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so vas morda usmerili v povsem druga podroéja in vas interes za delovanje ali
Clanstvo v drustvu se je z leti mo¢no spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu Se vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.
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obrazec prilozen na koncu revije.

Naj vas ponovno spomnimo na ugodnosti, ki izhajajo iz vasega ¢lanstva. Kot
Clan strokovnega drustva prejemate revijo »Informacije MIDEM«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
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COHERENT CURRENT VOLTAGE CHARACTERISTICS OF
TRIPLE BARRIER RESONANT TUNNELING DIODES AS
IMPROVEMENTS OF STANDARD DOUBLE BARRIER DIODES

U. Merc', C. Pacher?, F. Smole', and M. Topig'
' Faculty of Electrical Engineering, University of Ljubljana, Ljubljana, Slovenia
2 ARC Seibersdorf research GmbH, Tech Gate Vienna, Wien, Austria
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Abstract: In double barrier resonant tunneling diodes (DBRTD) as well as in other small period number structures coherent electron transport dominates
the total current through the structure. Since coherent transport is a result of a resonant tunneling phenomenon we can use transmission spectra to derive
current density vs. voltage characteristics. The topic of our study is to improve an initial DBRTD by increasing two of the most important parameters of
RTDs: peak current density and peak-to-valley ratio (PVR) defining a negative differential resistance region. In order to provide assistance in experimental
efforts to design resonant tunneling systems with optimal peaks, both in the transmission spectrum and the current density, we attempt to explore whether
the observations seen for the DB diode hold as well for the triple barrier (TB) diode. In this paper we show that by using TBRTDs with an increased barrier
height improvements of the initial DBRTD structures are possible. We show the influence of broad resonant peaks of an anti-reflection coating in TBRTD
structures on the increase of the peak current density. This extra current density can further compensate an increase of the barrier height that increases
the PVR and the operating temperature of the structure.

Koherentna tokovno-napetostna karakteristika diode z
resonanénim tuneliranjem s tremi barierami kot izboljsava
standardne diode z dvema barierama

Kjuéne besede: Resonandéno tuneliranje, dioda z dvema barierama, dioda s tremi barierami, tokovno-napetostna karakteristika, negativna diferenciaina
upornost

lzvleéek: V strukturah z dvema barierama (DBRTD - Double Barrier Resonant Tunneling Diode) kakor tudi v ostalih strukturah z majhnim stevilom period,
katerih osnovni naéin delovanja temelji na principu resonanénega tuneliranja, previaduje koherenten nadin transporta elektronov po strukturi. Ker je
koherentni transport plod fenomena resonanénega tuneliranja, lahko na osnovi prepustnostnega spektra strukture dolo¢imo odvisnost tokove gostote od
napetosti. Predmet nase raziskave je izboljsati lastnosti neke zacetne DBRT diode tako, da povecamo dva najpomembnejsa parametra diod z resonancn-
im tuneliranjem: vrhnjo tokovo gostoto in razmerje med vrhnjo in dolinsko vrednostjo tokove gostote (PVR - Peak-to-Valley Ratio). Oba parametra v najvedii
meri dolocata obmodje negativne diferencialne upornosti. Z namenom zagotavljanja pomo¢i eksperimentalnim naporom pri nacrtovanju sistemov z reso-
nanénim tuneliranjem, ki bi imeli optimaine vrhove tako v prepustnostnem spektru kot vrhove tokove gostote, smo poskusali raziskati, ali lastnosti DB diod
veljajo tudi za diode s tremi barierami (TB). V tem delu predstavljamo, da lahko z uporabo TBRT diod s povidanimi barierami izboljsamo lastnosti zaCetne
DBRT diode. Prikazujemo vpliv sirokih resonanénih vrhov TBRT diode s protiodbojno zadéito na poveéanje vrhnje tokove gostote, ki omogoci povecanje

vidine barier ter s tem PVR-ja. Diode z vigjimi barierami pa lahko delujejo pri visjih temperaturah.

bandgap, e.g. GaAs, (Fig. 1a). These layers comprise the
emitter and collector region on both sides of the DB, re-
spectively. Barriers are made from a semiconductor with a

1. Introduction

Despite the fact that approximately 30 years have passed

since the pioneering theoretical and experimental work on
resonant tunneling in semiconductor heterostructures by
Esaki, Chang, and Tsu /1, 2/, there is still a significant
amount of research in this field, which is being sparked by
new technical advances in the nanofabrication of these
semiconductor heterostructures /3/ and the potential ex-
ploitation of the physics of resonant tunneling in produc-
ing solid-state devices.

The basic resonant tunneling diode (RTD) device configu-
ration is a double barrier (DB) heterostructure of nanome-
ter dimensions, including two heavily doped semiconduc-
tor contact layers to provide low-resistance made from a
degenerate n-type semiconductor with a relatively small

relatively large bandgap, e.g. AlxGaixAs, and in particular
a positive conduction-band offset Eg with respect to the
smaller bandgap semiconductor. Between the two barri-
ers is the quantum well made again from the smaller band-
gap semiconductor. The structure is explained in terms of
a conduction-band energy diagram since we are interest-
ed in the electron transport process. Because the charac-
teristic dimensions of the DB structure are comparable with
the electron wavelengths, the wave nature of electrons
leads to quantum phenomena such as interference, tun-
neling, energy quantization, etc. /4/. As aresult, resonant
tunneling phenomena occur and form the basis of RTD
operation.
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Conduction-energy-band diagram of (a)
DBRT and (b) TBRT structure. b and w
denotes the barrier and well width,
respectively, while Eg is the barrier height.
For the emitter and collector region Fermi
energy Er is shown. In (b) b’ denotes the
outermost barriers width. z is spatial
coordinate.

Figure 1:

While much of the initial research efforts lie in understand-
ing the physics of resonant tunneling in DB structures, there
has been increased experimental /5/ and theoretical /6/
research on resonant tunneling in triple-barrier (TB) semi-
conductor heterostructures (Fig. 1b). The physics of reso-
nant tunneling in these systems is much more than an ex-
tension of the results of the DB case, since it involves the
coupling of quasibound states between the two adjacent
quantum wells in the semiconductor heterostructure /7,
8/. In particular, while there have been a number of theo-
retical calculations on the physics of resonant tunneling in
DB semiconductor heterostructures in an effort to under-
stand the experimental results /1, 2, 9/, there has been
very little theoretical work on systematic understanding of
the effects of non-equality of barriers and wells (width and
height, respectively) in TB systems /10/. We show that a
colorful range of the transmission spectra and correspond-
ing current densities of different TB structures can be con-
structed. Performed calculations attempt to explore wheth-
er the observations seen for the DB diode also hold for the
TB diode, while providing theoretical assistance in experi-
mental efforts to design resonant tunneling systems with
optimal peaks, both in the transmission spectrum and cur-
rent-voltage characteristic, respectively.

In this paper we study electron transport by using a coher-
entmodel /4, 11, 12/, where particles maintain their phase
coherence across the whole structure before losing ener-
gy in the contacts (transversal energy and phase coher-
ence during the tunneling process are conserved). As a
further approximation we assume that the contacts are
perfectly absorbing. This means that when a particle in-
jected from one side reaches the contact region of the
other side its phase coherence and excess energy are lost
through inelastic collisions with the Fermi sea of electrons
in the contact. Thus we assume that an electron injected

2

from one contact at a certain energy E has a certain prob-
ability T(E) of being transmitted through the barriers, exits
with the same energy and transverse momentum, and fi-
nally is absorbed in the opposite contact, where it loses
the energy and memory of its previous state. In coherent
models electronic conduction in quantum systems is rep-
resented by the Landauer and Blttiker /13, 14/ formula-
tion based on the transmission coefficient T(E,). In this work
we use a scattering matrix model /11/ to calculate T(E,).
The transmission T(E;) as a function of the longitudinal elec-
tron energy is the probability ratio of transmitted and inci-
dent waves of a particular electron state, which is equiva-
lent to the ratio of the transmitied and incident electron
flux, T(Ez) can be calculated from the wave functions avail-
able in the solution of the Schrédinger equation. Current
flow in this picture is essentially the net difference between
the number of particles per unit time transmitted to the right
and those transmitted to the left. The current density can
be evaluated using the Tsu-Esaki formula /2/ that is ob-
tained by summing the current density of each state over
the occupied states multiplied by their transmission proba-

bility:
e 1+exp(%:TEz ]
gm
ot = 2 [T(E,) - In ’ az,
2nch E E.—E,—qV )
° l+exp| ——F——
L kT

(1)
where g is elementary charge, m* effective mass, kg Boltz-
mann’s constant, T temperature, h Planck's constant/ 27,
Er Fermi energy, Ez electron’s energy in the longitudinal
direction, Vapplied bias, and E¢ bottom of the conduction
band. The logarithmic term is sometimes called a supply
function /15/, since it more or less determines the relative
weight of available carriers at a given perpendicular ener-
gy and is obtained by integrating over the transverse mo-
mentum. This results in a three-dimensional treatment of
electron states. In our model space-charge effects are not
considered.

In real devices the difference between the measured and
calculated results for Jp and PVR can become quite signif-
icant, and the voltage range for the occurrence of the Neg-
ative Differential Resistance (NDR) does not correspond
exactly /16/. Part of the latter problem may be explained
by including a series resistance /17/. However, this does
not rectify the other discrepancies, particularly the magni-
tude of Jp which becomes larger than in ideal - coherent
- model /16/. The physical processes involved in RTD
operation are actually much more complex than the pre-
ceding simple description and are especially complicated
by the electron’s interaction with its environment. The ex-
tra valley current represents contributions due to scatter-
ing of electrons /18/. Elastic scattering in RTDs may be
nominally associated with interface roughness at the het-
erojunction interfaces, unintentional doping in the tunneling
region, impurities, and alloy disorder. Inelastic scattering
via phonons and collective excitations do not only break



U. Merc, C. Pacher, F. Smole, M. Topi¢:Coherent Current Voltage

Characteristics of Triple Barrier Resonant Tunneling Diodes ...

Informacije MIDEM 35(2005)1, str. 1-7

the assumption of electron energy and transverse momen-
tum conservation but lead also to loss of total phase co-
herence /11/. The tunneling in both cases can be nolonger
characterized as coherent, since scattering allows relaxa-
tion of the parallel-momentum conservation rule and thus
increases the amount of current that may flow
off-resonance. Therefore, it can be concluded that the or-
igin of the NDR requires energy and momentum conserva-
tion as a condition.

Nevertheless, coherent models representations are in
general sufficient to reveal the idea of RTDs operation,
especially when small period (barrier + well) number struc-
tures /7, 10/ with thin wells and barriers are considered,
sometimes when symmetric structures are studied /19/,
and in all structures where the mean free path of the elec-
trons is larger than the dimensions of the RT structure (long
scattering times) /19, 20/. In these cases scattering can
be neglected and coherent models may be applied /8, 20/.

2. DBRT Diodes

et us start with two DBRT diodes comprised of GaAs/
AlyGai.xAs layers, where the Al composition x was equal to
0.30 and 0.45, respectively. The conduction band offset
(barrier height Eg) for those materials is equal to 0.288
and 0.432 eV, while the widths of one well w (GaAs) and
two barriers b (AlxGai-xAs) were chosento be 3.0 and 3.5
nm, respectively. To account for non-parabolicity due to
the multiband effects present in the structures /21/ we
included in our numerical model energy dependent effec-
tive masses memlE) /22/. The temperature and the differ-
ence between the Fermi energy and the bottom of con-
duction band in a degenerate semiconductor were set to
4.2 K (temperature of liquid helium) and 46 meV, respec-
tively. Throughout this work present set of parameters is
used unless specified differently.

As seenin Fig. 2, with a positive bias applied to the collec-
tor relative to the emitter (contact emitting electrons), the
resonant energy level in the quantum well (E+) approaches
the Fermi energy in the emitter increasing the number of
electrons that can tunnel. By increasing the bias, the Fer-
mi energy passes through the resonant state making a large
current flow due to the increased transmission from the
emitter to the collector. At the same time, the back flow of
carriers from the collector to the emitter is suppressed as
electrons at the Fermi energy in the collector see only a
large potential barrier. At a point where the resonant ener-
gy aligns with the bottom of the emitter conduction band
(Fig. 2b) the number of tunneling electrons per unit area
reaches a maximum. Further bias pushes the resonant level
under the bottom of the emitter conduction band (Fig. 2¢)
and cuts-off the electrons coherently tunneling through this
resonant state. The supply of electrons is than cut-off. The
tunneling current density has therefore a sharp drop from
its peak value giving rise to a pronounced region of NDR.
Afurtherincrease of the bias enables the enhancement of
tunneling through higher resonant levels increasing the

number of current density peaks. Those current peaks are
much higher and wider due to much broader resonant
peaks (RPs), which broaden with increasing energy and/
or bias. For that reason, the NDR region can become very
small. In real devices where scattering is present the NDR
region for higher resonant peaks is rarely observed /16/.
The current peaks are additionally affected by an increas-
ing temperature that lifts up the electron distribution in the
emitter and leads to an increased electron thermionic
emission and tunneling through and above the top regions
of the barriers /23/. Therefore, we concentrated our study
around the first current peak followed by the first NDR re-
gion. This is where RTDs are usually used /16, 24/.
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Figure 2: Conduction-energy-band diagram of DBRT
structure with three different applied
biases.
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Calculated coherent J(V) characteristics of
DBRTD (w =3 nm and b = 3.5 nm) with Al
compositionx = 0.30 (Eg = 0.288 eV) and
x=045(Ep=0432¢eV)atT=4.2Kare
shown by solid and dotted line,
respectively.

Figure 3:
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In Fig. 3 we show the calculated current density vs. volt-
age characteristics for two DBRTDs with different Al com-
positions (x =0.30 and x =0.45) at T = 4.2 K. We can
see that the higher the barriers the smaller the peak cur-
rent density Jp and the higher the Peak-to-Valley Ratio
[PVR = Jp/Jy, where Jy is the valley current density (the
minimum current density following Jp by increasing the
voltage)} (Table 1). The reasons can be found in the trans-
mission spectrum (TS) of the structures. They show that
higher barriers (HB) lead to sharper resonant peaks, al-
though the number of resonant peaks in the quantum well
is increased /12/. For most applications /24/, NDR de-
vices such as RTDs should exhibit high Jp and PVR. They
both depend physically on the Fermi energy in the emitter
and hence the doping there as well as on the temperature
/12, 23/. By increasing either of them Jp would increase,
while the PVR would decrease until the NDR effect would
completely vanish. The reason is in an increase of the res-
onant tunneling current through higher energy levels,
non-resonant currents between the resonant levels, and
thermionic emission over the barriers /12/.

For RTDs basically three parameters are important: Jp, PVR,
and Voltage Peak-to-Valley Ratio (VPVR) (Table 1). The lat-
ter is defined as a ratio between the voltage at Jp (peak
voltage Vp) and at Jy (valley voltage V) (VPVR = Vp/Vy,).
Therefore, the higher the VPVR (approaching toward uni-
ty) the steeper the NDR region (with respect to the PVR). A
high VPVR is very important for fast logic circuits /25, 26/.

Table 1: Jp, PVR, Vp, and VPVR of DBRTDs from Fig. 3.

x 1 Jp[10° AJem?] PVR  Vp[mV]  VPVR

030 093 2018 238 | 064

0.45 0.27

9620 296 | 0.67

By using the coherent model we studied different TBRTDs
and compared them to DBRTDs. Our main goal was to
find a structure, either with two or three barriers, where at
the same time the Jp and the PVR would be higher than in
the initial (first considered) DBRTD. If possible, in the real
device scattering mechanisms should be reduced also
compared to the initial DBRTD.

3. TBRT diodes

By studying the coherent picture of TBRTDs the operating prin-
ciples of DBRTD can be followed. Usually, TBRTDs are used
for generating muitiple NDR characteristics for multiple-valued
logic circuits /25, 26/. In our study the TBRTDs were used in
ordertoimprove the coherent J(V) characteristic of the DBRTDs.
The novel idea was to vary the width of the two outermost bar-
riers b’ of TBRTD structures (Fig. 1b).

In coherent models most of the physical behavior is repre-
sented by the transmission spectrum. Fig. 4 shows the

4

transmission spectrum of GaAs/Alg.3Gag 7As TBRTDs,
where the outermost barriers width b’ is varied from 0.4 to
4 nm. From the figure it is evident that for thicker outer-
most barrier widths there are two resonant peaks with a
transmission probability equal to unity. As b’ decreases,
the two peaks forming a quasi-miniband gain stronger cou-
pling. This means that the peaks lie closer to each other,
while the valley value between them increases. At a point
where b’ becomes equal to one half of the central barrier
width (b" = b/2 ~ in our case 1.75 nm) both peaks join
and form a single resonant peak with a transmission prob-
ability equal to unity. Such a b’ was presented as an
Anti-Reflection Coating (ARC) /27 /. We name the whole
structure “ARC-TBRTD”. By further decreasing b’, the two
resonant peaks coupled in one peak start loosing their high
transmission probability as well as their sharpness (loos-
ing Lorentzian line-shape /28/).

P

0.4

e

Transmission coefficient

500 gy TS ’ /(,(J N
150 200 ,"(“\m‘, 05 &

Energy [me V]

Transmission spectrum for GaAs/
Alo.3Gap.7As TBRTDs withw = 3 nm,

b = 3.5 nm and b’ varies from 0.4 to 4 nm
(no applied bias).

