnih procesnih veli¢in). Zato mora biti
taka oprema se posebno skrbno naértovana, izbrana in
vzdrzevana. Zanima nas seveda sprotni nacin merjenja,
katerega izhodi bi bili uporabni v regulacijski zanki. Pri tem
se moramo zavedati, da je mnogo predvsem analiznih
merilnikov Sarznega tipa (analiza poteka na nizu vzorcev),
kar daje tudi regulacijski zanki diskretni znacaj. Prav tako
pa je jasno, da je dinamika tovrstnih merilnikov mnogokrat
pocasna, pri ¢emer prihaja tudi do nezanemarljivih asov-
nih zakasnitev, ki lahko zelo vplivajo na vedenje zanke (sta-
bilnost).

Nastejmo $e nekaj najvaznejsih dejavnikov, ki jih moramo
obenem s specificnimi zahtevami upostevati, ko izbiramo
merilno opremo za vodenje nekega industrijskega proce-
sa. Pri tem naj opozorimo, da je v nekaterih primerih na
razpolago zelo Siroka izbira komercialno dosegljivin alter-
nativ (npr. meritevtemperature, tlaka, pretoka, nivoja, odmi-
ka, itd.), medtem ko véasih prakti¢no ni nobene izbire (spe-
cialne meritve). Poznavanje moznih alternativ je seveda pri
izbiri bistvenega pomena. Ce upostevamo, da je obicajno
merilni Clen vgrajen v regulirani objekt, lahko na izbiro vpliva-
jo predvsem naslednji dejavniki:

- fizicna kompatibilnost z reguliranim objektom
- odpornost glede na okolico objekta

- kompatibilnost z regulatorjevimi signali

- zahteve v zvezi z napajanjem in energijo

- razmerje signal - Sum in ponovljivost meritev

- dinamicne lastnosti (hitrost odziva, linearnost, toénost,
merilno obmodje itd.)

- poreba po vzdrzevanju (obstojnost, Zivlienjska doba,
zanesljivost, nacin vgradnje, dosegljivost, potreba po
kalibraciji itd.)

- cena.

Pritem moramo upostevati tudi koncepte Zivljenjskega cik-
la sistemov vodenja /2/, ki se za¢ne in konca pri uporab-
niku. Zacetek je identifikacija oz. definicija potreb, cikel pa
se nadaljuje s planiranjem, z raziskavami, nacrtovanjem, s
proizvodnjo ali z gradnjo, vrednotenjem, vgradnjo in upo-
rabo, vzdrzevanjem in s podporo pri uporabniku ter konca
z "upokojitvijo” sistema ali proizvoda.

3  Sklepi

Vsako obdobje rodi svoje izrazoslovje. Tako so v obdobju
racunalnistva zaceli uporabljati izraz senzor v SirSem smis-
lu, torej v smislu celotnega merilnega sistema. Osnovno
vprasanje, kaj naj bi bil potemtakem senzor, $e vedno ni
povsem razjasnjeno. Zelo siroka in ohlapna definicija bi se
glasila:

Senzor je skrinjica, ki pretvori znanje o procesnih para-
metrih in odzivu sistema ali pa o znacaju produktov v upo-
rabno informacijo.

Tudi tej definiciji bi bilo mogode Se marsikaj dodati, vseka-
kor pa velja, da so senzorji povezani s pridobivanjem in
posredovanjem nekih informacij o tehnologkih ali biologkih
sistemih.

Tehnoloski razvoj senzorjev je izredno raznolik, saj izhaja
iz realnih zahtev najrazli¢nejsih okolij. Zato se ob siroki iz-
biri standardiziranih senzorjev vedno bolj razvijajo tudi
mnoge specialne izvedbe, bodisi za posameznega upo-
rabnika ali pa za specificna opravila. Zato je jasno, da je
pomembnost razvoja tehnologije senzorjev za mednarod-
no ekonomijo mnogo vecja, kot pa je velikost samega po-
drocja izdelave in prodaje senzorjev.

Natancna ocena trga senzorjev je prakticno nemogoca

celo, ¢e bi se omejili le na procesno avtomatizacijo (Pri

tem ne upostevamo tako pomembnih podrocij in trgov, kot

je npr. uporaba senzorjev v razliénih vozilih in v gospodinj-

skih aparatih.). Z dovolj veliko verjetnostjo je mozno ugoto-

viti, da:

- si Evropa, ZDA in Japonska priblizno enako delijo sve-
tovni trg

- senzorji{v sirSem smislu) prispevajo priblizno eno tretji-
no celotne investicije v procesno vodenje (ostalo - re-
gulacijski sistem, komunikacije med deli opreme in
Clovekom, dodatki v izvrdni sistem itd.)

- S0 najpomembnejsi senzorji za pretok in tlak, nato pa
pridejo na vrsto meritve temperature, nivoja in ostalih
lastnosti.

Proizvajalci merilne opreme so tudi zelo razliéni. Od inter-
nacionalnih druzb z ogromno ponudbo do vedno vecdjega
Stevila majhnih proizvajalcev, ki se trudijo najti in pokriti
posamezne trzne nise ali pa specialne tehnologije.

Glede na razvoj mikroelektronike tudi senzoriji tezZijo k &im
vecji miniaturizacji in kompaktnosti elementov. S tem pa
seveda pride tudi do boljsih lastnosti, boljSe kompatibil-
nosti z mikrovezji in do nizje cene merilnih sistemov, v kate-
re je vgrajeno vedno veé znanja in inteligence. Tako se
pojavljajo izrazi, kot so: mikromehatronika, tehnologija
mikrosistemov, mikroelektromehanski sistemi, mikro-
inzenirstvo itd., ki kazejo, da gre za napredno vejo tehnologi-
je, ki pripomore tako k tehnoloskemu napredku kakor tudi
v smislu ekonomskih, ekoloskih in drugih vidikov.
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Kljuéne besede: debeloplastna tehnologija, senzor, senzor sile, senzor tlaka

Izvlegek: Kljub pospesenem razvoju mikrosistemske tehnike, ki je integracija $tevilnih podrocij, kot so: senzorika, aktorika, mikroperiferika, mikromehan-
ika, integrirana optika itd., so prevladujoée tehnologiie za izdelavo senzorjev in pripadajoce elektronike e vedno monoclitne polprevodniske tehnologiie ter
tankoplastna in debeloplastna tehnologija. Debeloplastna tehnologija lahko pri izdelavi senzorjev nastopa v dveh viogah. Prva je izdelava debeloplastnega
senzorskega elementa. Druga pa je integriranje senzorskega elementa, ki navadno ni debeloplasten, s kompenzacijskimi elementi in elektroniko za
obdelavo elektriénega signala. V prispevku so prikazane predvsem nekatere aplikacije na podro¢ju senzorjev mehanskih velicin (senzorji tlaka in sile), kjer
je uporabliena debeloplastna tehnologija v eni ali obeh nastetih viogah.

Thick-film Technology for Sensor Applications

Key words: thick-fiim technology, sensor, force sensor, pressure sensor

Abstract: The most important technologies for manufacturing sensors and transducers are semiconductor technology, thin- and thick-film technologies.
Thick-film technology is used in two ways, to produce the sensor elements themselves and/or the electronic circuits for signal processing. In both cases
are some common particular characteristics and ceramic interconnection technology is one of them. This paper is focused in mechanical sensors
(pressure, load, force, etc) where the sensor elements are made with thick-film technology. The first application is thick-film load sensor for kitchen scale.
The second application is thick-film sensing element for a fow-cost force sensor designed for industrial applications. The third application is thick-film force

sensor for belt dynamometer (toco sensor) for medical application in maternity hospital.

1 Uvod

Leta 1990 je bil svetovni trg senzorjev vreden priblizno 15
milijard EUR, njegova vrednost je narasla do leta 2000 na
30 milijard EUR ter bo leta 2010 predvidoma dosegla 51
milijard EUR z letno rastjo od 5 do 9 %. Pri tem je treba
upostevati, da bo verjetno koli¢inska rast se vecja, ker je
indeks rasti cen negativen. Regionalno je bil leta 1990 naj-
vedji trg senzorjev v Evropi (42%), stedila ji je NAFTA (North
American free trade Association) s 34 % in Azija s 24 %.
Deset let kasneje pa je NAFTA prehitela Evropo in je sedaj
na prvem mestu. Glavna podrocja uporabe senzorjev so
industrijski in procesni senzorji, senzorji v avtomobilih ter
pri konstrukeiji strojev in naprav. Najvediji indeksi rasti so
napovedani za uporabo senzorjev v avtomobilih, na po-
dro¢iju informatike in telekomunikacij ter za okolje. Senzor-
ji za okolje naj bi se povzpeli celo na tretje mesto po veliko-
stitrga. Glede na tip senzorjev najvedji trzni delez pripada
senzorjem tlaka, sledijo jim senzorji pretoka, temperature
itd.

Prevladujoce tehnologije za izdelavo senzorjev in/ali pri-
padajode elektronike so $e vedno monolitne polprevodni-
gke tehnologije ter tankoplastna in debeloplastna tehnol-
ogija. Monolitne polprevodniske tehnologije imajo izrazito
prednost pri miniaturizaciji, integraciji, velikoserijski proiz-
vodnji in cenenosti. Debeloplastna tehnologija nastopa na
podro&ju senzorjev in pretvornikov v dveh viogah. Prva je

elektricna in mehanska integracija senzorskega elementa
(ki navadno ni debeloplasten), elektronike za pretvorbo sig-
nala in drugih elementov. Druga pa je izdelava samih sen-
zorskih elementov, kot so: senzorji temperature, mehanskih
in kemicnih veli¢in, plinski senzorji, biosenzorji kakor tudi
kombinacije le-teh.

V nadaljevanju bo prikazano nekaj rezultatov raziskovalnega
dela in nekaj senzorjev mehanskih veli¢in (senzorji tlaka in
sile), kjer je uporabljena debeloplastna tehnologija v eni ali
obeh nastetih viogah.