Figure 4:

Another very important parameter for studying TBRTDs is
the area under the resonant peaks. In Fig. 5 the area is
shown for the structures in Fig. 4 (the area is taken be-
tween the energies where the transmission coefficient
equals 15%). For real device applications the structure
should exhibit the highest Jp with respect to as high PVR
as possible. Since a high area under the resonant peaks
results in a high Jp the ARC structures with the highest
area are one of the most promising structures. Beside that,
the ARC structures can have a relatively high PVR. The
reasons lie in the TS. In the ARC structure two coupled
resonant peaks form one resonant peak that is much broad-
er than the single resonant peak of the DBRTD, while it is
still very steep and has a high transmission probability (Fig.
4). This has many effects on J(V) characteristics of real
devices. First of all, the structures can operate at higher
temperatures while still exhibiting an NDR region [for
x = 0.30 structures, going from 4.2 to 300 K, the PVR of
the ordinary (b’ = b = 3.5 nm) TBRT device decreases by
57%, while for the ARC-TBRTD (b’ = b/2 = 1.75 nm) it
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decreases for only 9%; the PVR of the DBRT decreases
by 63%] /23/. Next, since elastic scattering additionally
broadens the resonant peaks in the TS, real devices with
broader peaks are relatively less affected by the scattering
/12/. For this reason, the operating temperature of the
ARC-TBRTD devices can be further increased. In the con-
trary, for outermost barrier widths smaller than b/2, the
shape of the resonant peaks (Fig. 4) changes in a way that
non-resonant currents are increased (currents not pass-
ing through the resonant peaks). The structures can be
therefore used only at low temperatures /23/. Finally, b’
of the structure should not be too small in order to main-
tain a steep NDR region (Fig. 6).

Resonant peaks area [meV]

5 A + t ¢ } t : 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Qutermost barrier width 4’ [nm]

Figure 5: Area of resonant peaks from Fig. 4 vs. b’ at
zero bias.
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Figure 6:

In Fig. 6 we show coherent J(V) characteristics of TBRT
diodes with different b'. It is evident that as b’ decreases
the NDR region gets less pronounced, making the struc-
tures less interesting as RTD devices /29/ (Table 2).

Table 2: Jp, PVR, Vp, and VPVR of TBRTDs from Fig. 6.

blnm] |Jp [10° A/em?] | PVR | 5 [mV]| VPVR
0.4 6.85 222 | 480 0.57
0.65 7.30 3.49 | 488 0.58
1.25 6.00 2.71 480 0.85
1.75 4.22 376 | 464 0.86
2.5 2.18 6.14 436 0.86
35 0.80 10.32] 402 0.85
4 0.46 12.49| 388 0.84

Since the VPVR of the DBRTD that we use in our study as
an initial device is not a critical parameter (0.64 forx = 0.3
and 0.67 for x = 0.45) and can be easily obtained with
TBRTDs, our detailed analyses concentrate on Jpand PVR,
respectively (Fig. 7).

From the study of Jp in Fig. 7a it can be concluded that by
changing b’ the current density peak varies. By decreas-
ing b’ the Jpincreases until it reaches a maximum and starts
decreasing. For small temperatures /23/ (like in our case
where T = 4.2 K) the maximum Jp is not necessarily
achieved for the ARC structure (Fig. 7a). This is due to the
splitting of the coupled resonant peaks, although the area
of the peaks for zero field has a maximum there (Fig. 5).
The same holds for the PVR /23/. From Fig. 7b it is evi-
dent that by decreasing b’ the PVR decreases up to a point
where it has a sudden and sharp increase, and after which
it decreases again. For TBRTD structures with x = 0.30
the increase of the PVR is at approximately b’ = 0.85 nm,
which means that the best trade-off between the Jp and
PVR is not achieved for an ARC structure (b’ = b/2). By
increasing the height of the barriers (in order to maintain a
direct semiconductor x must not be higher than 0.45 in
the AlxGa1.xAs system) the increase of the PVR shifts to
higher b’. Our detailed analyses showed that by increas-
ing x the highest PVR is achieved for b’ = b/2 (in our case
b =1.75 nm for x = 0.45). This means that also for lower
temperatures the ARC structures can exhibit the best
trade-off between the Jp and the PVR.

The reason for the sudden increase of the PVR can be
again found in the TS. We have already explained that in
the TBRTDs the two resonant peaks couple and form sin-
gle peak. When a bias is applied these coupled peaks start
to split. For that reason the J(V) characteristics can exhibit
more current peaks with different heights and widths. These
peaks shift their position by changing &', All this has a big
influence on the valley currents. They are composed of
the resonant currents as well (the calculated coherent char-
acteristics match better to the measured results) /30/. In
this way for a range of b’ higher PVRs can be achieved.



U. Merc, C. Pacher, F. Smole, M. Topi¢:Coherent Current Voltage

Informacije MIDEM 35(2005)1, str. 1-7

Characteristics of Triple Barrier Resonant Tunneling Diodes ...

8)(105 4 '
_ AN —— DRRTD,x=030 |
e ——— DBRTD,x =045 |
i‘\’ 6x10° 4 —<C— TBRID,c+0.30 |-
ol 0 — &=~ TBRTD, y= 0435 |
= A :
@ P
% Ax 108 1 b
g
£
z :
o2x10 D
il
fant - X < mm\ﬁ\‘(
0'0\ A
U dnserideshatustabete taubudet i Cas D
0.4 ] 2 3 4
(a) Qutermost barriers width 6 [nin]
120 1o —
[ e DBRTD, x = 0.30
100 £ === DBRID,x=045 | .
T} o TOBRTD. x =030 /
D e TBRTD x = (.45 /-
80 4 i g TBRID. x = (.45 /
3 /d
o , -
> 60t ARC /-
Sy ! S
<> /
a0y A e
‘ e #
Ps
N &
“ ! e T F
i ) | /{7«' S
0 % : t
0.4 1 2 3 4
(b) Qutermost barriers width & [nm]
Figure 7: (a) Jp and (b) PVR vs. b’. In both plots the

horizontal lines show values of the DBRTDs
with diff>rent Al composition (different Eg),
while symbols connected with an
eye-guide line represent the values
calculated for the TBRTDs (again for two
different Eg). Gray shaded areas show the
outermost barrier widths region

(0.9 nm <b’< 1.75 nm), where the TBRTDs
with x = 0.45 exhibit an improved
characteristics with respect to the DBRTD
withx = 0.3. (T =4.2 K)

4. Comparison of structures

Consider the DBRTD with x = 0.3 (solid horizontal line in
Fig. 7a and b) as an initial structure and compare it to the
TBRTDs with different b’ and x = 0.3 as possible improve-
ments (circles in Fig. 7 connected with a solid eye-guide
line). We can see that for b’ < 3.35 nm the Jp of the TBRTD
is higher than 93 kA/cm? but the PVR is in the whole stud-
ied range smaller than 20.18 (values of Jp and PVR are for
the DBRTD - Table 1). The same is for higher b’, where
the PVR of the TBRTDs becomes higher than in the DBRTD
(not shown in the Fig. 8) but the Jp becomes smaller. There-
fore, it can be concluded that from a coherent point of
view by changing only b of the TBRTDs it is not possible to

6

construct a structure that would exhibit higher Jp and PVR
(at the same time) as they are in the DBRTD with the same
b, w, and Ep.

In order to find a structure with improved J(V) characteris-
tics we increased the barrier height. The dashed horizon-
tal lines in Fig. 7 show Jp and PVR of the DBRTD with
x = 0.45 (Table 1). While the PVR of the latter structure
equals 86.20 and is much higher than in the DBRTD with
x = 0.3 this is not true for the Jp, which is now only 27 kA/
cm?. So again, the DBRTD with x = 0.3 cannot be improved
by increasing £ alone.

Finally, we increased Eg of the TBRTDs (x = 0.45) (dia-
monds in Fig. 7 connected with a broken eye-guide lines).
It can be seen that the peak current densities decrease
andthe PVRs increase (a linearly increasing Eg resulis in a
linearly decreasing Jp and an exponentially increasing PVR.
This makes structures with higher barriers more interest-
ing as devices /23/). The results of the comparison show
again that no TBRTD with x = 0.45 has higher Jp and PVR
at the same time than the DBRTD with x = 0.45. But on
the other hand, a comparison between the TBRTDs with
x = 0.45 and the initial DBRTD with x = 0.3 shows that for
b’ between 0.9 nm and 1.75 nm the Jp as well as the PVR
are higher. Only in this way we have at the same time man-
aged to increase the Jp and the PVR of the DBRTD with
x = 0.3 by using the ARC-TBRTD with x = 0.45 from 93 kA/
cm? and 20.18 to 220 kA/cm? and 46.22, respectively.
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Figure 8: Calculated coherent J(V) characteristics of

DBRTD, TBRTD, and ARC-TBRTD all with
x = 0.3, and ARC-TBRTD with x = 0.45
(HB); T=4.2K.

Fig. 8 shows the final comparison of the coherent J(V)
characteristics between the initial DBRTD with x = 0.3 and
the different TBRTDs that were studied in order to find an
improved RTD [TBRTD and ARC-TBRTD both with x = 0.3,
and ARC-TBRTD(HB) with x = 0.45]. It can be seen that
for all TB structures the current density peak emerges at
higher biases than for the DB structure and that for the
structure with higher barriers the peak lies at even some
additional bias. It is important to note that all TBRTDs ex-
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hibit steeper NDR region than the DBRTD, which is advan-
tageous in fast logic circuits /29/.

Our quest to find an improved structure treated many RTDs
with different well and barrier widths. The results show that
an improvement of J(V) characteristics is possible only for
structures where the barrier width slightly exceeds or is
approximately equal to the well width.

5. Conclusions

The most important parameters of RTDs are a high Jp and
a high PVR. Both are usually predefined by the device spec-
ifications and are especially hard to meet at higher tem-
peratures (200 K and more). The key idea of this paper is
how to use TBRTDs in order to improve the coherent J(V)
characteristics of DBRTDs. For that reason we have stud-
ied different double and triple barrier structures by means
of coherent modeling approach, which is applicable for
low temperatures. From our analyses it can be concluded
that the coherent current-voltage characteristic of the
DBRTD cannot be improved only by using the TB struc-
tures by itself, nor only by increasing the barrier height. In
order to increase both, the Jp and the PVR of the DBRTD,
TB structures with different outermost barrier widths and
increased barrier height have to be considered.
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ULTRA LOW NOISE PAGC AMPLIFIER FOR MICROSYSTEM
SENSOR SIGNAL PROCESSING

Janez Trontelj, Aleksander Sesek

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

Key words: low noise amplifier, automatic gain control for programmable temperature coefficient (PAGC), microsystems

Abstract: One of the key properties of the microsystems is the quality of the front-end sensor signal processing. Typically a fully differential input and
output stages are required for most of the analog signal processing to maintain the best possible rejection of the unwanted signals,

The design of such amplifier is discussed in this article. Special attention is paid to the offset voltage minimization, 1/f noise and thermal noise minimiza-
tion. Temperature dependent Programmable Automatic Gain Control (PAGC) is incorporated to allow for sensor temperature coefficient compensation.

Amplifier parameters are measured and characterized on the realized ASIC.

Ekstremno maloSumni PAGC ojacevalnik za procesiranje
senzorskega signala v mikrosistemih

Kju€ne besede: malosumni ojadevalnik, avtomatska regulacija temperaturnega koeficienta (PAGC), mikrosistemi

lzvledek: Klju¢na lastnost v mikrosistemih je kvaliteta procesiranja vhodnega senzorskega signala. Obigajno zahtevamo vhodno stopnjo z diferenciafnim
vhodom in izhodom. Na ta na¢in zagotovimo najboljse slabljenje neZelienih signalov. V &lanku je prikazana izvedba takdnega ojacevalnika, kjer sta mini-
mizirana suma 1/fin termiéni Sum. Temperaturno odvisna avtomatska regulacija ojaenja z moznostjo nastavitve PAGC omogoéa kompenzacijo tempera-

turnega koeficienta senzoria.

Rezultati simulacij in meritev na izdelanem oja¢evalniku so podani v &lanku.

1. Introduction

The target was the amplifier with minimal input noise, dif-
ferential input stage and single-ended output. The output
signal has to be around the reference level Vier.

The most commonly used answer to a problem is combina-
tion of either four input amplifier or combination of two unity
gain input amplifier and the output stage. In both cases the
input noise contribution is the sum of four input transistors
together with resistor noise. A solution where the noise con-
tribution is only the noise of two input transistors and the
resistor noise is minimised to a negligible level is presented.
The front-end block diagram is shown in figure 1.
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Fig.1:  Front-end block diagram

2. Differential input amplifier

Selected topology of the differential amplifier with control-
led gain is shown in the figure 2.
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Fig. 2:  Differential amplifier
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It consists of the differential input transistor pair m4 and
mb and load resistors rt and r2. The bias generator is made
of bipolar transistor g1, resistor r3, MOS transistors m1
and m3 and sub circuit s1 for driving the transistor m3.
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The bias generator, its influence and main proprieties is
described in section 3. The dimensions of differential pair
and bias current are calculated to obtain 26dB gain i.e.
20dB at each output.

The target 1/f noise density of differential amplifier at 1
kHz is less than 7nV/VHz; the target thermal noise density
level at 100 kHz is less than 5nV/VHz and the gain-band-
width product over T00MHz.

2.1 Noise characteristic

Several simulations were made to analyze the influence of
the input stage transistor type on noise performance. The
amplifier was intended to be used in a magnetic microsys-
tem where the equivalent noise resistance of the sensor
was 1k&. In all simulations and measurements this equiv-
alent noise resistor was included.

Input noise
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Fig. 3: Noise density for n-type input transistor stage
(n06) for p-type input transistor stage (p06)
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Fig. 4: The influence of equivalent noise resistance of

the microsensor

The analyses were made for 0.6um technology. it was
found out, that p-type transistor input stage, using the same
transistor sizes, has lower neise than the n-type. Figure 3
presents simulation results for p and n-type input stage.
As shown, the noise level for n-type input differential stage
is around 68nV/VHz, and for p-type stage 7,9nV/VHz at
1kHz (1/f noise mainly). At 100kHz (thermal noise) the
noise density levels are 8.1 nV/NHz for n-type and 4.6nV/
VHz for p-type. Even with lowest noise level around 24nV/
VHz at 1kHz for n-type input stage could be achieved.

Figure 4 shows the noise density level at different sensor
equivalent noise resistances. As expected, the sensor re-
sistance value has major influence on thermal noise
(100kHz). The thermal noise level of the system for 1kQ
sensor equivalent noise resistance is 4,62nV/\/Hz and
3,62nV/\/Hz for 0.5k&2 sensor equivalent noise resistance.

2.2 Comparing technologies

The basic proprieties of the input differential stage for dif-
ferent technologies have been analysed. Figure 5 shows
the noise density level of input differential amplifier in
0,35um, 0,6um and 0,8um CMOS technology. The com-
parison is done for p-type input stage transistors due to
better performance. As expected 1/f noise (at 1kHz) level
is lower with smaller technology; meanwhile the thermal
noise (at 100kHz) doesn't change a lot. The noise level
varies from 5,27nV/\/Hz for 0.35um technology, up to
8,95nV/\/Hz for 0.8um technology. The thermal noise is
around 4.65nV/\/Hz, for all technologies.
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Fig. 5:  Noise at different technologies

The influence of different technologies on gain has been
analysed. For these simulations the dimensions of input
differential transistor pair were modified to achieve the same
input capacitances, to compensate the gate oxide thick-
ness change with the technology. For exampie, the thick-
ness of gate oxide for 0,8um technology is 18nm, for 0,6um
technology 12nmand for 0,35um around 15nm. In 0,35um
technology, the thickness is larger due to the use of tran-
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sistor with mid-gate oxide, operating at 5V. Figure 6 shows
the gain for different technologies with p-type input tran-
sistors and for comparison the O,6um n-type input transis-
tor stage is added. As seen, the gain doesn't vary a lot with
technologies. As expected n-type input stage has a higher
gain factor.
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Fig. 6: Gain at different technologies
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Variation of -3dB frequency margin is shown in figure 7. As
shown, n-type of input stage doesn’'t have the best per-
formance. The best technology is 0,35um where gain-
bandwidth product over 190MHz has been achieved.

2.3 Performance of the selected
differential input stage

Due to the best performance the p-type input differential

stage in 0,35um technology was chosen for our system.

Several analyses with different corners (worst cases of tech-

nology parameters) have been performed in the tempera-
ture range between -20°C and 100°C.

10

In figure 8, the results for temperature sweep are present-
ed. The gain variation for technology corners wp (worst
power), ws (worst speed), wz (worst n-type transistors) and
wo (worst p-type transistors) can be observed.
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Fig. 8:  Gain variations with temperature and process
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Fig. 9: -3dB corner frequency as a function of
temperature and process corners

As shown, in the worst case the gain of the input stage
drops to the lowest value around 19,4dB at worse speed
parameters and at the highest temperature.

The lowest-3dB corner frequency is 8MHz at worst p-type
transistors condition at high temperature. This corresponds
to the worst case gain-bandwidth product of 156MHz. The
level of input noise density at 1kHz (1/f noise) is shown in
figure 10.

When changing the corners there are no noticeable influ-
ence to the noise density level. However noise density at
1kHz changes with the temperature from 4,75nV/VHz to
6,12nV/VHz, and from 4.25nV/VHz to 5,25nV/VHz at
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100kHz as seen at figures 10 and 11, in the temperature
range of 120 °C.
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3. Programmable automatic gain
control

The programmable bias generator is used to control the
gain of the amplifier and to compensate the temperature
dependence of the proposed amplifier and of the micro-
sensor.

Special attention was paid to the design of relevant com-
ponents of the bias generator to minimize its influence to
the overall noise. The topology of the bias generator is
shown in figure 12.

Minimization of the noise influence is taken care by appro-
priate sizes of the transistors m1 and m2. The temperature
coefficient of the bias current is set by the appropriate se-
lection of the reference voltage and the value of resistor r3.
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Fig. 12: Bias generator

Figure 13 shows the temperature behavior of the bias cur-
rent for all corners.

When selecting such temperature dependence of the bias
current we obtain minimal gain variation of the ampilifier as
seen in the figure 8. The sensor temperature coefficient
can be programmed by the control voltage on the Prog
input. The temperature dependence of the bias current is
given by the expression:
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Fig. 13: Bias current

As both the temperature dependance of the Vpe and rzare
known for a given technology the wide range of bias cur-
rent temeprature dependance can be achieved by chang-
ing the programming voltage Vprog.

The measured results for noise density are shown in figure
14 compared to simulation results. A perfect matching with
simulated results has been observed also in other amplifi-
er characteristics.

11
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Fig. 14: Measurement results compared to simulation
results

4. Conclusion

A minimal noise and offset input amplifier with automatic
temperature controlled gain has been introduced. It has
been shown, that n-type transistors have larger noise than
p-type transistors. When using smaller technology, 1/f
noise is decreasing for the same silicon area. Very low
1/f noise density level of 5,27nV/\/Hz at 1kHz typical and
4,65nV/VHz thermal noise density typical with dominant
contribution of the sensor equivalent noise resistance has
been achieved. The microsystem sensitivity is temperature
stabilized by the use of special programmable bias current

12

generator. Typical sensitivity variation of the system with
temperature is 70ppm/°C. Typical gain-bandwidth prod-
uct is 180MHz.
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A SYSTEMATIC APPROACH TO REAL-TIME IMAGE
SEGMENTATION IN FPGA DEVICES
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Abstract: Image segmentation is an important step in image processing and recognition. Processing in real time introduces additional demands, which
constrain our ability to choose between segmentation techniques and hardware architectures. The existing literature only describes very specialized
image segmentation solutions. This paper introduces a systematic approach to processing block design, which facilitates the selection of a suitable
segmentation technique and its adaptation to an FPGA implementation. Research into the published segmentation techniques and existing FPGA solu-
tions enabled us to propose a system architecture suitable for effective implementation of most segmentation techniques. We also present a methodology
to search an optimal technique for real time segmentation. The proposed approach has the advantage that it is not constrained to a specific image
segmentation area. This wide design space enables us to use the methodology to find an optimal solution for each specific implementation example.

Sistematicni pristop k segmentaciji slike v realnem ¢asu z
vezji FPGA

Kjuéne besede: obdelava slik, segmentacija slike, FPGA

I1zviedek: Segmentacija slike je pomemben korak pri postopkih avtomatske obdelave in razpoznavanja slike. Pri obdelavi slik v realnem &asu imamo
dodatne zahteve, ki mo¢no zozijo izbor pomembnih tehnik segmentacije in strojne arhitekture. V obstojedi literaturi najdemo resitve za segmentacijo slike
v realnem &asu za ozko dolocena podrodja uporabe. V &lanku je predstavijen sistemati¢en pristop k nacrtovanju procesnih blokov, ki olajsuje izbiro
segmentacijske tehnike in njeno prilagajanje implementaciji z FPGA vezji. Na osnovi pregleda segmentacijskih tehnik in obstojecih resitev v FPGA vezjih
smo dolodili arhitekturo sistema, ki omogoca udinkovito implementacijo vedine segmentacijskih tehnik. Predstavijena je metodologija iskanja optimalne
tehnike za izvedbo segmentacije v realnem Casu. Prednost prikazanega pristopa je v tem, da ni omejen na specifi¢no podrocje uporabe segmentacije.
Ker imamo Sirok nacrtovalski prostor, lahko z uporabo metodologije iskanja pridemo do optimalne resitve za vsak konkreten primer uporabe.

mentation of a particular image segmentation technique
as a tailored part of the system (e.g. autonomous robot),
and only relatively simple segmentation techniques are
used (see /4/, /5/, /6/). Furthermore, these implemen-
tations usually aren’t reusable. We therefore propose a sys-
tematic approach which represents a framework for future
implementations and takes into account existing approach-
es and hardware/software co-design methodologies.

1 Introduction

Image segmentation has been around for about 40 years
and can be considered a relatively mature part of the com-
puter vision. A multitude of segmentation techniques ex-
ists, suitable for everything from handwriting recognition
to automated vehicle guidance. But there is a rift between
research and practical use: the more sophisticated tech-
nigues seem to be rarely used in real life /1/. This results
in very strict requirements for the imaging part of compu- 2
ter vision systems and limits introduction of computer vi-

sion to everyday life.

Classification of image
segmentation techniques

While several problems are to blame for this situation, one 2.1 General overview

seems to be crucial: advanced image segmentation tech-
niques require impractical amounts of conventional com-
puting power to produce results on traditional CPUs in real
time - they have reached the limits of the Von Neumann
bottleneck /2/. Designing in the domain of FPGA circuits
provides a way to break this barrier /3/: most segmenta-
tion techniques can effectively be parallelized in hardware.

A systematic approach to implementation of the image
segmentation techniques on FPGA systems does not yet
exist. The majority of existing papers only deals with imple-

Table 1 presents an overview of the segmentation tech-
nigues divided into classes.

The technique classes are not sharply delineated and very

frequently, customized combinations of techniques are

used to achieve best performance for a given application.

The presented overview shows:

- image segmentation techniques have pronounced
advantages and drawbacks,

- most technique classes already have been efficiently
mapped to FPGA devices.

This work was supported by Ministry of Education, Science, and Sport of Republic of Slovenia as part of research program P2-0246 “Algorithms and

Optimizations in Telecommunications”.
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Table 1: Overview of image segmentation techniques

Segmentation | Advantages Drawbacks Applications Efficient FPGA
technique implementations
class exist
Global very fast, lowest sensitive to uneven document imaging, yes
thresholding resource illumination, limited fingerprint recognition
consumption application area, no spatial
information considered,
sensitive to noise
Local fast, low resource limited application area, document imaging, yes
thresholding consumption, less sensitive to noise fingerprint recognition
sensitive to uneven
illumination ]
Watersheds correct placement of | usually requires subsequent medical imaging, face yes
boundaries, fast region merging step to reduce | detection, content-based
over-segmentation, sensitive image retrieval (CBIR),
to noise surveillance
Region growing | tolerant to noise, computationally expensive, medical imaging, image yes
connected edges, sensitive to seed selection compression, motion
custom similarity estimation, CBIR, face
criteria can be used detection
Split-and-merge | segments objects on | requires post-processing, range images, aerial no
different scales slow convergence, photographs, radiography
(pyramid structure) computationally expensive
Clustering custom similarity sensitive to noise, no spatial range images, satellite yes
criteria can be used, information considered, user images, medical imaging,
can detect small must specify number of CBIR, robot vision, non-
variations clusters in advance, destructive testing (NDT),
computationally expensive scene analysis
Model based tolerant to noise, very computationally medical imaging no
takes into account a- | expensive
priori information
Statistical extremely general, very computationally CBIR, medical imaging, yes
tolerant to noise expensive road segmentation, face
recognition, robot vision,
satellite imaging, NDT
Neural network | fast, tolerant to noise | large sample set required for medical imaging, CBIR, yes
based training, computationally NDT, road segmentation,
expensive face recognition, robot
vision
Fuzzy set based | tolerant to noise very computationally medical imaging, CBIR, yes
expensive road segmentation, NDT,
robot vision
Physics based proper segmentation | very computationally satellite images, visual no
of highlights expensive, restricted set of inspection
materials

2.2 Existing classifications

The papers describing the image techniques usually lack
comprehensive comparisons with othertechniques, espe-
cially regarding the execution efficiency. Only few papers
ofter direct comparison and classification of image seg-
mentation techniques:

In an early comparison /7/, desirable characteristics of
segmentation are defined: uniformity and homogeneity of
regions, simple regions without many holes, clear differ-
ences between adjacent regions and spatially accurate,
non-ragged boundaries.

14

In /8/, techniques are classified and compared. Objec-
tive evaluation of segmentation techniques is discussed
and some general criteria for quality of segmentation (cor-
relation, uniformity and entropy) are given.

In /9/, color representations are discussed, with empha-
sis on perceptually uniform color spaces. The segmenta-
tion techniques are divided into feature-space (clustering
and thresholding approaches), image-domain (splitmerge,
region growing and edge based approaches), neural net-

work classification, and physics based technigues (using
i
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reflection models), with discussion on individual techniques
in the different classes.

In /10/, color segmentation techniques (including texture
segmentation) are overviewed and pre- and post-process-
ing is discussed. An array of techniques is then implement-
ed in software, tested on natural images, and carefully
compared.

We propose the creation of a classification of image seg-
mentation techniques, where the performance of these
techniques for different application areas is evaluated. This
will allow the designer to objectively compare different tech-
niques and choose the one most suitable for his applica-
tion.

2.2.1 Technique comparison

The scope of usability of a technique is usually already
defined by the author of the technique. Detailed compari-
son should therefore be limited to techniques that are a
priori suitable for a certain application area, using a per-
formance metric to make an objective comparison.

In /11/, the evaluation methods for image segmentation
technigues are divided into two types: the analytical and
empirical methods. The analytical methods are not very
common, due to the lack of formal image segmentation
theory, so only few examples are given. The empirical
methods are divided into goodness and discrepancy meth-
ods. The goodness methods evaluate desirable proper-
ties of segmentation technique, while the discrepancy
methods compare the actual segmentation results with “ide-
al” segmentation, usually defined by a human. Different
empirical methods are then compared and the discrepan-
cy methods are found to be more powerful.

We propose that discrepancy metrics, customized for dif-
ferent application areas, are used to compare the segmen-
tation techniques. After evaluating a particular segmenta-
tion technique, its strong and weak points should be clear-
ly outlined. This will enable the designer to select the opti-
mal technique for the proposed application.

3 Processing structure of
segmentation techniques

Most image segmentation techniques can be divided into
three main steps: preprocessing, segmentation and post-
processing (see Figure 1). While the segmentation steps
usually differ, many techniques share the same pre- and
post-processing steps.

A typical preprocessing step is Gaussian filtering of the
image to reduce the impact of noise or to construct differ-
ent scale spaces of the image. Similar 2D convolution proc-
ess is also used for edge detection (Laplacian, Sobel) or
texture filtering. This is a time consuming task on architec-
fures with a single processor, but also one that can be
accelerated using an FPGA /12/.
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Figure 1: Image segmentation processing steps

Another common preprocessing step is color space trans-
formation. The normal RGB color space is not optimal for
color image segmentation and many features have much
better contrast if a proper color space is used. This is a
time consuming operation involving matrix multiplication on
every pixel, especially when performed twice (e.g. RGB
to HSI and back). It can be effectively parallelized (each
pixel can be processed independently) and is a good can-
didate for FPGA implementation. An interesting implemen-
tation can be found in / 13/, where the trigonometric func-
tions were replaced with simple arithmetic.

Post-processing tasks include morphological operations,
region merging or removal of unwanted segments. Efficient
mapping of morphological operations in FPGAs has been
demonstrated in /14/ and region merging is being looked
into /15/. Nevertheless, post-processing tasks are not al-
ways well suited to FPGA implementation and are usually
implemented in software, facilitated by the reduced amount
of data due to preceding segmentation.

3.1 Architecture of an image
segmentation block _
An analysis of the preprocessing—segmentation—post-

processing workflow enables us propose a general archi-
tecture of image segmentation blocks.

The preprocessing steps are suitable for implementation
with FPGA devices. The segmentation process is usually
less regular and the use of a processor with an additional
FPGA coprocessor is needed to implement the segmen-

15
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tation algorithm effectively. The FPGA coprocessor com-
putes the regular computationally expensive parts of the
algorithm, while the processor processes these results on
a higher level. The same combination can also be used for
post-processing tasks, since they usually aren’t suitable
for a pure FPGA implementation.

The proposed architecture consists of a preprocessing
FPGA block, processor and an FPGA coprocessor with
external image and segmentation data buffers, as shown
in Figure 2. The link between the processor and the FPGA
coprocessor can be implemented in different ways, as
custom instructions (especially usable for soft-core proc-
essors), as a coprocessor or through a dedicated bus. The
FPGA devices containing hard-core processors (Xilinx Vir-
tex Il Pro) or soft-core processors (Altera Nios) are most
suitable for this implementation.
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Figure 2: General image segmentation block

architecture

4  Proposed design flow

An integral part of the proposed systematic approach to
image segmentation is the image segmentation technique
implementation workflow. It consists of two main parts,
technigue selection (using the classification of image seg-
mentation techniques) and adaptation of technique to make
it suitable for implementation on an FPGA-based system.
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Figure 3: Design flow

4.1 Technique selection

The definition of the problem consists of the definition of
the input image or video properties (source of image, ex-
pected image content, resolution, frame rate, grayscale or
color, color space, amount and type of noise, etc.) and
the definition of the environment, performance criteria and
goals of segmentation (static or temporal segmentation,
well defined or natural objects, stable or variable lighting,
expected number of objects, tolerance of erroneous seg-
mentation results, time to process one image, realtime
requirements, etc.). The hardware must be defined in terms
of resources that are available to the image segmentation
block (architecture, free processor cycles, free memory,
free FPGA blocks, and power limitations).

Once the properties of the desired system are known, clas-
sification of image segmentation techniques is used to
determine the adequate technique. The application is
matched to one of the application types in the classifica-
tion. The recommended techniques are compared and the
most suitable is chosen. Next, the preprocessing steps to
make it compatible with input image properties must be
defined. This can include filtering and/or color space con-
version. Also, any necessary post-processing should be
defined (e.g. morphological operations, etc.)
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4.2 Adaptation

Once the general structure of the segmentation block is
defined, adaptation of the segmentation block for FPGA
implementation must be performed, using the following
criteria:

- numerical precision,

- complexity of mathematical operations,
- parallelization,

- data throughput and memory usage.

4.2.1 Numerical precision

Floating point algorithms are generally not suitable for FPGA
implementation, due to their increased complexity and sil-
icon footprint. Usually, the image segmentation techniques
are robust enough to convert them to fixed point computa-
tion without major changes. If this is not possible, the tech-
nique must be adapted to fixed point precision.

4.2.2 Complex mathematical operations

Complex arithmetic operations can be defined as opera-
tions that are not easily broken down into the basic arith-
metic operations already built-in or easily implemented in
FPGA-s: addition, subtraction and multiplication. Some
examples are: division, roots, trigonometric functions and
logarithms.

These operations are generally hard to implement efficiently
and precisely at the same time. To implement them, ap-
proximations /13/ or look-up tables /16/ must be used
and a careful analysis of the tradeoff between needed pre-
cision and allowable complexity must be completed. A bet-
ter approach is to simplify the operations by reorganizing
data structures and by mathematical simplification of re-
guired operations.

4.2.3 Parallelization

FPGA implementations usually depend on parallelism. In
contrast to processors, where one task of essentially un-
limited complexity can be processed at a time, FPGA de-
vices are better suited to parallel execution of many sim-
pler tasks.

Most image processing and segmentation techniques are
of a local nature i.e. they work on one or a small range of
pixels at a time. An array of parallel processing units can
be used to accelerate computation by working on many
pixels at a time. If this is not possible, other techniques to
exploit parallelism exist, e.g. loop unrolling.

4.2.4 Data throughput and memory usage

FPGA devices have a small amount of fast internal RAM,
which is not large enough to buffer the whole image or
segmentation results. An effective implementation should
minimize accesses to external RAM, reusing the data al-
ready transferred into the internal memory as much as
possible, while using the smallest practical amount of the

internal memory. This can be achieved by data structures
reorganization and pipelining. Careful buffering will keep
the time spent waiting for data to a minimum. The local
processing techniques are advantageous in this respect.

4.3 Evaluation

After the adaptation process, the proposed image segmen-
tation block should be evaluated using design-specific cri-
teria like real-time performance, silicon area, power con-
sumption etc. If the criteria are not fulfilled, processing steps
should be redefined and adaptation repeated. If this is not
enough, a different segmentation technigue must be cho-
sen or the problem must be redefined.

5 Case study

For our short case study, we decided to analyze, adapt
and implement the image binarization technique described
in/17/.

5.1.1 Analysis

The technique consists of 9 processing steps in the fol-
lowing order: 5x5 mean smoothing of the original 8-bit gray-
scale image, activity calculation, Laplacian calculation, la-
bel image generation, label image processing, label im-
age thresholding, 3x3 mean smoothing, gradient magni-
tude calculation and removal of false print pixels.

An analysis of these steps shows that six steps are good
candidates for hardware implementation: the 5x5 mean
smoothing, the 3x3 mean smoothing, the gradient magni-
tude calculation, the Laplacian calculation, the label im-
age generation and the Sobel filtering step. These steps
are suitable for hardware implementation (fixed point pre-
cision, local processing) and can work concurrently, while
the remaining tasks are better suited for software imple-
mentation. The mathematical operations are limited to ad-
dition and constant multiplication. The local nature of
processing enables reuse of data in internal buffers, re-
ducing the data throughput.

5.1.2 Adaptation

We can adapt the mean smoothing blocks by using simple
shifting instead of multiplication. The errors thus introduced
are constant (21.9% for 5x5 and 43.8% for 3x3 mean
smoothing) and can be entirely compensated for by chang-
ing the two thresholds used by the technique. Multiplier
stages are no longer needed, at the cost of slightly re-
duced dynamic range. The Laplacian calculation and So-
bel filtering hardware blocks require only multiplication by
powers of two, also enabling us to use shifting instead of
multipliers.

Furthermore, the blocks can be grouped into stages, where
two or more blocks can work in parallel: First, 5x5 and
3x3 mean smoothing blocks process the input image.
Second, activity, Laplacian and label image calculation is

17



Informacije MIDEM 35(2005)1, str. 13-19

F. Kopac, A. Trost:

A Systematic Approach to Real-time Image Segmentation in FPGA Devices

performed on 5x5 mean smoothed image, while the last
stage performs Sobel filtering on 3x3 mean smoothed im-
age.

5.1.3 Implementation

We decided to implement the hardware blocks on an Al-
tera Apex prototype board with an Apex
EP20K200EFC484-2X device. The implementation used
a 100 x 100 pixel image, stored in external SRAM memo-
ry, and a state machine to read pixel data, compute the
results of the processing steps and write them back to the
SRAM memory. The design was done in VHDL in Altera
Quartus 11 4.1 IDE.