2 Debeloplastni “strain gauge”

Senzor mehanskih deformacij (“strain gauge”) je element,
ki pretvarja deformacijo (razteg, skréek, upogib, ...) v ele-
ktri¢ni signal in deluje po principu piezoupornostnega efek-
ta elektriénih prevodnikov oz. uporov. Piezoupornost (Kel-
vin, 1857) je lastnost nekaterih materialov, da pri mehanski
deformaciji spremenijo elektricno upornost. Obcutljivost
materiala za deformacijo pa je podana s faktoriem GF (1),
ki je razmerje med spremembo upornosti (dR/R) in defor-
macijo (di/f).

_AR/R
S

Debeloplastni upori so narejeni z metodo sitotiska, susen-
ja (150 °C) in zganja (850 °C) debeloplastnih materialov

GF i e=All (1)
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na keramicni (Al2O3z) podlagi. Komercialno dostopni debe-
loplastni uporovni materiali (paste) imajo plastno upornost
(RpL) v dekadah od 1 do 10 M£2. Pri konstantni debelini ()
pa je vrednost upornosti (R) odvisna se od dolzine (/) in
Sirine (w) debeloplastnega upora. Relacije so prikazana v
formulah (2):

w

Piezoupornostni efekt, ki je sicer nezelena lastnost pri na-
vadni uporabi, izkazujejo tudi debeloplastni upori. Iz litera-
ture /1,2,3,4/ in nasih prejsnjih raziskav /5,6,7,8,9,10,11/
izhaja, da je GF odvisen od mikrostrukture materiala, plas-
tne upornosti in deino od geometrije debeloplastnega up-
ora. Glede na orientacijo upora pa poznamo vzdolzni in
prec¢ni GF. Pri mehanski deformaciji se upornost debelo-
plastnega upora spremeni zaradi spremembe plastne up-
ornosti in geometrije. Tako je GF sestavljen iz geometri-
jskega del (GF=2) in dela zaradi spremembe mikrostruk-
ture materiala (3).

AR _(ap)) (81w _ At

R p ( / w t j (3)
Za uporabo senzorskega elementa so poleg GF pomem-
bne se nekatere druge lastnosti, kot so: temperaturni koe-
ficient upornosti (TKR), temperaturni koeficient GF (TKGF),
tokovni Sum in dolgoro¢na stabilnost. Tako je v tabeli 1

prikazana primerjava razlicnih tehnologij za izdelavo ele-
mentov za senzorje mehanskih deformacij.

Tabela 1: Primerjava tehnologif za izdelavo
elementov za senzorje mehanskih
deformacij

Tehnologija Metalo- Debelo- Polpre-
plastna plastna vodniska
GF 2 od 2 do 20 50

TKR (10 "°/K) 10 50 (100) 1500

TKGF (10 ¥/K) 100 300 2000

Dolgorocna Odiéna | Zelo dobra Dobra

stabilnost

Cena Visoka Nizka Nizka*

* Proizvodnja velikega obsega

3  Eksperimentaino delo

Za studij smo izbrali devetnajst debeloplastnih uporovnih
materialov razli¢nih proizvajalcev oz. serij (oznaceni s ¢rkami
A, B, ...} in z razlicnimi plastnimi upornostmi (oznaceni s
Stevilkami 1, 2, ...). Nekateri materiali, oznac¢eni z zvezdi-
co (*), so bili namenjeni za tisk na dielektricno podlago.
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Debeloplastne upore smo tiskali in zgali (850 °C) na
keramicni podlagi dimenzij 50,8 x 8,0 x 0,64 mm. Dimen-
zije stirih vzdolzno orientiranih uporov so bile 1x1, 1,6x1,6,
5%x1 in 4x4 mm. En upor velikosti 1,6x1,6 mm pa je ori-
entiran tudi precno. Preskusni debeloplastni upori so bili
postavljeni v sredino substrata in so bili s prevodnimi linija-
mi povezani s kontaktnimi blazinicami na robu (slika 1).

Slika 1: Preskusni vzorec za meritev piezoupornostnih
lastnosti debeloplastnih uporov

Merjenje piezoupornostnih lastnosti debeloplastnih upo-
rov smo izvedli na nacin, ki je shematic¢no prikazan na sliki
2. Keramicni most smo na sredini upogibali do dolo¢enih
upogibkov (d) in hkrati merili upornosti. 1z upogibkov smo
izracunali deformacijo oz. raztezek debeloplastnega upo-
ra (4). 1z tega in spremembe upornosti smo izraéunali GF.
Rezultati so prikazani v tabeli 2.

6da /
EZAZ/[: L2 [1_”27J (4)

Skica ni v merilu

PODLAGA

DEBELOPLASTNI UPOR

Slika 2: Princip merjenja piezoupornostnih lastnosti
debeloplastnih uporov

Poleg obcutljivosti je za uporabo teh senzorskih elemen-
tov pomembno razmerje signal/Sum. Zato smo pri istih
preskusnih vzorcih merili tudi tokovni sum. Meritev Suma je
bila izvedena po metodi Quan-Tech. Rezultati so podaniv
WUV/V za Sum in v dB za indeks Suma.

4 Rezultati in diskusija

Nekateri izmerjeni parametri {plastna upornost, vzdolzni in
pre¢ni GF ter indeks Suma) preucevanih uporovnih materi-
alov za upore dimenzij 1,6x1,6 mm so prikazani v tabeli 2.
Rezultati kazejo, da so GF vedji za vigje plastne upornosti.
Ravno tako je sum vedji pri uporih z vigjo upornostjo.
Vzdolzni GF so 2- do 4-krat vedji od precnih GF. Zato je
potrebna optimalna izbira med dovolj veliko obdéutljivostjo
na eni strani in §e dopustnim nivojem tokovnega Suma na
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drugi. Pri nekaterih aplikacijah paje pomembna tudi ohm-
ska upornost in temperaturna odvisnost elementa.

Tabela 2: Plastna upornost, GF in indeks Suma
debeloplastnih uporov, izdelanih z
razli¢nimi debeloplastnimi uporovnimi
materiali

oznaka Re. | Vzdolzni | Pre¢ni | 'TdeKS

(W) GF GF (dB)
A3 1k 10,2 7.8 -20,9
A4 10k 12,4 10,6 -12,4
A5 100k 14,3 12,9 -1,8
A6 1M 16,3 15,9 >30,0
B3 1k 2,6 2,0 -12,8
B4 10k 3,9 3,4 -5,2
C3 1k 7.5 5,6 -24.5
C4 10k 11,7 9,2 -16,4
C5 100k 13,1 10,6 -5,3
Cc6 1M 14,7 13,3 5,0
D4 10k 18,0 14,2 -7,2
E4 10k 20,1 12,9 2,0
F3* 1k 4,5 3,5 -18,6
F4* 10k 11,4 9,0 -15,4
F5* 100k 13,7 12,6 -2,5
F6* 1M 14,9 13,5 9,1
G3* 1k 3,8 2,9 -21,4
G4* 10k 10,0 8,0 -16,6
G5* 100k 13,5 12,1 -3,9

5 Aplikacije

Debeloplastni element za senzorje mehanskih deformacij
je bil prvi¢ uporablien ze v zacetku sedemdesetih let. Naj-
pogosteje se ga uporablja pri senzorjih tlaka in sile. Lahko
pa tudi za senzorje pospeskov, vibracij itd. Uporaben je
predvsem za aplikacije v zahtevnejsih razmerah v okolici.
Ravno tako pa je konkurencen pri maloserijskih narocilih
in pri posebnih zahtevah naro¢nika.

Druzba HIPOT-HYB se je ze veckrat srecala s trzno zahte-
vo po debeloplastnih senzorjih sile. Tako je bilo po naroci-
lu razvitih nekaj cenovno konkurencnih senzorjev sile
/12,13,14,15/, ki bodo kratko predstavljeni v nadaljeva-
nju. Vsi omenjeni senzorji uporabljajo debeloplastni sen-
zorski element, izdelan na keramic¢ni podlagi s stirimi de-
beloplastnimi upori, vezanimi v Wheatstonov mostic.

Pri konstruiranju senzorskih elementov pa se s pridom upo-
rablja tudi orodja za numeri¢no modeliranje in racunalni-
gko simulacijo mehanskih in elektromehanskih lastnosti
/16,17/. Primer simulacije kovinskega nosilca z dvojnim
upogibom je prikazan na sliki 3.

5.1 Senczor sile za kuhinjsko tehtnico

Debeloplastni senzorski element je prileplien na kovinski no-
silec z dvojnim upogibom. Senzor je bil razvit za elektronsko
tehtnico z merilnim obmodjem od 10 do 3000 g in s to¢nos-
tfjo +2% polnega obsega. Senzor je prikazan na sliki 4.

Slika 3: Racunalnidka simulacija kovinskega nosilca z
dvojnim upogibom za senzor sile pri kuhinjski
tehtnici

Slika 4: Senzor sile za kuhinjsko tehtnico

5.2 Merilnik pomika

Merilnik pomika ima vgrajen senzor sile za cbmocje do 30
N. Princip delovanja in sam izdelek sta prikazana na sliki 5.

Slika 5: Princip delovanja merilnika pomika (zgoraj) in
debeloplasten senzor sile (spodaj)

5.3 Senzor porodnih krcev

Senzor porodnih kréev ima debeloplastni senzorski ele-
ment, ki je vpet v plasticno ohigje in meri sunke porodnih
krécev do sile 1,2 N. Prikazan je na sliki 6.
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Slika 6: Senzor sile za merjenje sunkov

6 Sklep

Debeloplastna tehnologija je primerna za izdelavo senzor-
jev zaradi svoje robustnosti (uporaba pri zahtevnejsih pogo-
jih okolice), razvojne fleksibilnosti in cenenosti pri manjsih
serijah. Senzorski elementi se lahko izdelujejo ali z upo-
rabo komercialnih debeloplastnih materialov ali posebej
razvitih senzorskih materialov.

Raznovrstnost problematike na podrocju senzorjev in debe-
loplastne tehnologije (tudi hibridne tehnologije) pa zahteva
interdisciplinarni znacdaj raziskovalno-razvojne dejavnosti.
Pomembna podro¢ja so: senzorika, znanost o materialih,
keramicne tehnologije, razli¢na podrocja iz fizike in kemi-
je, elektronika, nadrtovanje elektronskih vezij in znanja s
podrocja zagotavijanja kvalitete in produktivnosti. Pri tem
S0 potrebne razlicne kategorije raziskovalnega dela, in sicer
od osnovnih raziskav preko aplikativnih do razvojnega in
eksperimentainega dela.
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lzvle¢ek: Druzba HIPOT-HYB Ze vrsto let proizvaja, poleg hibridnih debeloplastnih vezij, tudi senzorje tlaka za medicinsko in industrijsko uporabo. Razvoj
tehnologije in zahteve trga usmerjajo tudi razvojno dejavnost. V prispevku bo predstavijena raziskovalno-razvojna dejavnost na podrodju senzorjev tlaka.
Njeni dosezki na tem podro¢ju bodo ilustrirani z nekaterimi znacilnimi primeri, njene usmeritve pa bodo prikazana na primeru pametnega senzorja tlaka.

Pressure Sensors for Medical and Industrial Applications

Key words: sensor pressure sensor, piezoresistive pressure sensor, smart sensor, thick-film technology

Abstract: Through many years of experience in thick film technology and pressure sensors many medical and industrial pressure sensor applications
were developed and produced in the HIPOT-HYB company. For illustration few medical and industrial applications of pressure sensors are described. In
all cases the sensor elements were gauge silicon piezoresistive pressure sensors with a periphery made in thick film technology. In this contribution we
demonstrated that silicon pressure sensors in chip form in combination with thick film technology could be successfully used in pressure sensor applica-
tions. Special attention must be paid to assembling and packaging aspects in the production of pressure sensors. In our case, the silicon pressure sensor
die is bonded onto a ceramic substrate with polymeric adhesives and encapsulated with polymeric materials. The mechanical and thermo-mechanical
properties of the materials for assembly and housing have a crucial influence on the properties. Another important aspect in the production of pressure
sensors is miniaturisation. The goal is achieved by the use of smaller or more complex components, which concentrate more functionality in a smaller
volume. An example is shown with the pressure-switch example. The research, development and design activities on the field of the smart sensor are also

introduced.

1 Uvod

Po podatkih Intechno Consulting, Basel, Svica je bila vred-
nost svetovnega trga senzorjev leta 2001 priblizno 31 mil-
jjard EUR z letno rastjo okoli 6 %. Pomembnejsa podrodja
uporabe senzorjev so procesna industrija, stroji in naprave,
avtomobilska industrija, itd.. V zadnjih letih je avtomobilska
industrija z 28-odstotnim delezem postala glavni uporab-
nik senzorjev in s tem prehitela procesno industrijo, ki je
imela pred 10 leti najvecji, 30-odstotni delez. Delez sen-
zorjev za uporabo v medicini se je tudi povecal od 6 % leta
1991 na 10 % v letu 2001. Glede na tip senzorjev pa na-
jvecji trzni delez pripada senzorjem tlaka.

TehnoloSke poti razvoja na podrocju senzorjev gredo v dveh
smereh. Prvaje miniaturizacija vt. i. Mikro-elektromehanske
sisteme (MEMS), druga pa je v pametne (smart) senzorje.
Mikrosistemske tehnologije za izdelavo MEMS so v najvedji
meri polprevodniske. Uporabljajo pa se tudi keramic¢ne (C-
MEMS) in hibridne (H-MEMS) tehnologije za izdelavo t.i.
mezo- in mikro-elektromehanskih sistemov (M&MEMS).
Kombinacija MEMS in modernih elektronskih in informac-
ijskih tehnologij pa je ponudila novo kvaliteto pri uporabi
senzorjev. Tako imenovani pametni senzorji so sposobni
samodiagnostike in samokalibracije, njihovo delovanje pa
se lahko krmili (vklop/izkliop, merilno obmodje, merilna
veli¢ina,...). Taki senzorji tudi aktivno sodelujejo pri

procesih, so hitro zamenljivi in se jih lahko priredi za komu-
nikacijo v razlicnih mrezah (CAN, internet, ...).

Splosna usmerjenost na podro¢ju senzorjev je tudi
znizevanje cen. Najbolj se to pozna pri proizvajalcih sen-
zorskih elementov. Zaradi tega le-ti povecéujejo obseg proiz-
vodnje, inovirajo tehnologije in standardizirajo izdelke. V
veliki meri cenovna usmerjenost vpliva tudi na naslednjo
stopnjo, ki jo imenujemo senzorski modul. tega v minimal-
nem obsegu sestavijajo: senzorski element, elektronika za
procesiranje senzorskega signala in ohisje. Proizvajalci
imajo zato vecdjo fleksibilnost pri izbiri sestavnih delov, raz-
voju, konstrukeiji in sestavi senzorskih modulov. Cenovna
usmerjenost na nivoju sistemov pa je zelo odvisna od po-
drocja uporabe.

Industrijski partner, HIPOT-HYB, Proizvodnja hibridnih vezij,
d.o.o., Sentjernej, je podijetje, ki proizvaja hibridna debe-
loplastna vezja ter medicinske in industrijske senzorje tla-
ka. V manjsi meri izdeluje tudi senzorje temperature in sile.
HIPOT-HYB trzi pretezno na razvitih zahodnih trgih, kjer
ustvari 75 % prihodkov od prodaje. V programski strukturi
je najpomembnejsi program medicinskih senzorjev tlaka s
60-odstotnim delezem, sledijo hibridna debeloplastna vezja
s 37, 3-odstotni delez pa je bil leta 2001 nov program in-
dustrijskih senzorjev tlaka. Podjetje razvija in izdeluje Siroko
paleto razlicnih senzorjev tlaka: enostavne pasivne senzor-
je, temperaturno kompenzirane in kalibrirane pasivne sen-
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zorje, z dodatkom aktivnih elektronskih komponent pa tudi
industrijske pretvornike tlaka in pametne senzorje.

V nadaljevanju bo prikazano nekaj rezultatov raziskovalno-
razvojnega dela in nekaj senzorjev tlaka za uporabo v medi-
cini in industriji.

2 Konstrukcija senzorja tlaka

Za izdelavo hibridnih senzorjev tlaka uporabljamo kupljen
gol silicijev piezoupornostni senzor tlaka kot senzorski ele-
ment ter hibridno debeloplastno tehnologijo za montazo
senzorskega elementa ter izdelavo kompenzacijskega in
umerjevalnega elektronskega vezja (slika 1) /1/. Poleg tega
se hibridna debeloplastna tehnologija uporablja tudi za izde-
lavo elektronskega vezja za procesiranje senzorskega sig-
nala (slika 2) /2,3,4,5,6/.

Zitna povezava
/"‘ silikonska zascita
/ silicijev senzorski element

~ lepilo tabletka-podlaga
~ kerami¢na podlaga

~— lepilo podlaga-ohisje
= ohigje

Slika 1: Silicijev piezoupornostni senzor tlaka, integriran
v debeloplastno umerjevalno vezje. Na levi je
prikazana fotografija izdelka, na desni pa
shematsko njegov presek.

Slika 2: Industrijski senzor tlaka. Vidno je elekironsko
vezje za procesiranje senzorskega signala,
izdelano v hibridni debeloplastni tehnologiji.

Na lastnosti senzorjev tlaka pa pomembno vpliva tudi kon-
strukcija in izbira materiala za sestavne dele /7,8,9/. Znacil-
na konstrukcija senzorjev (modulov) tlaka je izvedena v dveh
delih. Prvi je senzorski element z ustrezno periferijo, drugi
pa elektronsko vezje za procesiranje senzorskega signa-
la. Oba dela pa sta potem vgrajena v ohisje, ki je lahko
plastic¢no ali kovinsko ter s priklju¢nimi cevkami ali z
moznostjo vgradnje v standardna kovinska cevna ohisja.
Detajl ene izmed znadilnih konstrukcij senzorjev tlaka je
prikazan na sliki 3.
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Posebno pozornost posvec¢amo izbiri materialov za ohisja
in sestavne dele ter nadzoru proizvodnega procesa. Pri
tem je pomembna predvsem skladnost mehanskih, termo-
mehanskih in kemicnih lastnosti sestavnih delov /10,11,12/.
V tabeli 1 so podani temperaturni razteznostni koeficienti
uporablienih materialov. Procesiizdelave senzorja pa mora-
jo biti taki, da ne puscajo zaostalih mehanskih napetosti v
sestavnih delih.

\/\/",}/‘ chisje ~ el. povezava

,/‘ hibridno vezje

T

. ; amee TLAK 1
S e TR — senzor tlaka

Slika 3: Detajl ene izmed znadilnih konstrukcij senzorjev
tlaka

Tabela 1: Primerjava temperaturnih razteznostnih
koeficientov materialov, uporabljenih pri

konstrukciji senzorja tlaka

Temperaturni
Material razteznostni

koeficient (10°°/K)
Epoxy 60-+80
Polyester 80+130
Mehko lepilo (gel) 200400
Keramicna podlaga 6+7
Silicijev senzorski element 3+4

Pri izdelavi senzorjev tlaka praviloma uporabljamo senzor-
ske elemente (silicijeve ali kerami¢ne), ki delujejo na os-
novi piezoupornostnega efekta. Stirje senzorski upori na
membrani so vezani v Wheatstonov mostic, ki je napajan s
konstantnim tokom ali napetostjo, izhodna napetost pajev
podroc¢ju mV. To je osnova, ki jo nadgradimo najprej s tem-
peraturno kompenzacijo, da izni¢imo vpliv nezelenih veli¢in
(temperature). Temu sledi ojacevalnik z diferencialnim vho-
dom, ki je individualno kalibriran za vsak senzorski element
posebe]. Izhodna napetost je v standardnem podrocju od
0,5V do 4,5V. Namesto napetostnega izhoda lahko izde-
lamo tudi tokovniizhod za tokovne zanke od 4mA do 20mA
ali pa digitalni vmesnik. Vecjo stopnjo integracije pa
dosezemo z uporabo ASIC (Application Specific Integrat-
ed Circuit) /13,14/.