The external SRAM memory represents a bottleneck, be-
cause data can only be read one pixel at a time. We there-
fore divided the processing into a pipeline consisting of
three stages: First 27 states of the state machine were
used o concurrently compute the 5x5 and 3x3 mean
smoothing results for the given pixel and store them into
SRAM (25 pixelsread, 2 written). Next 19 states were used
to concurrently compute the activity, Laplacian and label
image for the given pixel of the 5x5 smoothed image and
store the label image in the SRAM memory (18 pixels read,
1 written). The final 10 states were used to compute Sobel
filtered result of the given pixel of the 3x3 mean smoothed
image and write it into SRAM (9 pixels read, 1 written).
When processing reaches the last pixel of the input im-
age, it resumes at the first pixel, refreshing the results reg-
ularly. The pipeline design means that three passes through
the data are needed to obtain all the results for the first
frame and afterwards each subsequent pass returns the
results for subsequent frames.

The worst case propagation delay in the design amounts
to 146 ns, SRAM read and write delays included, allowing
an 6.8 MHz system clock, which results in a refresh rate of
about 12 fps. The design uses 3300 logic elements (39%
of the device) and 6144 memory bits (5% of the device).
There are enough resources remaining to enable us to in-
clude a Nios soft core processor into the design to per-
form the remaining processing tasks.

This implementation, while not optimized for performance,
is intended as a demonstration of the second part of the
image segmentation implementation design flow, outlining
the basic tasks needed to implement image segmentation
in FPGA devices. It shows that analysis and adaptation of
the technique in accordance with the proposed guidelines
are vital for a successful implementation, enabling us to
save silicon and improve performance.
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6 Future work and conclusion

We have shown that a systematic approach to image seg-
mentation on modern FPGA platforms is needed. To make
the proposed systematic approach to image segmentation
practically useful, we plan to research a comprehensive
overview of different types of segmentation techniques
regarding their performance for particular application types.

Our proposal consists of an image segmentation technique
comparison, criteria for adaptation of techniques for im-
plementation on FPGA devices, an architecture for image
segmentation blocks and a workflow to efficiently select
and adapt a suitable technigue for image segmentation on
an FPGA device.

The approach was iliustrated by analyzing, adapting and
implementing a sample image segmentation technique in
accordance with the given criteria, resulting in reduced
implementation complexity and the ability to perform some
tasks in parallel.
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Abstract: ECG signal acquisition has to deal with small signal measuring. The amplitude of the ECG signal is only a few mV and the signal frequency
ranges from a few mHz to a few hundred Hz. The signal baseline drift caused by respiration or variable contact between the electrode and the skin, signals
generated because of power line interference from power mains, and noise often obstruct otherwise simple ECG signal measurements. In this paper, one
of the possible ECG signal acquiring systems that overcome these problems is shown. The developed system is a three-channel signal acquiring device
easily comparable to some of the commercially available holter monitors. The specialty of the device acquisition part is that it is realized with only two active
components, i.e. an instrumentation amplifier and a PSoC mixed-signal array.

Ucinkovita implementacija digitalnega modula za
trikanalen zajem EKG signala

Kjuéne besede: EKG, PSoC, mikrokrmilnik, zajem analognega signala, vzoréenje, holter

Izvle&ek: Merjenje EKG signalov je merjenje signalov nizke amplitude. Amplituda EKG signala je le nekaj mV, njegov frekvencni razpon pa je med nekaj
mHz in nekaj sto Hz. Merjenje EKG signala oteZujejo motnje kot so neprenehno spreminjanje enosmerne referencne napetosti elektrod, ki jo lahko
povzro¢i dihanje ali pa spreminjanje upornosti med koZo in elektrodami, motnje zaradi napetosti, ki se v merilnih prikljuckih inducirajo zaradi elektromag-
netnega polja elektri¢nega omreZja, in pa nenazadnje sum. V élanku je opisana ena od moznih izvedb sistema za zajemanje EKG signala, ki lahko, ne
glede na motece dejavnike, kakovostno meri EKG signal. Razviti trikanalni merilni sistem lahko brez teZzav primerjamo s komercialno dobavljivimi holterji.
Posebnost merilnega dela je, da je sestavijen le iz dveh aktivnih elementov; instrumentalnega ojacevalnika in PSoC mikrokrmilnika, ki je prilagojen za delo
z analognimi in digitalnimi signali.

1. Introduction

Polarization and depolarization of the heart muscle mass
creates a three-dimensional electrical field that changes
with time. As a result, voltages can be measured on the
surface of the body. They represent the pumping cycle of
the myocardium. The most widely used three differential
voltages that represent the heart activity are: from the right
arm (RA) to the left arm (LA), from LA to the left leg (LL),
and from LL to RA. These voltages are known as ECG leads
I, I, and Il. The right leg electrode (RL) acts as the neutral
pole in this system. This configuration is known as the
Einthoven triangle.

ltis clearly seen that the three leads are defined as: Figure 1-1:  Einthoven Triangle

Lead I V=V, ,- V., (N mately extends from 0.05 Hz to 300 Hz. However, accord-
B ing to /1/ and /7/, ECG signal measuring in the frequen-

Lead II: V; =V}, - Vi, (2) cy range of 0.5 Hz to 100 Hz is sufficient to do the basic
i - analysis while a lot of devices on the market only cover the

Lead IIL: VIH_ VLL' VLA @ 0.5 Hz to 50 Hz frequency range which is still sufficient for

This three-lead voltage system is the basis of ECG signal monitoring applications. Since the ECG signal has a very

measuring.

The amplitude of the ECG signal as measured on the skin
ranges from 0.1 mV to 5§ mV and its frequency approxi-
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low voltage, the average amplitude of the signal is only
around 1 mV, and its frequency is low, {00, there are sev-
eral problems preventing its efficient measurement. One
ofthem are large DC offset voltages resulting from electro-
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chemical processes between the electrode attached to
the patient and the patient's skin. These voltages can be
as high as +/-500 mV. Also, the contact resistance be-
tween an electrode and the body surface can vary very
much. The presence of 50 Hz (60 Hz in USA) power line
noise is one of the major problems to be copped with,
because common-mode voltages as high as several volts
peak-to-peak can be superimposed on the body. Signals
originating from muscle contraction are presentinthe ECG
signal as well. Eliminating this source of noise is one of the
major tasks of an ECG amplifier.

When one encounters health problems that indicate there
is something wrong with her/his heart activity, one’s ECG
is usually measured. In case problems come up irregular-
ly, usually a holter recorder is used to record heart activity
over a longer period of time, usually through 24 or 48 hours.
The data is stored on a removable memory media such as
audio cassette or CompactFlash card. During the record-
ing time, the person wearing the holter recorder can live
her/his normal everyday life and as soon as the holter re-
corderis returned to the hospital, the recorded data is trans-
ferred to a PC running ECG analysis software. Doctors can
now make an exact diagnosis of the problem. 24-hour hol-
ter recorders usually offer one to three-channel ECG re-
cording with 100 to 300 samples per second at eight to
ten-bit sample resolution.

The main goal of our research work was to design a low-
cost ECG signal acquisition module operating as a holter
recorder or an event monitor and having characteristics
similar to the ones of commercially available holter record-
ers. We also wanted the device to consist of inexpensive,
widely used and commercially available electronic com-
ponents. We found it important that only components with
fow power consumption are used since the device is pow-
ered from battery cells. The acquired data is either saved
to a SecureDigital memory card or sent to a wireless in-
strumentation network providing real-time global powerful
data processing capabilities. Moreover, the applied wire-
less instrumentation network allows also on-line diagnos-
tics of any human being under investigation, alarming, heart-
attack detectors, etc.

This paper focuses on the device's acquisition part and
the pertaining communication interface composed of just
two different types of active components and some pas-
sive components. Differential signals of each of the three
measurement channels are amplified by INA118 precision
low-power instrumentation amplifiers (IA). They were cho-
sen because of their good electrical characteristics de-
scribed in /5/, they have high CMR of 120 dB, their gain
is set with an external resistor and their power consump-
tion is low.

For general processing and signal filtering, a PSoC from
Cypress MicroSystems is used. This is a low-power 8-bit
microcontroller designed with a different approach com-
pared to other microcontrollers on the market. The micro-
controller comprises an 8-bit core processor, eight digital
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Figure 1-2: INA118 Instrumentation Amplifier

blocks and twelve analog blocks. Digital blocks provide all
communication peripherals, counters, timers and PWMs
while analog blocks consist of digital-to-analog converters
(DAC), analog-to-digital converters (ADC), programmable
gain amplifiers, programmable filters and comparators. A
more detailed description can be found in /6/. A PSoC
top level block diagram is shown in Figure 1-3.
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Figure 1-3: PSoC Top Level Block Diagram

2. ECG Measurement Loop

From the nature of the ECG signal and problems that inter-
fere with the quality signal measurement, it can be seen
that the overall system must protect the patient and filter
out disturbing signals. As one of the most important fac-
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tors is DC offset voltage elimination, the system must act
as a high-pass filter that passes all signals of the frequency
greater than 0.05 Hz (or at least greater than 0.5 Hz) and
at its input compensates any signals of a lower frequency.
The basic idea of signal acquisition is to amplify the input
signal, filter it, digitize it, and store the samples. Problems
caused by the DC offset voltage are detected and elimi-
nated by a feedback loop.

Input Stage and Active Driving of Body
Reference

One of DAC in PSoC is used to generate a 1.3 V signal
named the body reference. This signal is used as the right
leg drive signal RA shown in Figure 7-1 and sets the pa-
tient's body to a virtual potential of 1.3 V against the meas-
urement system which is this way placed at a virtual poten-
tial of O V. The ECG signal is led to the INA118 IA through
high-resistance series resistors (Rprort) used to prevent ei-
ther possible quick discharges of IA input capacitors through
the patient's body or high-current flows through the patient's
body in case of device malfunction. The same kind of resis-
tor is used on the body reference signal as well. 1A gain Kia
is set to 16 meaning the input differential signal voltage is
multiplied by 16 at the IA output. At the same time, the I1A’s
common-mode rejection ratio (CMRR) of 120 dB assures
that only one millionth of the input common mode signal
voltage passes to the output of the amplifier.

PSoC
[,777 h;m;r L \
Limb T Channel
leads Kin input
e .
B Reror Ji
Channel
feedback
Body T Remor | Bodyref
reference IR output

Figure 2-1:  Input/Output Stage

This CMRR assures that almost no common-mode inter-
ference voltages (usually inducted in wires because of the
power line electromagnetic field) pass the IA. Once the
signal is amplified, it is acquired by the PSoC where it is
again amplified by one of the programmable gain amplifi-
ers (PGA). Here, too, the gain is setto 16 (Kchia). A simple
diagram of the PGA block is shown in Figure 2-2.

Analog-to-Digital Conversion

After amplification, the signal is digitized with integrating
ADC represented with a block named Hap. Hap is an ADC
converter transfer function which can be derived from the
equation characteristic for integration:

t
J Vi
Ty
Vour= LTIZ— “

int
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Figure 2-2: PSoC PGA Block (Kchia)

which after Laplace transformation becomes:

1

Vour (8)=V () - =H,, =

.8 T.

int int

g (5)

Tint (integrating time) can be calculated according to in-
structions in the PSoC datasheet. In our case, Tyt is 6.8267
ms. But as there is also delay to perform the above calcu-
lation within the PSoC, the total time spent for integration
is 10 ms. Since the function of integration is not active all
the time, but rather at short time intervals, the integrating
part can be omitted and the transfer function can be writ-
ten in a completely different way. We can say that its value
depends on the input voltage range and number of output
bits (resolution).

5 (6)
Vine .6

An important benefit of the ADC used is that it consists of
three separate ADCs which can all operate simultaneous-
ly. A simplified block diagram of this triple ADC is shown in
Figure 2-3. Although their resolution ranges from 7 to 13-
bits per sample and the sample rate can go as high as
10,000 samples per second, 8-bit resolution at 100 sam-
ples per second was chosen. Samples are stored in a 24-
bit register to enable further signal processing. ADC de-
fault reference voltage Vieris setto 1.3 V and can therefore
efficiently digitize voltages that range between O Vto 2.6 V
{(Viet 1.3 V). Viet is the reason for setting the body refer-
ence to 1.3 V. As already mentioned, the peak-to-peak
voltage of the ECG signal is approximately 10 mV. In order
to stretch these 10 mV to the entire 2.6 V scale of the
ADC, the signal is amplified.

Ve =Kix Ko - Vies ()

With Vecg = 10 mV and Kia = Kgiia = 16, Vapc as an input
voltage to the ADC equals 2.56 V which almost covers the
entire ADC input range.
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Figure 2-3:  PSoC Triple Input ADC - Simplified

Though the signal is now ready to be stored to the memory
card, there is still one more problem to be solved.

Feedback Loop - Integrator and Pole
Positioning
As the first step in the DC component detection and elim-

ination, an integrator is used to continuously integrate the
digitized ECG signal.

An important detail of the design is also a correct system
transfer function pole placement. The pole defines which
frequencies will be attenuated and which not. In order to
get the desired effect and place the pole nearto 0.05 Hz
or 0.1 Hz, the signal is multiplied by 16 (Kp).

Feedback Loop - Digital-to-Analog
Conversion

Conversion back to the analog signal is necessary to pro-
vide offset voltage compensation to the input IA. Digital-to-
analog conversion is done with an 8-bit pulse-width modu-
lator (PWM) and a low-pass RC filter. Voltage conversion
using just an 8-bit PWM usually gives satisfying result in
low-precision systems, whereas in our case any minor in-
tegrating change would immediately result in DC offset
voltage modification at the low-pass filter. Since this is not
desired, the precision was improved with a software delta-
sigma modulator placed in front of the PWM.

Penod Fulse Width
Regster Regster

l_n’;‘ Daia n
Enab{e Evabie
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Figure 2-4:  PSoC PWM Block Diagram

A software delta sigma modulator upon 8-bit PWM hard-
ware enhances resolution for additional 7-bits, vielding a
15-bit DAC. Eight most significant bits are actually used as

an input signal to the PWM, while seven less significant
bits are used as its decimal value. Although an 8-bit PWM
is used, together with a delta-sigma modulator the overall
performance increases as if a 15-bit PWM was used. Be-
cause of the nature of digital-to-analog conversion a con-
version factor Kc of 3.3/256 has to be taken in consider-
ation. The PWM output is connected to a low-pass RC fil-
ter with components R=6.8 kQ and C=22 uF.

1
H,.(s)=— 8
RC<) 145 R.C 8)

The output voltage generated on the filter is finally inverted
by PSoC (Krer) and to IA where it is added to the input
ECG signal.

Other Overall System Design
Considerations

A possible problem that arises with digital-to-analog trans-
formation is noise generation. It reflects itself in a noisy
feedback offset voltage which is consequently inserted into
the ECG signal. This problem is minimized in two ways.
Noise is at first very much reduced by a low-pass RC filter
placed after the IA and is again reduced by integrating ADC.
Integrating time (Tit) of ADC and PWM pulse period (Tpywm)
are set in such way that Tint is a wholenumber multiple of
Trwm.

T, =k Tpyy; keN (9)
This relation maximizes rejection of noise generated by the
PWM, while other high-frequency (stochastic) noise is also
much reduced with ADC signal integration.

AC Filter

Using the blocks mentioned above, a first order AC-filter
eliminating the DC voltage at the input is constructed. We
can briefly describe the process that is hiding behind the
system. Although the body reference voltage potential is
setto 1.3V, itis not necessary that this is also a reference
or offset voltage for each ECG channel. It is more likely
that each channel differential voltage will have its own off-
set voltage drifting around 1.3 V value. This deviation can
cause incorrect ECG signal measurement because an in-
correct offset voltage can cause the ADC input range to
be exceeded. Any DC or very low frequency components
must therefore be removed from the signal being taken
care of by the feedback loop. The integrator in the loop
detects this error which is then converted back to the ana-
log signal and subtracted from the source ECG signal by
the IA.

Offset Compensator

The offset compensator is an additional part to the overall
AC filter design. lts position in the system can be seen in
the lower right part of the overall system block diagram
shown in Figure 2-6. The offset compensator is responsi-
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Figure 2-5: Basic System Loop

ble for setting the ECG signal to the centre of the ADC
input voltage range when certain conditions are not met.
The AC filter integrator located in the upper branch (INT)
operates all the time while the integrator in the lower branch
(INToc) is only active when the signal reaches the upper or
lower ADC limit. The part of the design that enables or
disables the second integrator is shown as a block with a
non-linear transfer function. This offset compensator con-
tinuously monitors sampled values and centers the signal
to Vpp/2, where Vpp is the ECG signal peak-to-peak volt-
age. When the values are within a preset range, the sec-
ond integrator is disabled, but when the values fall out of
the preset range, the second integrator is enabled.

System Transfer Function Calculation

After having described the system, we can show a com-
plete block diagram for one of the three measurement chan-
nels (one lead). The remaining two channels are designed
in a similar way, except for the body reference which is
common for all the three channels.

The Figure 2-6 shows which functional blocks are realized
in PSoC and which are realized with external components.
It can be seen that only input IA (Kia) and low pass filter
(Hrur) are placed outside the PSoC boundary and there-
fore realized with external components.

The following transfer function can be written for the sys-
tem presented in the Figure 2-6:

KCHIA 'HAD

H(s)=K s -
* 1'KINT 'KP 'HDA 'KC 'HFILT KR}ZI‘

(10)

After all values are entered in this eguation, the result is:

1616 236
2.6

HO=—00 133 1 =
- 16 22 (1])
S 2% 256 1+0.15 s

_25206.15-(0.15- s+1)-s
(0.15-s+1)- +0.5 (11)

Both poles of the transfer function are negative which is
common to absolutely stable systems. One of the transfer
function poles is at -0.544 and the other at -6.122. After
recalculation from the s domain to the frequency domain
this means the poles are at -0.087 Hz and -0.974 Hz. The
pole that is closer to zero has a dominant influence on the
system transfer function. It is therefore expected that sig-
nals of frequency lower than 0.087 Hz will be attenuated.

Fortesting purposes, the system response to the unit step
can simply be calculated by multiplying H(s) with 1/s which
is Laplace transformation of the unit step. Using the Math-
cad tool, we performed inverse Laplace transformation of
the response and got a result shown in Figure 2-7. It can
be seen that soon after the input signal goes high at t=0 s
and stays high, the system detects this as a DC offset and
starts with compensation. After two seconds, the signal
already drops by 63%.

This is the expected response. At the beginning, there is
no input signal to the system. Once the unit step is present,
the system samples the change and outputs it. But as the
input voltage does not change with time, the system treats
itas alarge DC offset. Input DC offset should not be a part
of the desired ECG signal measurement, therefore the
PSoC starts compensating it. Consequently, the output
voltage starts falling towards O V.

3. Communication interface

Processed ECG data samples are sentto the second proc-
essor that handles wireless data transfer or data storage to
removable media. Data exchange is done via both proces-
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Figure 2-6:  Complete Measurement Loop
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sors’ 12C interfaces. As the design is battery powered, it is
crucial that ECG data is sent as infrequently as possible in
order to save power. For making this possible, data com-
pression is done in the PSoC. For this purpose we imple-
mented Huffman variable length coding (VLC). This is an
entropy encoding algorithm that finds the optimal system
of encoding strings based on the relative frequency of each
symbol. Fixed 8-bit size binary symbols are replaced with
variable length codes of an optimal length in such a way
that the most common symbols are presented in the short-
est way possible. The larger is the probability of a symbol
to occur, the shorter is its code.

Because of the dynamic nature of the ECG signal, the range
of different values it can take is relatively large. Figure 3-1
shows how often individual 8-bit sampled values of the ECG
signal are repeated over a certain period of time.

The number of different values can be significantly reduced
if the ECG signal is represented with differences between
adjacent signal values. Distribution of such signal repre-
sentation is shown in Figure 3-2.

We can see that this kind of signal representation is more
concentrated around one value and is less dispersed over
the whole range. A system with less different values can
more easily and efficiently be encoded, therefore the sec-
ond signal representation was chosen. As an offset value
of the signal must be known, the first data sample needs
to have its real sampled value. All other ECG signal values

repetiions
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Figure 3-1:  Value Distribution of a Sampled ECG Signal
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Figure 3-2:  Distribution of Differential Values Between
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are derived from the given differences. The resulting ECG
signal vector would thus be:
X=[x(1),d,, ,d,5, o, d, ] (12)
where x(1) is the first data sample and di is the difference
between sample x(i) and x(j). This kind of data stream can
be efficiently encoded at this point. A set of Matlab/Oc-
tave dedicated functions was used in order to generate
the Huffman codes from the distribution shown in Figure
3-2. Because of power saving, the encoded ECG signal
data needs to be sent out of the PSoC microcontroller in
bursts of packets. A calculation of the compression ratio
versus the packet size was used to find an optimal packet
length. To find the optimum packet size, an N bytes long
input vector was compressed and repacked to P bytes long
output packets. The compression ratio is represented as:

. . Input Packets N
Compression_Ratio= = == (18)
Output_Packets P

Results are shown in Figure 3-3 where it can be seen that
the packet size greater than 10 bytes should be sent to the
second microcontroller.

ogfi
o,sl,
0.7H -

0.6 ..............

Camgression Ratio

0.5 - I SR e

03 : ; , : : :
0 20 49 60 80 100 120 1490

Packet Size {bytes]

Figure 3-3: Compression Ratio vs. the Packet Size

4. Resulis

Hardware implementation was verified using a sine gener-
ator to scan the frequency response function. Measure-
ments showed that the system started to attenuate input
signals of the frequency lower than approximately 0.4 Hz.
Attenuation of V2 was achieved at approximately 0.075
Hz which is very near to one of the calculated poles of the
system transfer function.

Inthe next step we measured how the system responds to
a unit step input signal. Figure 4-1 depicts this measure-
ment performed on the third channel. As the other two
channels were short circuited, they are not shown. The
markings in the figure are used for a quicker orientation. It
can be noted that the response is very similar to the calcu-
lated response depicted in Figure 2-7, meaning that im-
plementation results overlap with theoretical results.

After verifying characteristics of each channel, the ECG
signal was measured using the placement as described
for a popular holter manufactured by Spacelabs Burdick,
Inc. The lead placement and placement description ac-
cording to /4/ are shown in Figure 4-2 and Table 4-1.

ECG Lead Placement

Figure 4-2:

Figure 4-1:
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Table 4-1: Lead Placement Description

# | Channel Color | Lead Placement

11 1(-) white LA BeIO\.N left olaVicIe, just lateral to the midclavicular line.
2 1(+) red Mod V5 At the fourth rib to the left of the sternal border.
3|2(-) brown RA Below right clavicle, just iateral to the midclavicular line.
4 | 2(+) black Mod V6 Fifth rib at anterior axillary line.

5| 3(-) blue Sternum At manubrium sterni.

6 | 3(+) orange | Mod V4 At the sixth rib on the midclavicular line.

7 | Bodyref green Reference | Lower right chest wall, rib.

Measurement results according to the above lead place-
ment:

Figure 4-3:  3-channel ECG Measurement

5. Conclusion

One of the possible ways of implementing an ECG signal
acquiring unit was discussed in this paper. We have decid-
ed to design a device similar to the commercially available
ECG holter monitors with as little electronic components
as possible. In fact, only instrumentation ampilifiers, pas-
sive RC filters and a PSoC microcontroller were used for
our implementation. We started by identifying the problems
present at ECG signal measurements, then we defined a
model eliminating these problems and at last calculated its
response to the input signal.

The design in hardware and software proved to work in the
same way as the theoretical model. Measurements showed
that the input DC voltage and common mode voltage are
successfully reduced and therefore do not have any major
influence on the ECG signal measurement quality. Our
design samples and records the input signal at the rate of
100 samples per second with 8-bit resolution. The input
signal frequency range is between 0.1 Hz and 50 Hz. Sig-
nals of the frequency out of this range are either attenuat-
ed or not sampled correctly.

In the next step we shall investigate the possibilities of in-
creasing both the sampling frequency and the number of

bits per sample. The microcontroller is loaded as little as
30%. The theoretical limitations show the maximum sam-
pling frequencies to be up to 800 Hz @ 9 bits and maximum
resolution 12 bits @ 100 Hz. Some of the possible limita-
tions will surely be additional tasks the microcontroller shall
have to perform in a target system. Also to be investigated is
the allowed power consumption of the target system.
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THE PRINCIPLE OF NEW SIGMA DELTA MODULATION
TECHNIQUE BASED UPON THE USE OF A FLIP-FLOP
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Abstract: This paper describes a new sigma delta modulation technigue. This technique is used for measurement of changes in half capacitive bridge to
detect deflections, which can result from acceleration input in practice. The half bridge is connected to a modified flip-flop circutt, the outputs of which are
used for one-bit force feedback. The modification of flip-flop consists in the implementation of a switched capacitor structure to achieve a perfect flip-flop
value symmetry and compensation of a flicker noise. Some theoretical considerations are verified by experimental results. An experimental circuit has
been constructed from discrete elements.

Osnove nove sigma-delta tehnike modulacije na osnovi
uporabe flip-flopa

Kju€ne besede: sigma-delta modulacija, flip-flop, kapacitivni merilniki pospeska

lzvle&ek: V prispevku opisujemo novo sigma-delta tehniko modulacije. Uporabliamo jo pri meritvi spremembe kapacitivnosti na mosticku namenjenemu
zaznavanju odmikov pri pospesevanjih. Mosti¢ek je prikloplien na flip-flop vezie, katerega izhode uporabljamo za povratno vezavo na mosticek. Mosticku
je dodana struktura stikalnega kondenzatorja, s pomodjo katerega dosezemo popolno simetrijo izhoda flip-fiopa in kompenziramo $um. Nekatere teor-
eticne predpostavke smo preverili s preiskusi. Preizkusno vezje smo izdeleli z diskretnimi elementi.

l. Introduction charge integration technique /1/. Other techniques can
be found in reference /2/.

A. Capacitive accelerometers Force balancing of the proof mass is attained by enclosing
the proof mass in a negative feedback loop. The feedback
loop measures deviations of the proof mass from its nom-
inal position and applies a force to keep the proof mass
centered. The accelerometer output is taken as the force
needed to null, or zero, the position, shown in Fig.1b.

In a typical capacitive accelerometer, the proof mass is
suspended above a substrate by compliant springs. Two
nominally equal-sized sense capacitors are formed be-
tween the electrically conductive proof mass and station-
ary electrodes /1/. When the substrate undergoes accel-
eration, the proof mass displaces from the nominal posi-
tion, causing an imbalance in the capacitive half-bridge,
shown in Fig.1a. This imbalance can be measured using

Taking into account only electronics of the system, the pre-
cision of measurement largely depends on position sense

Sense Position sense Comparator
element interface
x digital output
Spring Proff-mass = v = filter —>
\
/i 3\ § 2\ x
Stationary W F

Comb Fingers ~__ ¢ \ ] y

. Anchor Electrostatic force
a) b)
transducer

Figure 1a)  Sense element, b) schematic of sigma- deita feedback loop
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interface. A great deal of contributions therefore focuses
on elimination of errors of charge amplifier as a main part
of the sense interface. Common-mode rejection ratio, flick-
er noise, dc offset of operational amplifier, and mismatch-
es in reference capacitors are the main problems that must
be solved. An excellent solution can be found, for exam-
ple, in /1/. In this solution, the op-amp flicker noise and
dc offset are measured and subtracted using correlated
double sampling /1/. By using an input common-mode
feedback /1/, the problems with common-mode rejection
ratio and with mismatches in reference capacitors are
solved. However, using this approach the system complex-
ity rapidly increases.

Considering the above-mentioned discussion, this paper
explores a new sigma-delta technique based upon the use
of a flip-flop circuit. Properties of the flip-flop and some
topics are therefore depicted in the following paragraph.

B.  Utilization of the flip-flop circuits in
sensor-based systems

First idea to use the flip-flop in sensor-based systems can
be found in /3/. The circuit in Fig.1 as the sensor based
on a flip-flop circuit has been introduced in this reference.
In comparison to the standard flip-flop, the control impuls-
es are not applied to the bases of the transistors but the
circuit is repeatedly connected to a voltage source, shown
in Fig.2. Note that flip-flop can be also controlled by a tri-
angular or sine wave signal. The standard flip-flop consist-
ing of two transistors and two resistors is characterized by
two stable states, one and zero. In case of ideal value sym-
metry because of a noise it is not possible to decide that
the stable state will be final. However, over a large number
of cycles the ratio of ones to zeros will be one - 50 % state
of the flip-flop /3/.

—

Yo
¢ a=2V4/T,

A w7 AN

v ,\LCSJ_ J_CS‘ \Lv 2 T./2 i

A flip-flop circuit with triangular control
signal

Figure 2.

As described in /4/, when Cs+>Cs. and other parameters
are identical, the flip-flop takes the stable state ‘one’. It
means that a high potential Vi, is applied across capacitor
Cs+ while a low potential V; is applied across capacitor Cs..
Assume that standard capacitors of the flip-flop are re-
placed by sense capacitors according to Fig.3.

X%%

Figure 3. Schematic of capacitors Cs+,Cs.

An electrostatic force between parallel plates of capacitor
Cs+ is given by

_19Csy 2
=275 m

while between parallel plates of capacitor Cs: it is a force
given by

_10Cs_ 2
F = 2 o 4 (2)
The resultant force Frs=F+-F- may be shown to be
_1dCg 2
Ffs T2 ox Vfb ®

where Q%S_ = agi+ = agi" and szb = V/;?‘ ~V[2. In case
that flip-flop holds the stable state ‘zero' itis a force F=-Fs,
shown in Fig.3. Hence, controlling the flip-flop by a trian-
gular signal, the force is applied between parallel plates of
the sense capacitors to keep the proof mass m centered,
which corresponds with the principle of a capacitive ac-

celerometer.

To use the above mentioned principle, the perfect value
symmetry of the flip-flop must be achieved. Note that man-
ufacture inaccuracy of the resistors in the standard CMOS
technology is at least 15 %. Primarily, the problem with
mismatches in resistances of the flip-flop must be solved.
A modification of the flip-flop is described in the following
section.

Il.  Modified flip-flop circuit

A. Switched capacitor based flip-flop
circuit

As it can be seen in Fig.4a, the standard resistors are re-
placed by switched capacitors. The switches are repeat-
edly turned on and off in the following order S3,52,S1
and again S3. Corresponding control signals are shown
in Fig.5. When control frequency fsw of the switched ca-
pacitor C is at least two orders higher than the frequency
fc of the triangular impulse generator V, the circuit is equiv-
alent to the scheme shown in Fig.4b. To the point 1 as
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well as to the point 2 an equivalent resistance Reqy is con-
nected.

14 14
a) b)
Figure 4a)  Flip-flop with the switched capacitor,b)

equivalent circuit diagram

Ves3
—>
Ve2 t
—>
Ve f, t
—>
Tsw t

Control signals vc1,vc2, and vc3 of the
switches $1,82, and S3

Figure 5.

Equivalent resistance Reqy is given by well-known formula

1
@ g

(4)

The approach shown in Fig.4a has several important ad-
vantages, including its non-sensitivity to changes of the
capacitor C and the control frequency fsw. The circuit is
also realizable using CMOS technology. On the other hand,
switch charge injection as a new influence must be taken
into account. Switch charge injection and a noise within
the flip-flop are analysed in the following paragraphs.

B. Analysis of aflicker noise

Flicker noise in the flip-flop is mainly due to switches
51,52,S3. Flicker noise due to unipolar transistors T1,T2
can be omitted because these transistors are turned off in
the moment of turnover. Fig.6 shows a CMOS switch. Since
the switches are repeatedly turned on and off, a non-sta-
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tionary model and usage of time domain analysis is need-
ed to analyse the influence of flicker noise.

V/N V;‘N
Ve ¢ @ ' :
T
|
Figure 6. CMOS switch

As shown in /5/, the root mean square (RMS) of noise
voltage Viy relating to the control circuit is given by

2
1 4oy
Vi :[%] ?J‘J‘J‘ g(M)C, (s,.]s, = 5,| )drds,ds, (5)

r 00 Ay

where Cox is the gate oxide capacitance, A is the channel
area, g is the elementary charge, Ay is the fastest transi-
tion rate, and AL is the slowest transition rate of the carri-
ers, g represents the distribution of A, Cy is an autocovar-
iance in the time domain /5/ and t; is the time during which
the switch is turned on. Typical values for 0.8um CMOS
process are as follows: Ay =10"%" A =4.10?"'s" Cox =0.8
fFum2, ke=1027, A=1 pm?. By numerical solving of (5),
for t=0.1 us, we get Viy=1.2 uV. Because of such a small
noise voltage, the influence of the flicker noise can be ne-
glected,

C. Analysis of KT/C and shot noise

Because both kT/C and shot noise are high frequency,
they are analysed in this paragraph together. To quantify
the effects of the noise on the value symmetry of the flip-
flop, it is useful to refer all noise sources to the points 1,2,
shown in Fig.4b.

As it is described in paragraph lla, the switches of the flip-
flop are repeatedly turned on in the following order
S3,82,8+, and again Sa. When it holds that Cs+,Cs>>Csw,
where Csw is an output capacitance of the switch, kKT/C
noise is largely due to sense capacitors Cs+,Cs. . There-
fore, RMS of the noise relating to the points 1,2 (see Fig.4a)

is given by VTh = 2kT C., where k is the Boltzman

constant, T is the thermodynamic temperature, and
Cs=(Cs++Cs.)/2.

Shot noise is due to switches S1,S5. Shot noise due to
switch Sz can be omitted, because the noise of this source
is equally distributed to the right and left side of the flip-
flop. As shown in /5/, RMS of the shot noise of the switch,
which is repeatedly turned on and off, leads to
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v, = /qI/:n/(ZCSW) where Vi is maximal voltage

across the switch and q is the elementary charge. By means
of Duhamel's integral it can be shown that v+

v =at—aR, Cs, (6)
and vy

v, =at—aR, C;_ (7)

eqy
where function at describes the triangular control signal
of the flip-flop (see Fig.2). Therefore, the maximal voltage
across the switch S1 is aReqvCs+ and across the switch Sz
it is a value aRsqCs.. In case of our circuit, shot noise due

to the switches $+,S»is given by Vrh -

the resultant high frequency noise between the points 1,2
of the flip-flop is given by

lll. Experimental results

A. Verification of the flip-flop
functionality

An experimental circuit was constructed from discrete ele-
ments. The switches were realized by means of an inte-
grated circuit 74HCT4066, and the transistors Ty,T2 in
N3515 differential pair were used. Primarily, the existence
of two stable states had to be verified. The flip-flop was
controlled by triangular impulses with the parameters as
follows: a=0.85 10 Vs™!, Tc=340 us, and other parame-
ters were t,=0.1 us, Tsw=0.4 pus, Csw=3.5 pF, and Cs+ ,Cs-
about 28 pF.

S

Figure 7. Courses of voltages vi,v2

Fig.7 shows oscilloscope courses of the voltages vi,vz .
During the experiment the flip-flop according to Fig.4a took
the stable state one or zero. It is sufficient evidence of the
existence of only two stable states.

B. Influence of a noise

Using (4), (8) and parameter values shown in the previous
paragraph it follows that RMS of the total high frequency
noise should be about 20 pV.