Podrocja tlakov, ki jih obviadujemo z nasimi senzorji so od
2 mbar do 10 bar. Temperaturno podrocje delovanja je od
-20 °C do +80 °C. Vtemperaturnem podro¢ju od O do 50
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°C pa zagotavljamo toc¢nost 1 %. Napajalne napetosti so
od 5 V naprej.

3 Senzorji tlaka za uporabo v
medicini

V medicini obstajajo vse vecje zahteve po to¢nem spremilja-
nju doloéenih vitalnih ¢lovekovih funkcij pri velikem Stevilu
pacientov. Ta smer je Se posebe] opazna v zelo razvitih
drzavah, kot so: ZDA, Nemcija, Japonska in druge drzave
EZ. Ve desetletij je ze v uporabi razli¢na nadzorna (moni-
torska) oprema, ki omogoca v povezavi z ustreznimi sen-
zorjitrajno spremijanje ¢lovekovih vitalnih funkcij. Tak primer
je tudi invazivno merjenje krvnega tlaka pri pacientih v in-
tenzivni negi in merjenje znotrajmaternicnega tlaka pri
nosecnicah. Oboje lahko merimo v principu z istim tipom
senzorja, ki pa mora biti prirejen specificni uporabi. Poseb-
nost senzorjev tlaka za medicinsko uporabo je proizvodnja
v klini¢no cistih prostorih in uporaba biokompatibilnih ma-
terialov in drugih specifikacijah, ki jih doloca standard AAMI.
Senzorji, ki so se uporabljali prej, so bili namenjeni za
veckratno uporabo. Vzporedno z narascajocim strahom za
krvno okuzbo so se v zadnjem desetletju zaceli uporabljati
senzorji za enkratno uporabo. Tak tip senzorjev je ustvaril
novo trzisée, ki dosega samo na podrocju krvnih senzor-
jev tlaka ze okrog 30 milijonov kosov. Od tega podjetje
HIPOT-HYB izdeluje 1,2 milijona kosov senzorjev za in-
vazivno merjenje krvnega tlaka (slika 4) pri pacientih v in-
tenzivni negi.

Slika 4: Senzor za invazivno merjenje krvnega tlaka pri
pacientih v intenzivni negi

4  Razvojna pot vakuumskega stikala

Vakuumsko ali tlacno stikalo je posebna izvedba senzorja
tlaka. Referenéno napetost in napetost ojacenega senzor-
skega signala, ki pomeni izmerjeni tlak, primerjamo v ele-
ktronskem vezju (komparatorju), ki izvede elektricni prek-
lop. S spreminjanjem referenéne napetost je mozno tudi
nastavljanje, pri kateri velikosti tlaka bo stikalo preklopilo.

Za znanega kupca smo pred leti po narocilu razvili vaku-
umsko stikalo (slika 5), ki je bilo takrat najmanjSe komer-
cialno dosegljivo vakuumsko stikalo na trgu. Z nadaljnjim
razvojno-raziskovalnim delom pa se je evolucija tega izdel-

ka nadaljevala v smeri nadaljnje miniaturizacije (slika 6)
kakor tudi v smeri enostavnejsih proizvodnih postopkov.

Slika 5: Konvencionalno vakuumsko stikalo

Slika 6: Miniaturno vakuumsko stikalo (levo) in
ultraminiaturno vakuumsko stikalo (desno)

5 Pametni senzor tlaka

Nadgradnja senzorjev tlaka so t. i. pametni senzorji tlaka
/15/. Napetost ojaCenega senzorskega signala se pretvori
v digitalno informacijo, ki se v nadaljevanju procesira z upo-
rabo digitalnih tehnologij, ki omogoca siroke moznosti ra-
zli¢nih tipov in nivojev “pameti”’. Taki senzorji imajo poleg
digitalnega vmesnika tudi moznost samokalibracije, prila-
gajanja na proces, konfiguriranja v Zivo in celo direktne
prikljucitve na omrezje in v internet. Poleg novih lastnosti
pa pametni senzorji omogod&ajo visoko stopnjo avtomatiza-
cije proizvodnje in poenostavljeno izdelavo, ker ni potreb-
no analogno umerjanje.

o
i

ww g

- 35 mm

Indikacija
povezave

Slika 7: Shematski prikaz delovanja tlaCnega
pretvornika z integriranim streznikom
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Pametni senzorji so sedaj na nivoju prototipov, ki so nasta-
jali v sodelovanju s HIPOT-RR in Fakulteto za elektroteh-
niko. Do sedaj smo razvili tri tipe pametnih senzorjev: os-
novni model s procesorjiem MAX1458, kompieksnejsi
model s procesoriem ADUCS816 in tlacni pretvornik z in-
tegriranim streznikom (sliki 7 in 8).

Slika 8: Prototip senzorja tlaka z integriranim streZnikom

6 Sklep

Senzorji tlaka, izdelani v hibridni tehnologiji za medicinsko
in industrijsko uporabo, temeljijo na kompatibilnih tehnolog-
ijah in materialih, kjer je predvsem pomembna skladnost
mehanskih in termo-mehanskih lastnosti silicijevega sen-
zorskega elementa in keramicne podlage. Razvoj pa gre v
smeri uporabe razlicnih polprevodniskih mikro elektro-
mehanskih sistemov (MEMS), integriranin v razli¢no perife-
rijo (elektronika, aktorika, mikromehanika, mikrofluidika,
...). Zaizdelavo omenjene periferije pa je primerna keramic-
na LTCC (Low Temperature Cofiring Ceramics).

Poleg tega nadgradnja senzorjev tlaka v pametne senzorje
odpira nove trzne moznosti in vpliva na nacin proizvodnje.
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INTEGRIRANI ULTRAZVOCNI PIEZOELEKTRICNI
PRETVORNIKI ZA UPORABO V MEDICINI
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Kljuéne besede: pretvorniki, ultrazvok, debele plasti, piezoelektriki, integracija

lzvleéek: Za izdelavo medicinskih visokofrekvencnih ultrazvodénih pretvornikov je potrebna zelo tanka piezoelektricna keramika, debeline nekaj 10 um.
Navadno se izdeluje piezoelektricne elemente z rezanjem in tanjsanjem kosa keramike. Zaradi majhne debeline elementa lahko nastane pri leplienju na
podporni dusilec (backing) krusenje in lomljenje. Problem smo redili tako, da smo na primeren nosilec, ki je imel tudi viogo dusilca z debeloplastno
tehnologijo nanesli piezoelektri¢no plast. Pretvornik smo izdelali na pozladenem poroznem nosilcu Ph{(Zr, T))O3 (PZT). Debelina piezoelektricne PZT-plasti
je okoli 40 um. Zaradi velikega dusenje poroznega PZT- nosilca, njegove primerljive akusti¢ne impendance in plasti, ima izdelan modelni pretvornik
ustrezno frekvendno karakteristiko. Zaradi podobne kemijske sestave nosilca in plasti je minimalna tudi kemijska in fizikalna interakcija med plastjo in
podlago, kot sta na primer difuzija zaradi podobne sestave in dobro ujemanje termic¢nih raztezkov.

Integrated Ultrasonic Piezoelectric Transducers for Medical
Applications

Key words: Transducers, ultrasound, thick films, piezoelectric, integration

Abstract: Recent development trends in piezoelectric devices are towards smaller size, higher resonant frequencies and a low driven voltage. For high-
frequency transducers in medical imaging applications, thin (i.e.<50 um) piezoceramic elements are necessary. These are usually produced by lapping
and machining, however the elements tend to chip and break, and this is a major problem with joining the element to the backing. This problem might be
avoided by an integrated device with a thick piezoelectric layer on a suitable substrate that may also serve as a backing. To provide this function,
Ph(Zr, )O3 (PZT) ceramics were chosen for the substrate, theoretical density of PZT is close to 8000 kg/m?®,

PZT thick films with a thickness around 40um were succesfully processed on gold-coated alumina and gold-coated PZT substrates. To lower the firing
temperature of the PZT layers to 800-900°C the composition was modified with lead germanate (PGO) that forms a low-temperature liquid phase. Films
with 80-90% of theoretical density and adequate dielectric properties were prepared by sintering PZT thick films at 800°C. Film thickness and porosity
were estimated from SEM images, chemical composition was checked by EDS.

The thick films on PZT substrate appear to be a good solution for transducer fabrication due to their relatively high attenuation (which limits the required
backing thickness) and high acoustical impedance, very close to the thick-film acoustical impedance, which increases the transducer bandwidth. More-
over, the high value of thickness coupling factor allows a high transducer sensitivity to be obtained.

1 Uvod in tkiva zelo razlicni, se na prednjo stran aktivnega elemen-
ta nanese prilagoditveno plast, ki to razliko zmanjsa.

Ultrazvok se v medicini uporablja za slikanje in preiskave

tkiv, organov itd. Bistveni del medicinskih ultrazvocnih naprav Prilagod itvena

je pretvornik, ki ultrazvok oddaja in sprejema. To je tanka

rezina piezoelekiricnega materiala z elektrodama na obeh pIaSt
straneh, polarizirana po debelini in nalepljena na podporni Zgornja
dusilec (backing) (Slika 1), Dober pregled delovanja ultraz-

vocnih pretvornikov je opisan v referenci /1/. elektrOda
Debelina piezoelektricnega materiala je enaka polovicni .
valovni dolzini, pretvornik deluje pri resonanéni frekvenci. Spodnja
Podporni dusilec ima dvojno viogo, nosi aktivni element in elektroda
absorbira vec¢ino akusti¢ne energije, ki jo element seva

nazaj. Akustiéni impedanci aktivnega elementa in dusilca

morata biti primerljivi, da se im bolj zmanjSa sevanje z zad-

nje strani pretvornika. Tako se zmanj$a parazitno sevanje

pretvornika. To sicer zmanjsa njegovo obcutljivost, se pa

poveda locljivost. Ker sta akusti¢ni impedanci pretvornika Slika 1: Shematski prikaz ultrazvoCega pretvornika
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Zaizdelavo pretvornikov se najpogosteje uporablja kerami-
ka na osnovi Pb(Zr, T)O3 (PZT). Za izdelavo podpornega
dusilca in prilagoditvene plasti se uporablja razlicne
polimere. Za povelanje akusticne impendance dusilca se
polimeru dodaja kovinske delce, kot na primer volfram, za
zmanj$anje pa votle steklene kroglice /2/.

Diagnosticiranje z ultrazvokom gre v smeri vedje loc¢ljivos-
ti, kar pomeni uporabo visjih resonanénih frekvenc. Za frek-
vence okrog 20 MHz se tako uporablja piezoelektriéne el-
emente, debele manj kot 50 um. Piezoelektricne elemente
se navadno izdeluje z rezanjem in tanjSanjem kosa
keramike. Zaradi majhne debeline se lahko element pri
obdelavi in lepljienju na dusilec poskoduje. Tem tezavam
se daizogniti z integracijo debele piezoelektri¢ne plasti na
primeren nosilec, ki bi imel tudi viogo dusilca.

V prispevku opisujemo izdelavo in lastnosti integriranega
ultrazvocnega pretvornika, ki smo ga izdelali z debeloplast-
no tehnologijo. Kot nosilec in dusilec smo uporabili poro-
zno PZT in korundno keramiko, na katero smo s sitotiskom
nanesli elektrodo in piezoelektriéno PZT plast. Z dodatkom
svincevega germanata plasti PZT smo znizali temperaturo
sintranja na 800 °C in s tem zmanjsali izgube svindevega
oksida med sintranjem:.

2 Eksperimentalno delo

Prah PZT s sestavo Pb(Zrp 53Tig 47)03 (PZT53/47) smo
pripraviliz mesanjem oksidov in kalcinacijo pri 900 °C eno
uro. Uporabili smo naslednje kemikalije: PbO, ZrOs in
TiO2. Po istem postopku smo pripravili tudi svinéev ger-
manat (PGO). Za sintezo smo uporabili PbO in GeOa, ki
smo ju kalcinirali pri 650 °C 2 uri. Po sintezi smo oba
prahova mieli v krogli¢nem mlinu. Pasto za tiskanje smo
pripravili iz PZT-prahu, dodatka 2 mas. % PGO in organ-
skega nosiica z mesanjem v valjénem mlinu.

Porozne PZT podloge (podporne dusilce) smo pripravili s
stiskanjem prahu v jeklenem modelu s pritiskom 100 MPa
in sintranjem pri 1100 °C eno uro. Kondna geometrijska
gostota podlage je bila 80 % teoretine gostote PZT. Ko-
rundne podlage smo pripravili z ulivanjem suspenzije Al2Os
prahu Alcoa A-16 v modele in s sintranjem pri 1700 °C 4
ure. Kot spodnjo elektrodo smo uporabili zlato pasto Re-
mex 3242. Le-to smo natisnili, posusili in Zgali pri 950 °C
eno uro. Nato smo natisnili PZT- pasto, jo posusili in zgali
pri 800 °C 8 ur v zaprti korundni posodi. Preseke vzorcev
smo analizirali z vrstiénim elektronskim mikroskopom. De-
beline plasti smo doloéili iz posnetkov mikrostruktur. Zgorn-
jo zlato elektrodo smo nanesli z napréevanjem. Plasti smo
polarizirali pri 150 °C v oljni kopeli pri jakosti elektricnega
polia 12 kKV/mm.

lzmerili smo elektricne, akustidne in elektromehanske ka-
rakteristike debelinskega nihanja izdelanih pretvornikov /3/.
Uporabili smo metodo meritve kompleksne impedance v
blizini resonanc¢ne frekvence debelinskega nihanja vzorcev.
Kompleksno impedanco vzorcev smo merili zimpedandénim
analizatorjem HP 4195. Za preprost resonator, ki prosto niha,
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to je v nadem primeru piezoelektriéna plast, je mogoce ad-
mitanco izracunati na osnovi enacbe /4/:

tan wi
e S D

HOTEA Y| 2 2y
Y((D):[ 331 _j 1=k, um);l (1)

kjer je m kotna frekvenca (rad s'), &35, relativna dielektric-
na konstanta pri konstantni napetosti, g¢ dielektri¢éna kon-
stanta za vakuum (F m™), A povrsina elektrode (m2), t
debelina (m), k: elektromehanski sklopitveni faktor debe-
linskega nihanja, vi® vzdolzna hitrost nihanja(ms™), p gosto-
ta (kg m™®), ¢4} proznostni koeficient (N m?2)in ess piezoe-
lektricni koeficient (C”/m?). Stevilka tri pomeni smer po-
larizacije materiala.

Ker je vzorec kompleksnejsi, sajima v stiku $tiri plasti: pod-
lago, spodnjo elektrodo, piezoelektri¢no plast in zgornjo
elektrodo, smo za posnemanje vedenja realnega pretvorni-
ka uporabili mode! K. L. M. /5/. Ta omogoc¢a simulacijo
pretvornika v enodimenzionalni obliki kot tudi simulacijo ele-
kiricne impedance. Stevilo spremenljivk v stiriplastni struk-
turi je zelo veliko. Za dosego zadostne natanénosti pri
dolocanju elektromehanskih karakteristik piezoelektricne
plasti je treba zmanjsati Stevilo neznanih karakteristik.
Dolocili smo hitrost Sirjenja valovanja v nosilcu (korund in
PZT), znani pa sta bili tudi gostota in debelina posameznih
plasti.

3 Rezultati in diskusija

Na slikah 2 in 3 sta prikazana preseka PZT-plasti na ko-
rundni in PZT podlagi. Mikrostrukturi sta si podobni, le da
ima plast PZT na korundu (slika 2) $e svetlej$o fazo, ki
vsebuje poleg PZT-komponent Se Al in Ge, kar kaze na
reakcijo med korundom in PZT-plastjo. Debelina spodnje
zlate elektrode je 20 + 3 um.

Slika 2: Posnetek preseka PZT-plasti na korundnem
nosilcu, previe¢enim z zlatom
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Slika 3: Posnetek preseka PZT-plasti na PZT-nosilcu,
previecenim z zlatom

Debelina zgornje zlate naprsene elekirode je v primerjavi z
debelinami spodnje zlate elekirode in piezoelektricne PZT-
plasti zanemarljiva (pod 0,2 um). Meritve in simulacije
vedenja vzorcev z zgornjo elekirodo in brez nje so poka-
zale, daima zgornja elektroda zelo majhn vpliv na akusti¢no
impedanco pretvornika /3/. Zato se pri nadaljnjih simulac-
ijah zgornja elekiroda ni upostevala.

V tabeli | so izmerjene oz. izracunane koli¢ine za duseno
valovanje v PZT in korundnem nosilcu. Ugotavijamo, da je
dusenje PZT-nosilca za nekaj redov velikosti vecje od ko-
rundnega.

Tabela I: Lastnosti PZT- in korundnega nosilca (v
vzdolzna hitrost valovanja, e debelina nosilca,
o, duSenje valovanja v nosilcu, p gostota)

. v e a )
Nosilec (m ;-1) (mm) (dB/mm/MHz) (kgm®)
PZT 3005 1,94 0,26 6400
korund 1050 3,34 0,006 3900

V tabeli Il so zbrane vse spremenljivke in geometrijske ka-
rakteristike, ki smo jih uporabili za kon¢no prilagajanje iz-
merjenih in izra¢unanih impedanc vzorcev.

Tabela Il :

Re(Z) Im(Z)
(ohm) & {ohmy -4
s 6
4 -8
: oS R -0 b
20 30 40 20 30 40
£ (MHz) f(MHz)
R 2
Re()0-15 men %2
) ' (s}
o 0.15
[eX]
0.05 B
0.05
20 30 40 20 30 40
f(MHz) t{MHz)

Slika 4: Izradunana (Crna neprekinjena krivulja) in
izmerjena (prekinjena siva krivulja) kompleksne
impedance (Z) in admitance (Y) za vzorec 3
(PZT-plast na poroznem PZT) kot funkcija
frekvence

20

Re(Z) s

(ohu) 3
. |
WI] | 13 “ml}“l“ééum?

o

)l 30 40 ] 0
fiMHz)
I
20
.40
50
{7y 80
{ohmy}, 5o
Azl
146
-180
180
200
19 0 En) 40 ) 50 70
f{MHz)

Slika 5: Izradunana (&rna neprekinjena krivulja) in
izmerjena (prekinjena siva krivulja) kompleksne
impedance (Z) za vzorec 2 (PZT-plast na
korundu) kot funkcija frekvence

Elektromehanske lastnosti merjenih vzorcev (e debelina debelega filma , A povrsina zgornje elektrode,

a% /gg relativna dielektricna konstanta pri stalni napetosti, v vzdolzna hitrost valovanja, k« debelinski
sklopitveni faktor, f, antiresonanéna frekvenca, om mehanske izgube, . dielektri¢ne izgube)

l f“’zw‘é’f‘ e(um) . A a;\; rey M (ms k(%) fo Su(%) O.(%)
(nosilec) - (®) ‘ ; ', ‘

1. korund 48 796 395 3375 ¢ 165 - 384 2.4 3.6

i 2 korund | 39 o T4 342 3940 39.7 505 1.5 2.0

TIPZT 355 160 347 345 5.7 | 40 5.0 100
4.PZT 355 7.54 334 238 . 47 1 458 4.8 47
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Debela plast PZT na poroznem PZT-nosilcu je zaradi ve-
likega dusenja nosilca (nosilnega dusilca), akusticne im-
pedance, primerljive z impedanco debele PZT plasti ter
velike obcutljivosti pretvornika zaradi visokega sklopitven-
ega fakiorja PZT-plasti na PZT (kt = 51%) uporabna za
izdelavo pretvornika.