Fig.8a) shows the change of voltage vy which is caused by
a charge injection of the switch S1. When the switch Sy is
turned on, the switch Sz is turned off and therefore switch
charge injection can break the value symmetry of the flip-
flop. However, a frequency jitter of the triangular signal must
be taken into account in relation to the control frequency
fsw of the switches. From this point of view the influence of
switch charge injection relating to the points 1,2 (see
Fig.4b) is only an additive noise. The resultant probability
of distribution is then shown in Fig.8b. As it can be seen,
expected RMS of the total noise Vhois is 260 pV. Experi-
ments have been carried out to verify this value. The meas-
urement set up is shown in Fig.9a. The impulses from flip-
flop outputs were processed, through additive invertors
T3,R; T4,R, in a personal computer (PC). The measure-
ment procedure first involves the adjustment of the offset
compensation voltage Vor until 50 % state of the flip-flop is
obtained, as shown in Fig.9b. This voltage is then again

Y el ve inject] - Fois= 260 1V
. “harge injection e
e ————— PNy Ly : {t,
- X
5 ! i f
240 % S |
1Y | i f E fz f
™Y kK 3 4
T T LN
} i ¥ \/V\ A T
Y 51 J r\} % P
a)
Figure 8a)  Charge injection, b) resultant probability of distribution
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Figure 9a)

tuned until 84 % is obtained. The difference in the two
offset voltages is then the RMS of the noise. "Eighty-four
percent” is used because this is the probability of obtain-
ing a “one’ when the shift in the distribution equals Vpeis.
According to the theoretical conclusion, Vieis is 260 LV,
whereas the measured Viois was 290 uv.

[t is useful to know the measured capacitive error caused
by the noise. Since Vi is defined as a difference between
vz and vy, by means of (8) and (7) we get Vor=aReqCs+-Cs.).
According to the parameters of our circuit it follows that
Vot/(Cs+-Cs.) =1 mV/pF. Therefore, the noise causes the
capacitive error 290 fF.

In another experimént, soma extra capacitors were added
to the capacitor Cs:. Predicted and measured values of
the offset voltage Vs are shown in Tab.1.

Table 1. Predicted and measured values of Vg in the de-
pendence on an additive capacitance

Additive capacitance  Measured voltage — Predicted voltage
[oF] [mV] [mV]

5.5 5.7 5.5

11.9 11.7 119

12.7 13 12.7

IV. Conclusions

A new capacitive sigma-delta modulation technique has
been presented. This technique consists in usage of a
switched capacitor based flip-flop. Equivalent circuit is then
characterized by perfect matched load resistances. An-
other main advantages in comparison to the ordinary ap-
proaches are as follows: negligible flicker noise (only a few
LV), simplicity (charge amplifier, comparator and another

32

Measurement set up, b) 50 % state of the flip-flop

compensating circuits are not needed), high capacitive
sensitivity (in refation to an offset voltage it is 1mV/pF).
The capacitive sensitivity may be at need regulated by a
control frequency of the switches. A disadvantage is rela-
tively high charge injection of the switches. However, test-
ed circuit was made only from discrete elements. By real-
ization on a chip the substantial enhancement can be ex-
pected.
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Kjuéne besede: inteligentna obladila, inteligentne tekstilije, podrogja uporabe

lzvleCek: Prispevek podaja pregled dosezkov pri razvoju inteligentnih tekstilij in oblagil, prav tako pa tudi namen in moznosti njihove uporabe. Ker so
inteligentna obladila kot odzivno-sporoéilna obladila kombinacija dodane elektronike, neelektronskih komponent in inteligentnih tekstilnih materialov, sov
prispevku predstavljeni tudi inteligentni materiali, ki so nova generacija viaken, prej in tekstilnin materialov, iz katerih se izdelujejo tovrstna obladila. Nova
generacija vlaken in tekstilnih materialov ter miniaturne elektronske komponente omogodajo izdelavo uporabnin inteligentnih oblagil, ki so obdrzala obica-
jen videz, le da je vanje vgrajenih ve¢ miniaturnih elektronskih naprav. Nosijo se kot vsakdanja oblagila, ki zagotavijajo pomod v razliénih okolisdinah s
Sirokim spektrom uporabe. Predstavljene so tudi ciline skupine uporabnikov tovrstnih oblacil, za katere bi se proizvodnja tak$nih oblacil lahko zadela.

Objavljeno v reviji TEKSTILEC, 2004 let. 47, &t. 78, str, 232-242

Intelligent Textiles and Clothing

Key words: intelligent clothing, intelligent textiles, applications

Abstract: The paper gives an overview of achievements in the field of development of intelligent textiles and garments and their end-use. An intelligent
garment is a combination of incorporated electronics, non-electronic components and intelligent textile materials. Intelligent materials, which are used for
manufacture of intelligent garments, such as new generation fibres, yarns and textile materials are presented. These new materials and miniature electron-
ic components enable production of really useful intelligent garments, which retain their conventional appearance but have electronic components
incorporated. They are worn as everyday garments but provide help in many different situations with a wide range of applications. Target user groups for
which production of intelligent garments could start are presented.

ucinkov /2/; izredno hiter razvoj in prodor elekironskih
naprav v razlicnih izvedbah in funkcijah pa je privedel do
ideje o vklju¢evaniju teh proizvodov tudi v obladila in s tem
do nastanka t.i. inteligentnih obladil.

1.0 Uvod

Inteligentne ali pametne (angl.: smart) tekstilie so nova
generacija tekstilnih viaken, prej in izdelkov, narejenih iz

njih, s Sirokim spektrom uporabe. Inteligentne tekstilije so
po eni od definicij definirane kot materiali, ki so zmozni
zaznati stimulanse okolja, se nanje odzivati ter se jim prila-
goditi /1/. Ti stimulansi, kot tudi reakcije, so lahko ele-
ktricnega, toplotnega, kemi¢nega, mehanskega, magnet-
nega in drugega izvora. Glede na nacin odzivanja delimo
inteligentne materiale v tri skupine /1/:

- pasivni inteligentni materiali, ki lahko le zaznavajo stim-
ulanse zunanjega okolja, torej delujejo kot senzorji,

- aktivni inteligentni materiali, ki lahko zaznavajo stimu-
lanse okolja in se nanje odzivajo, torej imajo funkcijo
senzorjev in aktuatorjev (sprozilcev) ter

- visoko inteligentni materiali, ki lahko zaznavajo, se odziva-
jo in se prilagodijo stimulansom zunanjega okolja.

Natrgu se ze uveljavljajo Stevilni tekstiini materiali, ki kazejo
»inteligentno« obnasanje: npr. uravnavajo toplotno
ravnotezje telesa, spreminjajo barve z namenom izboljgan-
japocutia, nas v primeru $portnih aktivnosti ohranjajo suhe,
preprecujejo potenje, nas varujejo pred nevarnim sevan-
iem, itd. K hitremu razvoju inteligentnih tekstilij je pripomo-
gla predvsem vojaska industrija, ki uporablja tekstilije v ra-
zliéne namene, npr. v ekstremnih razmerah za jakne ali
uniforme, ki spreminjajo barve za izbolj$anje kamuflaznih
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V nadaljevanju bodo predstavijeni inteligentni materiali in
obladila z uporabnega vidika in nakazane ciline skupine
uporabnikov.

2.0 Inteligentni tekstilni materiali

Inteligentni tekstilni materiali, ki so zmozni zaznati stimu-
lanse okolja, se nanje odzvati ter se jim prilagoditi, imajo
Cedalje pomembnej$e mesto v raziskavah, ki so usmer-
jene v iskanje novih funkcionalnih lastnosti tovrstnih mate-
rialov.

Ena pomembnih lastnosti inteligentnih materialov je vseka-
kor moznost uravnavanja telesne temperature z dinamién-
im shranjevanjem in sprogcanjem toplote vtemperaturnem
obmodju blizu temperature koZe (od 29 do 35 °C) s sprem-~
injanjem agregatnega stanja iz trdega v tekoce in nazaj. Za
ta namen so bili razviti t.i. materiali PCMs (PCMs, angl.
Phase Change Materials), ki so pri dologeni temperaturi
izpostavijeni faznemu prehodu. To so materiali z vgrajenimi
mikrokapsulami PCMs v viakna, netkane tekstilije ali pene.
Aktivna substanca v mikrokapsuli PCM so lahko razliéni
parafinskivoski, pri katerih se izkoris¢a sprememba toplote,
ki jo aktivna substanca sprosti oz. prejme pri spremembi
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agregatnega stanja trdo-tekoc¢e in nasprotno, po ¢emer
so tudi dobili ime PCMs. Med spremembo agregatnega
stanja mikrokapsula PCMs prejme in akumulira razmero-
ma velike koli¢ine toplote iz svojega okolja. Med ohlajan-
jem se nakopi¢ena toplota sprosti in s tem pomaga
vzdrzevati stalno telesno temperaturo /2, 3, 4/. Pionir na
podro&ju razvoja tehnologije vgrajevanja mikrokapsul PCMs
v vlakna PAN je ameriska druzba Triangle Research and
Development Corperation (TRDC), ki je za Naso razvila prvi
material PCMs pod zasc¢itnim imenom Outlast®, in sicer
za astronavtska oblacila /3/.

Viakna z vgrajenimi mikrokapsulami PCMs so sposobna
absorbirati odvecno toploto, jo shraniti in sprostiti oziroma
vrniti telesu, ko jo le-to potrebuje. Poskrbijo torej za ak-
tivno toplotno izolacijsko delovanje. Ce npr. telo proizvaja
vec toplote, kot je sloji obladila lahko odvajajo v okolje, to
odveéno toploto PCMs sprejme oz. absorbira in jo shrani
(skladisci); kar ¢loveku daje osvezujo¢ obcutek, slika 1a.
Nasprotno pa se pri mirovanju, ko zaradi temperaturne ra-
zlike v okolju temperatura telesa pada, odvajanje toplote
zmanjsuje, mikrokapsule PCMs sprostijo uskladis¢eno to-
ploto, kar daje toplejsi obéutek, slika 1b. Materiali PCMs,
ki shranjujejo ali sproscajo toploto, ko jo telo potrebuje, se
uporabljajo za izdelavo oblacilnih predmetov, kot so vetro-
vke, bunde, jakne, telovniki, Sportna in smucarska oblaci-
la, delovna oblacila (gasilske uniforme, potapljaska, vojas-
ka in astronavtska oblacila), rokavice, nogavice in spodnje
perilo. Lahko se uporabljajo tudi pri posteljnih vzmetnicah
in v medicinske namene za obveze, pri opeklinah ter za
vro¢e/hladne terapije /1, 3, 5/.

ol arak

Hisden zrak se .

Tops zrak se
vme natelo  &° vrnz natelo /*9{

ZNOTRAJ telesna
toplota

a) b)

INCTRAS
tetesna toplota:

Slika 1: Uravnavanje telesne temperature z materiali
PCMs,; a) absorbiranje odvecne toplote
b) sprosé&anje toplote /5/

Naslednji tip inteligentnih tekstilij so materiali z oblikovnim
spominom (angl. Shape Memory Materials). To so materi-
ali, ki se na spremembe okolja, tj. temperature ali pH med-
ija, odzovejo s spremembo oblike. To pomeni, da imajo
sposobnostvrniti se v neko prej definirano obliko oz. imajo
sposobnost »zapomniti« si obliko, sprozeno pri toplotnem
ucinku skozi deformacijsko povrnitev. Na splosno se ti
materiali pri nizki temperaturi deformirajo in pri visoki tem-
peraturi povrnejo v svojo prvotno obliko, tj. v obliko pred
deformacijo. Uporabljajo se za izboljSanje toplotnega in
vlaznostnega uravnavanja funkcionalnih oblacil, kot so
Sportna oblacila, zas¢itna obladila pred mrazom ali toplo-
to, ter za vojaska zascitna oblacila /6/. Mitsubishi Heavy

Industries je razvil nov tip inteligentnega materiala z dimen-
zijskim spominom za vrhnja oblacila, namenjena aktivhim
$portnikom. Na poliuretanu temeljeci polimerni material z
dimenzijskim spominom, imenovan DIAPLEX, je visok-
oudinkovit material, ki zagotavlja udobnost nepremodljivih
oblacil /7/. Za ohranjanje udobne mikroklime znotraj ob-
lacila je diaplex izdelan tako, da reagira pri temperaturi pre-
hoda, kar prilagodi razmere materiala spremembam notran-
jega in zunanjega okolja. Ko prihaja do aktivnosti ali spre-
memb v zunanjem okolju, material avtomaticno postane ali
bolj vodoodporen ali pa bolj vodoprepusten. Diaplex bi torej
lahko imenovali kot material, ki obvlada samega sebe. Del
Diaplexa je ultra tanka neporozna polimerna membrana.
Kot rezultat toplotnega gibanja (ki nastaja znotraj membrane
pri vnaprej doloCeni aktivacijski to¢ki temperature) nasta-
jajo mikropore v membrani, kar omogoc¢a molekulam vodne
pare in telesni toploti prehajanje skozi mikropore v zunan-
jost. Diaplex torej poskrbi za kombinacijo toplotne izolaci-
je in zracne prepustnosti ali prepustnosti vodne pare, saj
tedaj, ko je temperatura telesa nizka, omogoca oz. sluziza
zmanjsanje prepustnosti in preprecitev vstopa zrac¢nih in
vodnih molekul skozi membrano, kar omogoca ohranjanje
telesne toplote. Ko pa temperatura telesa narasca, toplot-
no gibanje aktivira mikropore med molekulami membrane
ter poveca prepustnost, tako da vodna para in telesna to-
plota lahko prehajata v zunanje okolje, s ¢imer se zagotovi
optimalno udobje /7/.

Materiali, ki prav tako izkazujejo inteligentno obnasanje,
s0 t.i. barvno aktivni materiali, ki glede na zunanje okolisCine
povratno spreminjajo barvo /2/. Poznamo razlicne vrste
barvno aktivnih materialov, ki jih glede na dejavnike, ki vpliva-
jo na spremembo barve, delimo na /2/:

- foto barvno aktivne materiale: odzivajo se na svetlo-
bo,

- toplotno barvno aktivne materiale: odzivajo se na to-
ploto,

- elektro barvno aktivne materiale: odzivajo se na ele-
ktricne impulze,

- (barvno) aktivne materiale, ki se odzivajo na tlak,

- tekocinsko barvno aktivne materiale: odzivajo se na
tekocine ter

- barvno aktivhe materiale, ki se odzivajo na elektron-
ske zarke.

Pri foto barvno aktivnih materialih se barva spremeni v stiku
s svetlobo (material absorbira svetlobo in pritem spremeni
barvo). Poznamo foto barvno aktivne materiale, ki spremen-
ijo barvo v stiku z vidno svetlobo, in materiale, ki spremen-
jjo barvo v stiku z UV svetlobo. Foto barvno aktivni materiali
se lahko uporabljajo za izdelovanje »pametnih« oken (angl.
smart windows), ki spreminjajo barvo, za racunalniske pri-
kazovalnike in drugo elektroniko, za vzvratna ogledala v
avtomobilih in tovornjakih, foto-kromove lece za soncéna
ocala, nove tipe svetlobnih detektorjev, opticna stikala itd.
/8/. Poleg navedenih materialov so zdaj na voljo tudi barvno
aktivna odzivna vlakna, to so viakna, ki spremenijo barvo,
in vlakna, ki postanejo nevidna. Viakna oz. preja za tkanje
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in pletenje prav tako temeljijo na foto barvno aktivnem efek-
tu, saj prvotno beli material ob izpostavitvi zunanji dnevni
svetlobi spremeni barvo. Sedem prvotno belih barv se lahko
spremeni v rumeno, modro, vijolicasto, skrlatno, barvo
lubenice in morsko zeleno barvo. Na trgu so ze tudi Stiri
nova barvila, ki omogocajo v stiku s svetlobo spremembo
iz ene barve v drugo, npr. rumene v oranzno, barvo breskve
v barvo vina, turkizno v modro-vijoli¢asto in svetlo roznato v
temno roznato /9/. TekocCinsko barvno aktivni materiali pa
spreminjajo barvo, ko pridejo v stik s tekoc¢ino, npr. z vodo.
Ti materiali se ponavadi uporabljajo za kopalna obladila.
Nedvomno najpomembnej$e podrodje uporabe barvno
aktivnih materialov je podroc¢je modnih obladil, za obliko-
vanje zanimivih kreacij, ki spreminjajo barvo v odvisnosti
od koli¢ine svetlobe. Barvno aktivna vlakna zaradi svoje
presenetljive in zanimive narave povecujejo zanimanje lju-
di za tovrstne materiale. Za uvajanje teh viaken v vsakdanje
zivlienje je posebej pomembno dokazati njihovo obstojnost
na svetlobi /2/.

Elektri¢no prevodni materiali so materiali, katerih ele-
ktricna prevodnost je veéja od 10* S/cm (S=1Q"). To so
materiali z visoko vsebnostjo kovin (kovinska vlakna oz. niti
iz taljivih kovin, kot so Zlahtne kovine in Al, Pb, Fe, Cu, Ni
ter zlitine-bromi in medenine) ter elektroprevodni polimeri.
Ceprav je na trgu veliko trznih razli¢ic prevodnih materi-
alov, imajo vsi enake ali podobne lastnosti. So lahki, trpezni,
prozniin stroSkovno konkurencéni. Dve od pomembnih last-
nosti prevodnih materialov sta elektromagnetna zaséita in
elektricna prevodnost, zahvaljujod njihovim posebnim
zgoraj omenjenim lastnostim /2/. Raziskovalni tim podjet-
ja ElekSen iz Londona, ki dela na razvoju prevodnih mate-
rialov, materialov, obéutljivih na tlak, elektronike, racunaln-
iske programske opreme in proizvodnega inzenirstva, je
razvil t.i. tehnologijo ElekTex /10/. Gre za visoko spre-
menljivo in inventivhno tehnologijo, ki zagotavlja osnovo za
mehke, prilagodljive in prijazne vmesnike med uporabnikom
in elektronskimi napravami. Tehnologija je kombinacija
senzorskih materialov ElekTex, elektronike ElekTex in pro-
gramske opreme. Ta struktura materiala lahko natanéno
zazna polozaj na treh oseh (X, Y, Z) znotraj strukture mate-
riala, debeline, manjse od 1 mm. Strukiura materialov Ele-
kTex torej ne zaznava samo poloZaja X-Y (polozaja mesta
0z. tocke delovanja tlacne sile oz. dotika, npr. pritisk pr-
sta), ampak tudi intenziteto tla¢ne sile (polozaj oz. tocke
delovanja sile), torej Z-os /10/.