3.1 Simulacija pretvornika

S simulacijo K. L. M. /5/ smo preverili kvaliteto integrirane
PZT-plasti na nosilnem PZT-dusilcu. Lastnosti posameznih
elementov pretvornika so podane v tabeli Il

Za podporni dusilec je bila izbrana veéja debelina, da bi
zmanij$ali vpliv odbojev z zadnje strani PZT. Da bi dolodili
optimalno debelino spodnje zlate elektrode, sta bili simu-
lirani dve debelini, in sicer 10 in 20 pm.

Tabela lll:  Lastnosti posameznih elementov
pretvornika, ki smo jih uporabili pri
simulaciji (Ziakusti¢na impedanca, e
debelina elementa)
Element Z (MRa ) ¢ (mm)
Piezoelektrik 19,4 0,0355
Podporni dusilec 19,2 5,0
. . ) 0,010 ali
‘wbpodnja elektroda 47 0.020
Prilagoditvena 2,8 0,023

plast

Simulirali smo tri razli¢ne oblike pretvornika, ki so prika-
zane vtabeli IV, slika 5 pa prikazuje simuliran elektroakustic-
ni odziv pretvornika PZT-plasti na poroznem PZT-nosilcu.

Tabela IV:  Karakteristike simuliranih pretvornikov
Oblika 1 2 3
Prilagoditvena plast ne ne da

Debelina spodnje elektrode(um) 20 10 10
25,0 26,5 23,0

Srednja frekvenca
delovanja pretvornika (MH?7)

Pasovna $irina (-6 dB) (%) 42 55 64

Rezultati simulacije kazejo, da je za parakticno uporabo,
vecjo obdutljivosti in pasovno sirino pretvornika potrebna
tanjsa spodnja elektroda in prilagoditvena plast.

4  Sklepi

Z debeloplastno tehnologijo smo izdelali integrirani ultraz-
vocni pretvornik in se izognili tehnologkim tezavam izdelave
pretvornika, to je tanjSanje in leplienje piezoelektrika ter izde-
lavo podpornega dusilca. Izdelali smo ga tako, da smo naj-
prej pripravili porozeni PZT-nosilec in nanj nanesli in nato
zgali spodnjo elektrodo ter nanjo nanesli piezoelektricen PZT-
plast. Po zganju pri 800 °C je bila debelina PZT-plasti okoli
40 pum. Nato smo naprsili zgornjo zlato elektrodo. Piezoele-
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Slika 6: Simuliran elektroakustié¢ni odziv treh oblik
pretvornika (tabela 1V)

ktricno plast smo nato polarizirali in karakterizirali. PZT-plast
na poroznem PZT ima visok debelinski sklopitveni faktor ter
veliko dusenje. PZT-plast na poroznem PZT-nosilcu je zara-
di velikega dusenja, akusti¢ne impedance, primerljive z im-
pedanco debele PZT-plasti ter velike obcutljivosti uporabna
za izdelavo ultrazvoénega pretvornika.
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SYNTHESIS OF ANALOG INTEGRATED CIRCUITS

Andrej Vodopivec

Faculty of Electrical Engineering, University of Ljubljana, Ljubljana, Slovenia

Key words: analog circuit synthesis, analog circuit, circuit analysis, circuit optimization, topology selection

Abstract: A new approach to synthesis of analog circuits combines circuit rule based topology selection with circuit optimization. With the advent of super
fast microprocessors it is possible to choose out the dimensions of devices in an analog circuit which suit best the set of requests using optimization
techniques build into modern circuit simulation tools. These tools still basically only analyze a given circuit so an extra layer is needed to select a topology
which suits the set of requirements. The selection can be efficiently described for any analog block using programming language OPAN.

Sinteza analognih integriranih vezij

Klju¢ne besede: sinteza analognih integriranih vezij, analogno vezje, analiza vezja, optimizacija vezja, izbira topologije

Izvlecek: Nov pristop k sintezi integriranih analognih blokov kombinira na pravilih temeljeco izbiro topologije z optimizacijo vezja. Z izboljsavami hitrosti
delovanja mikroprocesorjev postaja uporabna izbira dimenzij komponent analognega vezja, ki najbolje izpolnjuje dane zahteve, z uporabo optimizacijskih
postopkov vgrajenih v moderna orodja za simulacijo vezij. Ta orodja v osnovi vedno samo analizirajo dano topologijo, zato je za sintezo pomembna izbira
ustrezne topologije. Iziro je mogoce udinkovito opisati z jezikom OPAN.

1. Introduction topologies l i boundaries

requests ;

Accurate and fast circuit simulations of integrated circuits Y
is a critical step in integrated circuit design. Traditional an-
alog circuit simulators like SPICE /1/, RELAX /2/ were
slow while new simulation technologies like SPECS /3/
traded accuracy for speed. Both were able to analyze a )
general analog circuit but were too slow to be used in an- SPICE
alog integrated circuit synthesis so device sizing /6/ was optimization
used which considerably simplified analysis of specific T
topologies.

selection

evaluation

]

)
A setof rules /7/ was used to describe changes of prop- )
erties of the circuit with new sizes of selected devices as Fig.1:
well as to guide the selection of new device sizes to en-

Synthesis of analog circuit

sure requested circuit properties. Circuit modeling /8/ -

turned out to work fine for operational amplifiers in a tool
when used by experienced analog designers. Novice de-
signers were not able to use the synthesis tool because
they tend to over-specify the design in so many ‘weird’
way that the set of rules became unmanageable.

With the advent of super fast microprocessors it is possi-
ble to execute hundreds or thousands of circuit analysis
required by analog circuit synthesis within a few hours.
Building optimization loops in SPICE /4/ turned out very
efficient. A number of optimization methods /5/ enable
modern implementations of SPICE to choose out optimal
device dimensions for a selected set of requirements.

What is left for a synthesis tools (fig. 1) is:

- design of optimization scripts in such a way that a
meaningful result is obtained no matter what proper-
ties are selected,

- selection of the appropriate topology (e.g. A class)
and variation (e.g. micro power), and

automation of inter topology boundary selection de-
pending on process parameters used to model de-
vices of the current technology.

2. Describing topology

The topology description consists of:
- circuit netlist
- process parameters

requested properties

- optimization loop

- corner analysis loop

The description is build modularly so parts of requests and

optimization can be omitted to simplify and speed up the
optimization process.

The description starts with circuit netlist and process pa-
rameters as any other SPICE input file. The netlist is a typ-
ical SPICE netlist with the exception of symbolic values
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used to denote properties (sizes) of some devices. The
sizes of these devices are going to be optimized while oth-
ers will keep the assigned values. The process parame-
ters are used to pass values to device models of the tech-
nology used in the design.

Passing requested properties from the user interface to
the optimization script is not straightforward. Since the user
is at liberty to select values for the circuit’s properties and
omit them as well attention must be paid to select default
values for certain properties to obtain meaningful result no
matter what properties are selected. Some topologies even
require properties not available in the user interface to
ensure operation,

Since circuit optimization using circuit simulation is a very
CPU time consuming operation the optimization loop must
be carefully designed. Omission of analysis required by
“don't care” properties may result in substantial speed up
of the optimization process.

Analysis of the optimized circuit using simulation corners is
very important in evaluation of the results of the synthesis.
Corner analysis should be placed inside the optimization
loop but since this could easily result in prolonging the opti-
mization time by an order of magnitude or more it is more
practical to over-specify the circuit's properties a little.

3. Topology selection

Analog block (e.g. operational amplifier) can be build us-
ing a databases consisting of tens of topologies (e.g. A
class) and variations (e.g. micro power, rail fo tail common
mode). Optimization of all available topologies for the re-
quested set of block properties and selection of the best
final candidate is still a tool CPU time consuming opera-
tion. Selection of a small set of topologies to be optimized
and evaluated becomes crucial.

Expert knowledge of experienced analog designers is re-
quired to set up a good selection procedure. Hard-coding
topology selection in G soon turned out to be too compli-
cated for the analog designer so a simple programming
language OPAN was used. It consists of assignment state-
ments and control structures. The only control structures
needed to describe the topology selection are if-then-else
and goto. Despite long formulae the input deck is quite
readable since it can be written in TEX.

/¥ rule 16 */

Wy 7o
. (f)d b ..
A{)—A{)O* ——W—*JT*AOt,
(f)do bo
When a number of topologies or variations meet selection
criteria all are evaluated and the final selection is made

with a cost function weighting requests and results of all
optimized circuits.
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4. Adjusting selection to new fab or
new minimum feature size

Topology boundaries define the range of requested prop-
erties which are optimally synthesized using a given topol-
ogy. These boundaries vary with the fab or new minimum
feature size. Where one topology is best for the given set
of request in one process (e.g. AMS 0.8um) another may
be in a different process (e.g. TSMC 0.25um).

An attempt was made within intensive study of various topol-
ogies of operational amplifiers to find general principles
which could be used in mapping topology properties from
one process to another using process parameters.

As we were not able to find any expressions which could
be used in mapping topology boundaries we used optimi-
zation capabilities of SPICE building topology boundary
tables. A characteristic set of properties was selected for
each topology. The topology is then optimized for each
property of the set and the optimal values were used in
definition of topology boundaries.

process
parametes

/

’.f"

request
generator

K

i ( evaluation }

SPICE
optimization

i

topologies

houndaries

Fig. 2:  Topology boundary selection

5. Conclusions

Optimization capabilities build into SPICE make analog
synthesis more reliable. What is needed on top of SPICE
is good topology selection. This can be accomplished us-
ing a rule based programing language OPAN. When ap-
plying analog synthesis to real world cases defining topol-
ogy boundaries becomes a must. SPICE optimization can
be used in building topology boundary tables. Computers
are still too slow to evaluate corner cases during optimiza-
tion in real time. As trade offs are always used in design
the final request are usually set only when all constraints
are evaluated. With this final request one can execute a
multi-day corner cases optimization.
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Abstract: An approach to decoding of serial data bit-stream is described. This approach is based on moving the time window, which makes an average
number of received pulses in real time. The average value of the number of pulses is compared on the comparator with a hysteresis and its output shows
decoded logic state. Such technique eliminates same spurious and some missing pulses in the incoming data bit-stream and increases the range of

communicating devices.