Uporaba materialov, ob¢utljivih na dotik oz. tlak, je raznoli-
ka. Ena izmed moznosti je izdelovanje noénega perila iz
tovrstnih materialov, ki bi med spanjem merili tlaéne sile
telesa na povrsino lezis¢a. Na mestih delovanja najvedjih
tlacnih obremenitev bi bilo mogoce skupaj z leZisdem
uravnavati ravnino povréine lezisc¢a. Tako bi se na mestih
najvecijih tlacnih obremenitev upogibala povréina lezisca
tako dolgo, dokler se tlacne obremenitve ne bi izenadile, s
¢imer bi se povecala udobnost spanja, hrbtenica pa bi se
postavila v pravilen polozaj. Na podoben nacin bi bilo
mogoce meriti tudi tlaéne sile, torej tlacno obremenitev na
avtomobilskih sedezih, ki bi se elektricno uravnavala tako
dolgo, dokler se tlak, s katerim telo deluje na naslon in
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povrsino sedala, ne biizenadil in povecal udobnost voznje
predvsem na daljsih razdaljah.

Za zaznavanje delovanja in merjenje intenzitete tladne sile
ter polozaja delovanja sile je podjetje ElekSen razvilo
prozno, upogljivo tipkovnico ElekTex, vgrajeno v tekstilni
material. Danadnji materiali za tipkovnice so v glavnem trdi
ali poltrdi materiali v obliki plasti¢nih ali tiskanih membran-
skih stikal, ki se najpogosteje montirajo na trdo podiago.

Mehko-stikalna tehnologija t.i. tehnologija SOFTswitch
materialu omogoca delovati kot elektronska naprava. V res-
nici to pomeni, da so lahko mehki in fleksibilni materiali
uporablieni na podroc¢ju konvencionalnih trdih, plasti¢nih
tipkovnic, stikal in gumbov. Materiali SOFTswitch so obé&ut-
liivi na dotik, tako da se lahko uporabljajo za nadzor in za-
znavo tlaka. Lahko neposredno sodelujejo s katerim koli
tipom elektronske naprave brez potrebnega podajanja zna-
kov ali softverske interpretacije. Povezava med &lovekom
in napravami postaja torej ¢edalje bolj mehka; otipljiva in
nosljiva elektronika predstavlja del oblacila, ki ga nosimo.
SOFTswitch materiali so izdelani z zdruzevanjem lahkih
prevodnih materialov z zelo tankim slojem kompozitnega
materiala, ki skrbi za delni nadzor elektronskih naprav in
preprosto preklapljianje on/off. Tekstilne stikaine naprave
so izdelane za sodelovanje s katero koli elektronsko napra-
vo, kar je ponavadi izvedeno z uporabo stikal, tipkovnic,
gumbov, senzorjev itd.

Kliutna komercialna uporabna podroc¢ja mehko-stikalnih
izdelkov SOFTswitch so: »elektronika, ki jo obledemo«
{angl. wearable electronics), kot so mehka tipkovnica, ja-
kna z mehko tipkovnico in rokavice, ki omogodajo medse-
bojno brezzicno komuniciranje z elektronskimi napravami
vnasem domu, v avtu ali na delovnem mestu; odzivno-spo-
rodilne notranje povréine, kot so stikala za lu¢, TV daljinec
in druga stikala, ki so vgrajena v notranjost tekstilij v nasem
domu ali na delovnem mestu za nadzor osvetljave, varnos-
ti, temperature idr. elektronskih naprav; fleksibilne ragu-
nalniske in igralne naprave, kot so miska, tipkovnica in kon-
trolna konzola, ki omehéajo plasticne komponente ter jih s
tem naredijo za uporabnika bolj prijazne; izdelki za uc¢enje
{igrace, glasbila in senzorji tiaka, kamor sodijo medicinski
materiali obc¢utljivi na tlak, $portna oblacila in avtomobilski
sedezni senzoriji. Nekatere inteligentne proizvode,izdelane
iz SOF Tswitch materialov prikazuje slika 2 /12, 13/.

Velik pomen lahko danes pripisemo tudi tekstilijam z ele-
ktromagnetno zascito oz. zaséito pred elektros-
mogom. Elektrosmog se lahko definira kot skupni pojem
za vsa namerno povzrocena elekiri¢na in magnetna polja,
ki nastopajo oz. izstopajo tam, kjer tece elektricni tok ali
nastaja elektricna napetost in pogosto povzroda
zdravstvene tezave pri obéutljivih ljudeh, starejsih in bolni-
kih, npr.: utrujenost, stres, depresija, glavobol, nespeénost,
nervoza, vedenjske motnje pri otrocih, visok krvni tlak,
motnje spanja itd. Nevarno elektromagnetno valovanje
oddajajo Stevilne elektricne in elektronske naprave, ki nas
obdajajo na delovnem mestu, kot tudi v zasebnem zivijen-
ju, npr. raunalnik in druge ra¢unalniske ter pisarniske
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c) d)

Slika 2: Mehko-stikalni izdelki SOFTswitch /13/
a) jakna z mehko tipkovnico, b) stikalo za Iug,
¢) raCunalniska miska, d) klaviatura

naprave, gospodinjski aparati, radijske in televizijske
naprave, mobilni in brezzicni telefoni, javna prevozna sred-
stva, radarji, medicinska in industrijska oprema, naprave
za distribucijo in uporabo elektricne energije itd. Za zasci-
to pred elektricnim poljem se lahko uporabljajo elektro-
prevodni materiali, kot so kovinska viakna, pred magnet-
nim poljem pa t.i. feromagnetni materiali, kot so npr. zele-
zovi in nikljevi delci oz. prah. Na trgu so Ze razlicni materi-
ali, ki pa najveckrat varujejo le pred nizkofrekvencnim
poliem, ne pa pred magnetnim /14/. Po nekajlethem
raziskovanju je Svicarski firmi Swiss Shield /16/ iz Fluma
uspelo v sodelovanju s strokovnjaki z razliénih podrodij raz-
viti tanko fino tekstilijo, ki prvi¢ ucinkovito varuje pred ele-
ktricnim in elektromagnetnim sevanjem. Deluje po principu
Faradayeve kletke. Resitev so nasliv 0,02 mm tanki kovin-
ski niti, ki je skupaj z vlakni oplaséena v nit. Kot las tanka
bakrova nit je posrebrena in z bombaznimi ali PES vlakni
oplas¢ena tako, da nastane oplaséena nit s prevodnim
jedrom. Tkanina Swiss Shield® je tako stkana, da nastane
zelo fina, za oko neopazna kovinska resetka. Le-ta deluje
kot ogledalo, ki odbija vpadne Zarke vec kot 99-odstotno.
Tkanina je svetovno patentno-pravno zascéitena in optimal-
no varuje pred elektromagnetnim valovanjem (z 90 - 99-
odstotnim ucinkom zascite) ter Siroko paleto uporabe. Je
zelo tanka in prosojna, pralna pri 30 °C, proZna ter doseg-
liiva v razliénih dizajnih (v razlicnih barvah in tisku) in se
enostavno predeluje za razlicne namene uporabe, npr. za
zascitna in delovna obladila, zavese, baldahine in predelne
stene, posteljno perilo, zasc¢itne sisteme za tla, stene in
strop, zasdéitne sisteme za industrijsko varnost itd. /15/.

Poleg navedenih je potrebno omeniti tudi Tekstino, d.d.,
v Ajdovscini, ki je razvila novo blagovno znamko tkanin in
prej bombaznega tipa, imenovano Tekstim, ki ucinkovito
Scitijo pred skodljivimi elektromagnetni sevanji (EMS). Tka-
nine in preje Tekstim bombaznega tipa imajo vgrajena ner-
javeca kovinska vlakna, ki 8¢itijo pred skodljivim EMS tako,
da odbijajo okrog 80 % vpadnega signala EMS v
frekvencnem obmocju 10 do 1000 MHz. Visokofrekvencno

obmocje od 10 do 1000 MHz je prakti¢no obmodje vseh
visokofrekvendnih virov EMS, kamor spadajo radio, TV, vsi
oddajniki, radiodifuzija, mobilni telefoni, bazne postaje,
radarji, repetitorji in drugi oddajniski sistemi. Raziskave
ucinkovitosti slabljenja tovrstninh metaliziranih tkanin so
potrdile uporabnost teh tudi za ljudi z vgrajenimi elektron-
skimi implantanti ali srénimi spodbujevalniki /16/. Preje in
tkanine Tekstim so namenjene izdelovanju lahkih zascitnih
obladil, dnevnih oblek, spodnjega perila, dekorativnih tkanin
in drugih za&citnih izdelkov /16/.

K inteligentnim tekstilijam pristevamo tudi opti¢na viak-
na, ki se v tekstilnih izdelkih uporabljajo v dva razlicna na-
mena, in sicer za opticne senzorje za merjenje tempera-
ture, tlaka in prisotnih plinov, ter kot vliakna, ki so sposob-
na prenasati svetlobni signal na velike razdalje. Na hong-
konski Polytechnic University so razvili razli¢na sredstva z
uporabo opti¢nih viaken, namenjena merjenju tlaka in tem-
perature v kompozitnih materialih. Steklena opti¢na viakna
v tekstilnih strukturah pa se uporabljajo tudi za izdelovanje
gibkih prikazovalnikov. Ti prikazovalniki temeljijo na tkani-
nah, izdelanih iz opti¢nih viaken in klasi¢nih prej. Video
zasloni LCD ali CRT niso primerni za vgrajevanje v inteli-
gentna obladila zaradi svoje notranje togosti ter precej ve-
like prostornine in svoje teze. Novi tekstilni gibki prikazoval-
niki olajsajo, poenostavijo in premostijo slabe strani teh
tezkih zaslonov. Razvoj fleksibilnih prikazovalnikov, kitemelj-
ijo na opticnih viaknih, odpira nova podrocja, kot so inteli-
gentna in komunikacijska oblacila, avtomobilska in hisna
oprema ter dekorativna oprema. Prototip opticnega prika-
zovalnika (OFFD, angl. optical fibre flexible display) je bil
predstavijen na Avantexu 2002 /17/.

3.0 Razvoj inteligentnih obladil

Ljudje uporabliamo vec in veé elektronskih izdelkov; mo-
bilne telefone, prenosne ra¢unalnike, dlanénike, osebne
hi-fi naprave in Se marsikaj drugega. lzredno hiter razvoj in
prodor elektronskih naprav v razlicnih izvedbah in funkci-
jah je privedel do zamisli o vgrajevanju teh izdelkov tudi v
oblacila.

Tako zasledimo prve vgrajene mikroracunalnike v obladila
in s tem razvoj prvih t.i. inteligentnih oblaéil Ze v poznih 70.
letih prejsnjega stoletja. Tedaj je bil tudi prvi¢ vpeljan po-
jem »nosljivracunalnik« (angl. wearable computer), in kas-
neje pojem »pametno« oblacilo (angl. smart clothing). Ste-
vilni strokovnjaki, ki se ukvarjajo s tekstilnimi materiali in
oblacili, pojmujejo leto 2000 kot obdobje prvega izrazite-
ga pojava t.i. inteligentnih oblacil; to so obladila, ki kazejo
lastnost »inteligentnega«, odzivnega obnasanja.

Stevilni raziskovalci, ki sodelujejo pri razvoju inteligentnih
oblacil, stejejo Steva Manna za idejnega ustvarjalca tovrst-
nih oblacil, saj se je v poznih 70. oz. zgodnjih 80. letih
prejSnjega stoletja zadel zanimati za brezzi¢ne racunalni-
Ske sisteme, ki bi se lahko nosilinatelesu /18/. Prvi njegov
prototip oz. izdelek »v oblacilo vgrajenega racunalinika« je
nastal v 80. letih prejSnjega stoletja. Nekoliko cuden prvi
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Steve Mann’s "wearable computer” and "reality mediator” inventions of the 1870s hav

e evolved into wha
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Slika 3. Prototip ,nosljivega racunalnika" skozi leta razvoja /18/ a) zgodnja 1980, b) sredina 80, leta c) zgodnja 90.

leta, d) sredina 90. let, e) pozna 90. leta

profotip z 1,5-palénim zaslonom CRT je morala podpirati
kolesarska ¢elada in je lahko prikazoval le 40 znakov be-
sedila. Celado je pozneje nadomestil pas, v katerega so
bile vgrajene komunikacijske naprave. V zgodnjih 90. letih
je nastal udoben in prakti¢en sistem na podlagi o¢al (z 0,6-
palcnim zaslonom CRT), ki so se pozneje spremenila v
sodobnejsi vizir, Kjer je sporazumevanje omogodila ante-
na, vgrajena v pokrivalo. V sredini 90. je nastal prototip, ki
zdruzuje komercialno dosegljiv prikazovalnik izdelovalca
Kopin (ameriski izdelovalec naglavnih prikazovainikov)
skupaj s komercialno dosegljivo celicéno komunikacijo. Pro-
totip, ki je nastal v poznih 90., je skoraj nelodljiv, sestav-
lien iz naglavnih ocal in racunalnika, ki ga oble¢emo pod
majico. Slika 3 prikazuje razvoj Mannovega prototipa »radu-
nalnika, ki ga oblecemo« (wearable computer) /18/.

S. Mann se ze od 1980. leta kot avtor raziskovalnega pro-
jekta na Massachussets Institute of Technology (MIT) v
Cambridgeu ukvarja z raziskovanjem in moznostmi reSevan-
ja tehni¢nih problemov nemotene uporabe racunalnikov in
njihovih zunanjih enot, vgrajenih v oblacila. 1z raziskav v
letih 1980-1996 je videti, kako se z razvojem racunalniske
tehnike in opreme zmanjsdujeta teza in dimenzije racunaln-
iskih komponent, rastejo pa njihove procesne zmogljivosti
ob nenehnem znizevanju proizvodnih stroskov. Pri tem je
prisel do spoznanja, da so racunalniki dovolj majhni za
vgradnjo v obladilne predmete in da je njihova vgradnja zelo
prakticna, saj jih lahko ves ¢as uporabljamo, uporabnikom
pa jih ni treba nositi v posebnih torbah. S. Mann je tako
postal avtorimena wearable computertj. raGunalnika, vgra-
jenega v obladila in kasneje tudi pojma smart clothing
(pametna oblacila). Poleg tega je postavil niz zahtev in funk-
cij, ki bi jin tovrstna oblacila morala vsebovati oz. bi morala
biti obvezno opremljena z zmogljivim PC radunalnikom z
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vgrajenimi kamerami, raCunalniskimi kazalciin drugimi sen-
zorji, kiso mrezno in brezziéno vezani na internetno omrezje
/18, 11/.

Nova viakna in tekstilni materiali ter miniaturne elektronske
komponente omogocajo izdelavo resni¢no uporabnih in-
teligentnih obladil, ki so obdrzala obi¢ajen videz, le daje v
njin vgrajenih veé miniaturnih elekironskih naprav, ki se v
veliki meri uporabljajo v vsakdanjem zivijenju in so nastale
kot posledica intenzivnega tehni¢no-tehnologkega razvoja
elektronike, e posebej miniaturizacije elektronskih kom-
ponent. Nosijo se kot vsakdanja oblacila, ki zagotavljajo
pomoc¢ v razli¢nih okoliséinah s sirokim spektrom uporabe

/19/.

3.1 Prvainteligentna obladila

Od leta 1998 se z razvojem inteligentnih oblacil ukvarja
vecje Stevilo podjetij. Tako delujejo znana podijetja, kot so
Reima-Tutta, DuPont, Nokia, Polar Electro, Suunto idr., v
okviru projekta »Smart Clothing project«, ki so v
sodelovanju z raziskovalno skupino s Tampere University
of Technology in University of Lapand iz Finske konec
marca 2000 predstavila prototip inteligentnega obladila,
namenjenega predvsem voznikom motornih sani (angl.
snowmobile) /19/. Obladilo je bilo razvito za primere, ko
se uporabnik izgubi v arkti¢nem obmodju, pade v hladno
reko ali jezero, dozivi nesre¢o ali okvaro na sneznih saneh,
se znajde v temi, dozZivi nenaden napad kaksne bolezni ali
pa v primeru podhladitve. Inteligentno obladilo za voznike
motornih sani je sestavljeno iz dveh spodnjih obladil, za-
§Citnega telovnika ter jakne in hlad. Obladilo je zmozno
dajati sporocila o zdravju, lokaciji in gibanju uporabnika. Z
razlicnimi vgrajenimi senzorji je mogoce spremijati uporab-
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nikovo zdravstveno stanje in polozaj gibanja. Ce uporab-
nik dozivi nesreco ali naleti na kaksno drugo nenormalno
okoligino, obladilo avtomatic¢no poslje sporodilo v bolnis-
nico z informacijami o splosnem stanju uporabnika ter o
tehni¢nih ali drugih tezavah. Sporocilo vsebuje trenutne
koordinate uporabnikovega polozaja in podatke o fizioloskih
parametrih uporabnika. Funkcionalna arhitektura je dovrse-
na z uporabo navigacijskega sistema GPS, telefona GSM
za komuniciranje, pozivnika SOS in kompasa. Senzorski
sistem je sestavijen iz tipala za merjenje srénega utripa,
treh senzorjev za dolocanje polozZaja in gibanja, desetih
tipal za merjenje temperature, enega elekiroprevodnega
senzorja in dveh parov senzorjev zaznave. Pozivnik SOS
se lahko aktivira roéno ali avtomatsko s spremljanjem tel-
esnih funkcij, ki prikazujejo potrebo po pomodi. Oblacilo
ima osnovne lastnosti dolo¢anja toéne lokacije (skozi koor-
dinate 3 do 12 satelitov), komunikacije in zascite v hladnih
okoligéinah. Skupaj z vgrajeno opremo oblacilo tehta 4,5
kg. Elektronski dodatki so vgrajeni v notranjost oblacila,
da so blizu povrsine telesa, s ¢imer so zasciteni pred nizki-
mi temperaturami, ¢eprav delujejo do temperature -20 °C.
Oblagilo je sestavijeno iz treh slojev toplotne zascite, od
katerih se lahko notranji sloj ob telesu, Se elektricno ogre-
va. Obladilo, ki omogoc¢a ohranjanje telesne toplote in je
zradno prepustno ter hkrati neprepustno za vodo in vre-
menske vplive, je izdelano iz materialov outlast (material
PCMs) in gore-tex. Sprejemne in oddajne antene so izde-
lane iz elektricno prevodnih viaken. V oblacilo je vgrajena
baterija, ki omogoc¢a 24-urno neprekinjeno delovanje in se
lahko napolni prek napetostne vticnice na sneznih saneh.
Posebna zanimivost so vgrajene naprave, ki lahko zaznajo
tréenje, padec, gibanje ali mirovanje ponesrecene osebe,
in drugi senzotji, ki spremijajo delovanje srca in utripa ter
telesne temperature med reSevanjem ponesre¢enega.