Sprotno dekodiranje s Sumom pomesanih signalov

Klju¢ne besede: pametna kartica, identifikacijska kartica, brezkontaktno integrirano vezje, ¢italnik, razpoznavno vezje, antena, tok podatkov,

podatkovna hitrost, ¢asovno okno.

Izvle€ek: V ¢lanku je opisan nacin za dekodiranje niza serijskih podatkov. Zasnovan je na premikajocem ¢asovnem oknu, ki povpredéuje v realnem casu
stevilo sprejetih impulzov. Komparator s histerezo primerja povprecno vrednost Stevila impulzov in na izhodu se pojavi dekodirana logi¢na vrednost. S
taksno tehniko uspesno izlocamo nekatere lazne in nekatere manjkajoc¢e impulze v podatkovnem nizu, ki prihaja na vhod vezja ter s tem povecujemo
razdaljo na kateri lahko uspesno komunicirata identifikacijska kartica in Gitalnik.

1. Introduction

There are several methods to decode signals described in
ISO standard /1/. Many systems use microprocessors and
it is possible to save a part of input data bit-stream and
recognize the coded information using this complex hard-
ware. The goal of this work was to develop the minimized
hardware, which is able to decode the input signal in real
time, because the application requires the integration for
high volume production where the reduction of cost is an
important parameter.

The developed hardware is located on the chip, which is
called reader and receives the signals from the smart card.
The distance between smart card and antenna of the reader
defines the quality of the received signal. If the smart card
is very close to the antenna of the reader, the received
signal is very strong and correctly detected in the analog
part of the reader chip. This demodulated signal is used
as input signal to the described recognition circuit, which
decodes incoming bit-stream into the logic data. But in-
creasing distance between smart card and antenna of the
reader decreases demodulated signal and pushes it into
the noise. The influence of this noise is shown on the de-
modulated bit-stream as a spurious and missing pulses.
The described recognition circuit counts pulses in the
moving window. This numbers are compared on the com-
parator and its output is high, if there is a group of pulses
and is low, if there are not pulses or there are only a few
spurious pulses. Signal from the comparator is synchro-
nized and formed in the last block. Serial data on the out-
put are decoded and corresponded bit_clock is shifted
regarding to the upper mentioned signal.
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2. Coded signals

Signal transmitted from the smart card to the reader is cod-
ed. This code is defined in ISO standard /1/ and can be
used for two data rates. This design is performed for high-
er data rate (26.48kb/s) and all definitions for logic sig-
nals and preambles are valid for this speed of communica-
tion. Four times lower data rate has the same definitions.
The number of pulses shall be multiplied by four and also
all other times will increase by this factor. Increased number
of pulses for logic definitions decreases the data rate, but
increases the reliability of communication.

EpiaEpugiaipipipt
DU Y — I k<7— --------- == i
i 2 !
logic "0 logic 1"

SOF

EOF

Fig. 1. Definition of coded signals using ISO standard /1/.

Code definitions for high data rate are shown on the figure
1. All definitions use the same sub-carrier frequency. Log-
ic "0 starts with 8 pulses and then follows unmodulated
signal with the same duration as is duration of 8 pulses.
Unmodulated signal with duration “t1” and additional 8
pulses define logic “1”.
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The successful protocol with serial coded data requires
two additional definitions:

- signal defining beginning of data: start of frame or SOF.

- signal defining end of data: so-called end of frame or
EOF.

These signals are also shown on the fig. 1. SOF is defined
with unmodulated signal of duration "t3" and then followed
by 24 pulses of the same duration “t13” and a coded logic
“1”. The SOF is required for the synchronization of de-
scribed recognition circuit. The correct received SOF starts
the timing of recognition circuit. After this signal immedi-
ately starts decoding of incoming signals and bit clock is
also generated. The last important definition is EOF. This
signal tells the reader that the transmission of the data is
concluded. EQF consists of logic “0” and followed by 24
pulses and an unmodulated signal with the same duration
as the duration of 24 pulses. After an EOF is decoded, the
receiver is reset and waits the next SOF.

3. Description of the recognition

circuit
er>re
—
N date ¢
data lrl  shife [
S aecode; form bit_c
registfs hysrerehrs s
eo!
Sof & tIning |-
Fig. 2. Block diagram of recognition circuit
wyn wg

Block diagram of the recognition circuit is shown in the fig.
2. Demodulated signal from analog front end is connected
to the input of this recognition circuit. Data are checked
and after receiving SOF the complete recognition circuit
starts with the appropriate timing. Serial data are shifted in
the shift register and on its parallel outputs are connected
to the inputs of decoder. This block check the numbers of
“1” and decodes this number in a binary sequence. These
signals are checked on the comparator. Output of compa-
rator goes high, if the number on the inputs is changed
from 4 [100] to 5 [101] and goes low, if the number is
changed from 4 [100] to 3 [011]. Output from comparator
is connected to the data form block where output signals
are formed. This block generates output data bit-stream,
bit clock and EOF. Bit clock is slightly shifted regarding
the data bit-stream. Decoded EOF stops the operation of
the complete circuit and the system is now waiting for the
next input bit-stream with correct SOF.

3. Principle of operation

The mostimportant signals are shown on the fig. 3., which
explain developed algorithm and its realization in the rec-
ognition circuit. Upper part of the fig. 3. shows ideal sig-
nals. Data bit-stream on the input “data_in” shows “1”, “0”
and “1” and this shifted and decoded signal is present on
the input of comparator as a number of pulses. Shift regis-
ter creates time window where only eight possible pulses
are visible at each time. Hysteresis is built in the compara-
tor. lts output signal is connected to the data form block
where this signal is formed and synchronized with the bit
clock. Incoming pulses mixed with the noise are shown on
the lower part of the fig. 3. There are some missing pulses
in the group of pulses and a few additional pulses in un-
modulated region of received bit-stream. This inconven-
ience decrease the span of received numbers at the input

wyw
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conp_ 1n 1%
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comp, out I 1 1

bitelh_— 0 L T el b

Fig. 3. Main signals of the circuit
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Fig. 4. Simulation with correctly decoded output

of the comparator. That means the moving window of se-
lected numbers makes an average of received pulses. The
comparator produces logic signal from these numbers, but
this signal is now shifted and its duration varies compared
to the signal with ideal conditions in the upper part of the
figure 3. Shift of the comparator output and its duration
are taken into account when bit clock signal is generated.
The result of this approach is signals with the jitter. If the
noise in the incoming "data_in” signal is to high, this signal
is to much corrupted and of course recognition circuit can
not decode these signals correctly. In this case the signal
“error’ goes high.

4. Resulls

Many simulations were made with ideal and corrupted sig-
nals. The fig. 4 shows simulation with corrupted signal and
its correct response. Input signal “data_in” mixed with the
strong noise is shown on the fig. 5. This signal is too cor-
rupted and comparator can not correctly decode it and
“error” goes high.

5. Conclusion

Digital block is designed, which decodes signals from the
smart card. The distance from smart card to the antenna
of reader defines the quality of received signal. Correct
decoding of corrupted incoming data bit-stream increase
the reading distance between smart card and reader. The
data protocol used corresponds to international standard.
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Abstract: Paper is focused to design the ratiometrical - signal processing gain stage. The stage is a part of complex integrated system and is operating in
a narrow frequency band. Its main part is a programmable operational amplifier, having controlled gain, automatic gain tracking with supply voltage and
automatic signal ground tracking with supply voltage VDD. The stage cut-off frequency is 100Hz, the control loop -3dB frequency is at 1kHz. Precision of
ratiometric control is 0.325%, accuracy is 0.6%. The main topics of present paper is to show ratiometric system behavior by the system description with
its transfer function and verification using HSPICE and the MatLab tooling. The circuit is implemented in 0.8um CMOS technology.

Konéna ojacevalna stopnja z lastnostmi, nastavljivimi z
napajalno napetostjo

Kljuéne besede: prevajaina funkcija, toénost, AD pretvornik, kontrola ojacanja, sorazmeren napajanju.

Izviedek: V Slanku je opisana stopnja, katere lastnosti sledijo spremembi pozitivne napajalne napetosti v dolo¢enem frakvencnem pasu. Vezje je zasno-
vano tako, da sledijo napajalni napetosti - ratiometricno - le lastnosti procesiranega vhodnega signala. Sestavlja ga: DC pretvornik, merilnik napajanja, AD
pretvorik, regulacijska zanka za sledenje ojacanja in signalne mase. Cilj ¢lanka je opisali vezje s prevajalno funkcijo in jo verificirati s simulacijami
(HSPICE), z analizo (MatLab) ter z meritvami na integriranem VLS| vezju. Vezje, kot sestavni del integriranega sistema, je bilo procesirano v 0.8um

tehnologiji CMOS.

L. Introduction

The number of different integrated systems have to have
output signal proportional to the supply voltage VDD. Such
systems require precisely defined power supply rejection
outside useful signal pass as well as good definition for
signal transfer function. The ratiometric -to-supply feature
is a useful function when processed signal besides its main
function i.e. follow the supply voltage changes.

The main concept of ratiometry may operate in continuos
time or may operate digitally weighted via analog-to-digital
converter (ADC) where ratiometric signal ground (RAGND)
is generated as continous analog signal with appropriate
frequency response. The signal to be processed needs to
be converted from system - constant analog ground (AGND)
to ratiometric ground (AGND) by processing of the input
signal in the level-shift gain stage.

Il. Ratiometric signal processing
stage

The main system transfer function is expressed as in (1).
Rgr is ratiometric-variable resistor with VDD supply. Rg is
programmable gain resistor (Fig. 1 in Fig. 2). To complete
the function (1) with all the sub-definitions, the transfer func-
tion (1) will clearly define the supply voltage dependence,
frequency response and temperature stability.

7(8) = 142y L
R,~ 1+sR,.C,

g

(1 R”"')
L5
R

g
is the gain of output stage,

and

1
I+sR,C,

is the low-pas filter (100Hz) transfer function.

Gain stage is in non-inverting gain configuration. The gain
of the stage is linearly dependent on the VDD supply volt-
age. Gain is programmable from A=3tc A=12 or 12in 8 -
linear steps by varying the resistor Rg. The resistor Rgr is
automatically adjusted with varying of the supply voltage
VDD in the range of -5% to +5% from its nominal value
(5V) and nominal gain of (3 to 6). Ratiometric-gain-setling
precision is 0.325% with worst-case accuracy of 0.6%.
Used operational amplifier is class AB stage with open-
loop gain of 104dB_min and has input referred noise of
260nV/sqri(Hz)@ 10Hz to 93nV/sgri{Hz)@100Hz.

Filter is placed in signal path, having no influence on sup-
ply voltage-dependent analog ground (RAGND) and vice-
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versa. That principle guarantees good common-mode re-
jection of the output buffer and therefore no distorts the
output signal. Filter in supply voltage (Vd generation) influ-
ences therefore only on output stage-gain with its low-pass
characteristic. Ratiometric block is shown in Fig. 1, the

simplified block diagram is on Fig. 2.

Vref2 Vrefd AGND

, VDD
St :
; V2V4 V25
i vdda
. Sain
sigi H LT; :foul ANOUT
0 | GAIN'3 106
gaU e ¢ ga0
gal i gal
gz {82 vss
fratout
GND

Fig. 1:  Ratiometric output gain stage: sigi is input

signal, referred to AGND, ANOUT js the gained

output signal, referred to ratiometric RAGND.

A. Ratiometric gain

The feedback network resistor Rgr is controlied to follow

the supply voltage variations VDD, and is included in Vd:

Rnfis a unit resistor,

i = 4—OV‘~i —4
Vref4

the iis a digital code from flash ADC converter, converting

the Vd voltage which is proportional to VDD supply. The

accuracy of the code is defined by INL and switching point,

which mainly depends on resistors matching and compa-

rators offset voltage.

B. Ratiometric analog voltage Vd

0.8x R
Vo= (= VDD=V, ) (1 7—’-) +V (3
v da

Vd voltage depends on supply voltage VDD and is used for
ratiometric gain tracking (1), (2). A is voltage coefficient of
the implanted well resistors. The cutoff frequency of volt-
age Vd is close to 1kHz and is expressed by:

1

By
Vd(jw) = (VDD- I -

I
Ry +———|[(R, + R, ||~
AN (R, + R,y || .wc)

3 2

Ry,
V)| 1+ L
,LJZ) [ 13(/{1:,

(4)

_ 40V,
R, =R, [184+—< 4]
ref 4
YDD
U vdda
},,,, a0 -
Vref2 i ]
o vav 5 i daz ;
. a3 ]
i " J i "
5\
a5 il
e H
waf0,1,2] : H
ik : “"
g o
GND Rgr
e
i [" 3‘; ANOUT

sigi RI 1 BN

Fig. 2:

Ratiometric gain stage, consists of the ratiometric signal ground generation, ratiometric gain control by

measuring the supply voltage VDD with gain-control stage via 5 bit AD converter (S9), signal converter (S32),
active low-pass filter, and programmable and supply voitage controlled gain - class AB operational amplifier
(S1). Signal converter frequency response is also described. It acts as a common mode signal on the input
terminals of the output amplifier (s1). The output amplifier has a wide frequency range (BW=9MHz) and has
high input common-mode-rejection. RAGND in signal converter is therefore omitted from Transfer function

(1), itis included in term Rgr.
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C. AD converter

The 5 bit flash AD converter based on resistors string, ar-
ray of 32 comparators and decoding logic to convert ther-
mometer code to 5 bit binary code. The switching point of
the comparator is:

sz = I/zc/z + V

where Vrefiis the voltage on the i-th tab of the AD resistor
string, supplied by the reference voltage Vref4 and is:

v, Vs <o AR
Vi =20 (4 4R, +—L0 Y =k
o =gk, Y 2° ,21 R

" n

+ 4 I nk

[ 1
Ve =Vega It o5

off T /cj 4
2 k=l n
The digital output code is generated when the voltage on
i-th tab equals to the analog voltage Vd, including compa-
rator offset voltage Voff:

V,=V

SW

From here the digital code i can be found:

ni

40, , 40 AR
V 25 k=1 R

ref 4

L= (5)

n

If we assume ideal resistors matching, the last term can
be omitted, else the term should be taken too. The maxi-
mum accuracy errors may occur in the middle of the resis-
tor string and cause the maximum INL error of:

V"‘{/' 4 . AR nk

max 2 R

n

)JNL

Rn is resistive unit in the string, ARnk is the value of the
resistance error (difference from ideal Rn) due the mis-
match. Maximum error therefore may happen around nom-
inal supply voltage.

D. Reference voltage Vref4

Reference Vref4 is a G1 times magnified voltage, propor-
tional to the bandgap of silicon:

k J2
rej4—G W I+ 4 g T 1n<J1>] (8)

Vbe is voltage of the forward biased base-emitter junction
of the vertical bipolar device, kT/qg is thermal voltage and
is 26mV at 300K, J2/J1 is emitter-current density ratio.
Vref4 is constant with temperature and may vary for 20
ppm/C from its nominal value of 4V,

E. Reference voltage Vref2

Reference Vref2 is reference voltage based on silicon-
bandgap (Vbgr=1.206V):

k J2
v . = V,,(I)+4-—-T-In
w2 = Gy [V (T) p < 0 >] (7)
Voltage is stable within 20 ppm/C and has nominal value
of 2V.

F. Gain programmability

The gain is adjust via trimming circuit using 3 bits (Fig.
2) which gives eight linear gain steps from nominal gain of
3. Resistors are polysilicon, temperature coefficientis can-
celled-out from transfer function (1), also absolute value
variations with process is canceled-out due to be fact that
amplifier has sufficient open-loop gain and high enough
output driving capability:

A — Aol

el

Aolis open loop of the class AB differential amplifier and is
104dB.

G. System signal ground

System analog ground voltage (AGND) is gained bandgap
voltage Vbgr of 1.206V:

AGND =(1+G,)-V

bgr

and is stable (20 ppm/C) at nominal value of 2,5V.

H. Ratiometric analog ground

The voltage is generated from VDD supply as a front-end
analog signal to the 5 bit AD converter. The resistor divider
network (RO, R2, R3) of (1, 0.2, 0.8 Mohm) and capaci-
tors (C2, C3) of (100pF, 100pF) form a low-pass filter fol-
lowed by unity gain buffer-driver.

RAGND at ©=0

R,+R, VDD

RAGND =VDD- =
Ry +R, +R, 2

1
o | (R, + R, || “";‘(;5*)
RAGND(j®)=VDD . —22>3 S0
R, +

1
o IR + Ry ] e

3 JWL,
(8)

and has voltage coefficient due to implanted resistors used.
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[ll. Ratiometric signal tracking with
ratiometric analog ground voltage

The signal tracking stage is an inverting gain stage acts as
a DC level shift to move the signal-voltage from AGND lev-
el to ratiometric ground level RAGND. Buffer amplifieris a
class A stage with open-loop gain (Aol) of 99dB, gain band-
width of 1.2MHz and input referred noise 88nV/
sart(Hz)@10Hz to 28nV/sart(Hz)@100Hz. Close-loop gain
error of the stage with a gain of 0dB is [Aol/(1+Aol)] and is
negligible. The output voltage of the stage is:

Vi =RAGND+V :WVDD+V

rsigi sigi 2 sigi

where is Vsigi a signal voltage, relation is valid for w=0.

IV. Output stage frequency response

The output stage has therefore the frequency response as
follows:

A[dB]=10log[1+ (-C%i)z]

Where of is a given frequency and wp is the cutoff fre-
quency, defined by low-pas filter constant (1):

1 1
()] ) ot et
7 RC, 30xQ-2-27pF
which is close to 100Hz (Fig. 5 and Fig. 6).

=617r/sec

Cv@nout 29

All other poles come from level-shift circuit, ratiometric
ground, etc, are at much higher frequencies.

Conclusion

The overall transfer function which include the frequency
behavior, the VDD influence, the temperature and the ele-
ments matching influence described in the equations (2),
(3), (4), (5), (8), ((7), (8)) can be verified by replacing ap-
propriate variables in equation (1). The circuit has been
simulated using HSPICE and transfer function verified in
MatlLab. Results are shown in Fig. 3, Fig. 4, and Fig. 5 -to-
Fig. 9. On Fig. 5 is overall transfer function (1) included
Rar(f).
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fratout rg/rgr: nominal gain=3. ratiometric vdd range:5v+-5%
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Fig. 3. Ratiometric range is limited to 5V (+-5%). Output DC level and output AC signal amplitude (ANOUT) follow the

supply voltage VDD.
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fratout rg/rgr: nominal gain=3, ratiometric vdd range:5v+-5%

vpdd
vivdd 52
5
5
49
43
TIME
.6
¥ —
* viagnd 2.6
255
25
245
24
25
TIME
Hmoul ... 265
v(rognd 26
tyfsigi 255
25
245
24
235
23
24
TIME
'
*ragd-amoud___
0
om
0
10m
-20m
TIME

Fig. 4. Ratiometric signal ground (RAGND) follow the supply voltage without significant delay (VDD changes with
10Hz). Output at zero input signal (sigi) follows the ratiometric signal ground, having the same amplitude and
frequency response. The low-pass filters have Butterworth filter characteristic, having no overshot and does
not have any oscillatory behavior.
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Fig. 5:  Gain of “fratout” at nominal setting (g=3) for three different supply voltages (VDD=5V+-5%). Frequency
response includes all blocks as is shown from Fig. 2. All equations are combined into equation (1).
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Fig. 6:  The “fratout” transfer function with supply voltage VDD from 4.75V to 5.25V.
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Fig. 72 RAGND variations with VDD. Transfer function is linear.
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Fig. 8 RAGND frequency response (8) for minimal, nominal and maximal supply voltage.
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Fig. 9:  RAGND/VDD transfer function.
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