Oblacilu za pomo¢ uporabniku v nesrecah ali za zascito
obladilnih funkcij so dodane razli¢ne neelektronske poseb-
nosti. To so npr. snemljiva neprepustna in nepremocljiva
torba oz. vreca, ki uporabnika stiri ure varuje pred podhla-
ditvijo, snemljiv negorljiv Zep za taljenje snega (za prido-
bivanje vode), prva pomo¢, prozoren Zep z zemljevidom
itd. Na sliki 4 so prikazane posebnosti polarnega inteligent-
nega obladila /1, 19, 20/.

Oktobra 2001 je finska oblacilna druzba Reima predstavi-
la prvo inteligentno oblacilo v evropskih drzavah, t.i. Rei-
ma Smart 3305. Mobilni telefon, povezan z miniracunain-
ikom, zvoénikom in mikrofonom, je integriran v jakno in
omogoda boljSe komuniciranje med skupino, na primer
deskarjev na snegu. Prvo komercialno oblacilo Reima
Smart 3305 je izdelano za enostavno sporazumevanje in
je nekaksen »obleden« dodatek k telefonu GSM. Upora-
blia se za posiljanje glasovnih sporocil med skupino upo-
rabnikov /20/.

Podjetji Lewi’s in Philips, ki sodelujeta pri projektu, sta
prehitela druzbo Reima in dala na trg svojo prvo kolekcijo
oblacilnih izdelkov z integrirano racunalnisko mrezo.
Lewi'sove ICD+ jeans jakne z integrirano komunikacijsko

Sniemljiva torba
0z. vreta
Klin za led

Snemljiv Zep za Prozoren Zepz

talienje snega zemljevidom
Cprema za Oprema
preZivete prve pomodi

Snezniéevli

i
Slika 4: Posebnosti polarnega inteligentnega oblacila /20/

mrezo, ki uporabniku omogoc¢ajo stalno povezanost z in-
ternetom, so bile Ze jesenileta 2000 na trgu (za 990 EUR).
Oblacila, blagovne znamke Lewi's [CD+ (Industrial Cloth-
ing Devision), imajo vgrajen mikrofon, slusalke, vstavijene
na ovratniku jakne, Philipsov mobilni telefon in prenosni
MP3-predvajalnik. Philips je posebej za ta oblacila razvil
komunikacijski sistem z daljinskim upravljanjem, ki uporab-
niku omogoca preprosto uporabo mobilnega telefona in
MP3-predvajalnika. Pred pranjem oblacila prenosni tele-
fon in MP3-predvajalnik preprosto odstranimo /21/.

Na Avantexu 2002 je bilo predstavljenih kakih 100 novosti
na podrocju t.i. high-tech obladil, med njimi tudi Infineon
Technologies AG. Infineon Technologies je aprila 2002
prvié predstavil resitve za t.i. wearable electronics (v ob-
lagilo integrirano elektroniko) in inteligentne tekstilije. Po-
leg tega je predstavil tehniéno dovrsene, robustne in
delovno sposobne prototipe z mikroelektronskim vezjem,
vgrajenim v inteligentne tekstilije oz. obladila. V kategoriji
novih t.i. high-tech oblacil je Infineon prejel nagrado za
miniaturni termogenerator, ki izrablja temperaturno raz-
liko med povrsino telesa in obdanim oblacilom, za prido-
bivanje elektricne energije. Ker ljudje proizvajamo energi-
jo v obliki telesne toplote (nekateri celo nekaj 10 W) so
raziskovalci Infineona del te energije poskusili uporabiti oz.
izrabiti, To so jim omogodili polprevodni materiali, kot je
silicij, ki ustvarja elektri¢no izhodno mo¢ nekaj mW/cm2.
Za doseganje visoke temperaturne razlike so termogenera-
torji neposredno zdruzeni s tkanino, da dosezejo dober
toplotni kontakt s kozo. Dve majhni bakreni ploscici {prev-
leceni s srebrom ali zlatom) sta names&deni, ena na zunan-
ji, druga na notranji strani, za izkoris¢anje visoke toplotne
prevodnosti teh materialov /22, 23/. Termogeneratorji im-
ajo veliko moznosti za potencialno uporabo v inteligentnih
oblacilih, saj lahko sluZijo za napajanje naprav, vgrajenih v
oblacila. Proizvodnja energije od 100-300 mW zadostuje
za pogon medicinskih senzorjev (senzorjev za merjenje
telesne temperature, srénega utripa, krvnega tlaka), kot
tudi za brezzi¢no oddajanje podatkov v kontrolnih napravah
in za mikroelektronske cCipe. To daje pacientom vec svo-
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bode v primerjavi s standardnimi napravami, ki so pove-
zane s kabli. Moznost uporabe se kaze tudi pri sodobnih
slusnih aparatih, kjer lahko z uporabo termogeneratorjev
namesto baterij zmanjSamo stroske. V primerjavi z baterija-
mi imajo termogeneratorji naslednje prednosti /23/:

- so pralni in vzdrzijivi,
- sestavijeni so iz ekolosko prijaznih materialov in

- imajo neomejen zivijenjski ¢as.

Raziskovalci Infineona so v sodelovanju z dijaki srednje Sole
za oblikovanje (Deutschen Meisterschule fiir Mode) iz
Minchna razvili jakno z integriranim MP3-predvajalnikom,
slika 5. Predstavili so t.i. govorno upravijan (angl. speech-
controlled) MP3-predvajalnik, ki je sestavijen iz central-
nega avdiomodula, pomnilnika za glasbene podatke, snem-
ljive baterije in multimedijske kartice, slusalk in mikrofona
ter fleksibilne tipkovnice s senzorskim modulom.

Slika 6. Jakna z integriranim MP3-predvajalnikom /22/

Vse elektronske enote so medsebojno povezane z ozkim
trakom z vgrajenimi prevodnimi nitmi. Elektronika MP3-
predvajainika je vgrajena neposredno na obladiine dele in
zavarovana tako, da prenese celo pranje oblagdila. Proizva-
jalci oblacil lahko pralen MP3-paket nasijejo neposredno
na oblaciline dele /22, 24/

Izdelovalec Sportnih oblacil O’Neill Europe je v sodelovan-
juz Infineon Technologies razvil jakno, imenovano »The
Hub«, ki je namenjena deskarjem na snegu. Ta predstavija
inovacijo v O'Neillovi zimski kolekciji 2004/05. »The Hub«
mobilni komunikacijski center s &ipom, ki ga je razvil Infin-
eon, zdruzuje prenosni 128 Mb MP3-predvajainik, teh-
nologijo Bluetooth za mobilni telefon ter mikrofon, vstav-
ljen v ovratnik jakne, ki omogoc¢a prostoroéno telefoniran-
ie/25/.

Zanimiva novost na podrodju inteligentnih obladil so tudi
tekstiine elektronske etikete (angl. smart labels), ki so jih
zaceli vgrajevati v svoje izdelke proizvajalci obladil. Gre za
tanke in upogljive radiofrekvenéne Gipe, imenovane tek-
stilne elektronske etikete. Sestavijene so iz majhnih
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mikroCipov RFID, ki shranjujejo razli¢ne informacije, ter
integrirane antene, s katero se informacije brezziéno, torej
brez elektri¢nih kablov, medsebojno izmenjujejo. Vgrajeni
radiofrekvencni ¢ipi (RFID, angl. Radio Frequency Identi-
fication) se lahko uporabljajo v proizvodnji, za spremljanje
proizvodnega procesa izdelave obladil ter upravijanje z av-
tomatiziranim medfaznim transportom v proizvodnji.
Spominske zmogliivosti tovrstnih ¢ipov so se povedevale,
tako da je mogoce kodiranje tudi niz drugih informacij, kot
so informacije o surovinski sestavi, velikostni tevilki ter
natanénih podatkov o nacinih vzdrZevanja in nege obladi-
la. Ti Cipi se lahko uporabljgjo tudi pozneje, npr. v velikin
pralnicah in kemiénih Cistilnicah za avtomatsko razvrstitev
oblacil po programu pranja ali ¢i¢enja, kot tudi kasneje
med razvrd¢anjem distribucijskim centrom oz. lastnikom
oblacil /22, 26/. Francosko podijetje Tagsys, ki je pionirv
razvoju 13,56 MHz etiket, je izdelalo &ip z optimalnim spom-
inom, velikostjo in podatkovno strukturo. Tagsys RFID &ip,
izdelan za sledenje umazanega perila v velikih pralnicah,
se lahko z zelo majhnimi strogki neposredno vstavi e v
procesu izdelave oblacil ali pa v pralnicah z uporabo avto-
matskega sistema (angi. Automatic Chip Attachment Sys-
tem). Predstavili so ArioTM 10 - TL &ip, ki deluje na frek-
venci 13,56 MHz, masa ¢ipa znasa 2,54 g, oblika diska
pa ima premer 22 mm in debelino 2,8 mm. Lahko zdrzi
200 pranj po 16 minut pritemperaturi 85 °C in 200 ciklus-
ov susenja v trajanju po 10 minut v tunelskem finiserju pri
temperaturi do 180 °C. Odporen je tudi proti kemikalijam,
uporablienim pri ¢iscenju in susenju /27/.

Zanimive so tudi novosti na podrodju novih zvrsti obladil. Tako
je italijanska modna oblikovalka Alexandra Fede na Avan-
texu 2002 predstavila popolnoma nov tip oblagdila, t. i. ak-
tivnega obladila {angl. activating apparel, a-apparel). Udo-
bnost med nosenjem se doseze z neznimi masaznimi in vi-
bracijskimi blazinicami, ki so vgrajene v vecerno ali postovno
obleko. Te lahko obvladujemo z majhnim radunalnigkim
Cipom, ki aktivira eno ali ve¢ vgrajenih blazinic tako, da je na
uporabnikovi kozi povzroCen prijeten spodbujevalni ucinek.
Lahke in gibke vibracijske blazinice (angl. vibrapads) nihajo
programirano. Majhna krmilna blazinica z elektronskim &ipom
sprozi - glede na program - tresenje ene ali veé vibracijskih
blazinic, ki uporabniku oblacila oddajajo prijetne spodbu-
jevalne obcutke. Vibracije na t.i. JoyDress obleki se pro-
gramirajo na zelo enostaven nadin /28/.

Sé&chsisches Textilforschungsinstitut e.V iz Chemnitza
je razvil inventivno inteligentno zasditno oblagilo za gasilce
zvgrajenim elektrosenzorskim sistemom, ki naj bi z razlién-
imi senzorskimi enotami varoval ¢loveka pri izpostavijenos-
ti npr. pri visokih temperaturah ali elektromagnetnemu
sevanju. Elektro-senzorska zaéitna obleka ima naslednje
funkcije /29/:
- toplotni senzorji, vgrajeni oz. vstavljeni na zunanji in
notraniji strani oblacila, zaznavajo toplotno izpostav-
lienost,

- merjenje in nadziranje dihalne frekvence ter srénega
utripa za spremljanje zavesti gasilca,
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- spremljanje temperature zunanjega in notranjega og-
rinjala za prepreditev lokalnih koznih opeklin in za
doloditev stopnje toplotnega tveganija,

- zaznavanje nepri¢akovanih mocnih zunanjih vplivov
(npr. EM sevanje),

- doloc¢anje lege oz. kraja nesreée gasilca s pomocjo
sistema GPS {12-ih satelitov na 20000 m visine),

- vsi ugotovljeni podatki se prek modema posredujejo
na gasilsko postajo.

Na Univerzi Georgia Tech iz Atlante so razvili jopic, ki je
nekaksna »racunalniska osnovna plosc¢a, ki jo lahko ob-
leGemo« (angl. Georgia Tech Wearable Motherboard-
GTWM), slika 6. V zacetku razvoja je bil namenjen pred-
vsem za vojaske potrebe. Jopic je izdelan iz opticnih viak-
en za odkrivanje poloZaja strelne rane na telesu in poseb-
nih senzorjev, ki spremljajo fizioloske funkcije uporabnika
med vojaskimi aktivnostmi. GTWM je stkan tako, da so
opti¢na viakna (POF) in druge posebne niti vgrajene v struk-
turo tkanine brez vidnih prekinitev. GTWM je za komercial-
no uporabo izdelan pod imenom »Smart Shirt« firme Sen-
satex. Inteligentni jopic, ki se oble¢e pod oblacilo, je pralen
in se vzdrzuje po ustaljenih postopkih ¢isCenja. Uporablja
se v vojaske namene, prav tako pa tudi za merjenje in
spremljanje Zivljenjskih telesnih funkcij sportnikov, bolnik-
ov in starejsih oseb, ki so oddaljeni od medicinskih sre-
dis¢, za spremljanje razvoja bolezni, spremljanje stanja
novorojenckov in za potrebe posebnih sluzb /1, 30/.

Slika 6: »Racunalniska osnovna plosca, ki jo lahko
obleé¢emo«, »Smart Shirt« /1, 30/

5.0 Ciljne skupine uporabnikov

Inteligentna oblacila bodo na zacetku zelo draga. Kljub temu
pa obstajajo kljucni uporabniki, ki bi bili pripravijeni plagati
visoko ceno za ugodnosti, ki jih ponuja uporaba razlicnih
vrst inteligentnih oblacil.

Prva ciljna skupina uporabnikov je vsekakor vojska. Inteli-
gentna, odzivno-sporodcilna vojaska oblacila bodo imela
vgrajene senzorje, predvsem zvoka, toplote, navigacijske-
ga in komunikacijskega sistema, radarje ter avtonomno
napajanje vseh vgrajenih naprav za Sest dni. Oblacilo naj
bi imelo moznost spreminjanja barv v skladu z okoljem, v
katerem se bo nahajal vojak, in bo uporabljalo tehniko
spreminjanja barv v veznih tockah. Imelo naj bi tudi moznost
regulacije premera por na oblacilu, s ¢imer se ustvari ak-
tivna filtracija zraka, predvsem prepuscanje kisika in
zadrzevanje vhoda vojaskih strupov in drugih necistoc.
Poleg tega bo imelo aktivno toplotno zaséito ter vgrajeno
tehni¢no opremo. Inteligentna oblacila za vojsko bodo ver-
jetno tudi varovala pred vdorom nabojev, torej bodo odpor-
na na udarce in preboj. V primeru strelne rane bo na mestu
preboja naboja v telo nastala prekinitev v viaknih, katero bo
tovrstno oblacilo zaznalo. Tako bo mogoce natancno dolociti
lokacijo rane na telesu, na podlagi katere se bo lahko oce-
nila prioriteta sanacije rane. Podatki o lokaciji rane, izgubi
krvi, srcnem impulzu ipd. bodo neposredno poslani ekipi, ki
skrbi za ranjence. Predvideva se, da bo vojska prva pomem-
bna skupina uporabnikov inteligentnih obladil.

Druga skupina so delovna odzivno-sporodéilna oblaci-
la, namenjena delavcem v gradbenistvu, ladjedelnistvu,
velikin skladiscih idr. ter pri vrstah nadzornih aktivnosti, ki
se potekajo na velikih povrsinah. Oblacila, namenjena nad-
zoru industrijskih procesov, bodo opremljena z zmogljivim
brezzicnim racunalnikom z zelo velikim spominom, v kat-
erega se bodo shranjevali procesni parametri in baze znanja
strokovnih sistemov. Poleg tega bho opremljeno z vedjim
Stevilom senzorjev za spremljanje industrijskih procesnih
parametrov oz. vrednosti.

Tretja ciljna skupina so inteligentna oblacila, namenjena
poslovnezem. Njihova oblacila bodo navzven obdrzala
strogo poslovno obliko, le da bo v obladilo vgrajenih veliko
elektronskih naprav, ki se uporabljajo za poslovne aktivnos-
ti. Najbolj znacilna aktivnost je vsekakor stalna povezanost
z internetom ter prek njega s pisarno in z vsemi poslovnimi
napravami, nameséenimiv pisarni. Poslovni ¢lovek bo lahko
med svojo odsotnostjo prejemal in posiljal poslovna po-
rocila in urejal razne zadeve, kot da bi bil v pisarni. Prav
tako bo lahko vzpostavil komunikacijo s svojim avtomobi-
lom, izbral najboljso pot med voznjo (tudi v primeru pro-
metnih zamaskov) ali pa se sporazumeval s trgovinskim
centrom, v katerega bo namenjen. Neposredno pred pri-
hodom domov bo lahko po internetu in brezzicni telefonski
zvezi nastavil zeleno temperaturo v hisi ali stanovanju, vk-
ljucil klimatsko napravo, stedilnik, mikrovalovno pecico s
pripraviieno hrano, ali celo zalivanje cvetja ob daljsi odsot-
nosti od doma.
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Cetrta ciljna skupina so ljudje, ki bodo inteligentno obladi-
lo uporabljali za spremljanje svojega zdravstvenega
stanja ali dolo€ene terapije. Ta obladila bodo imela vgra-
jene razline senzorje za spremljanje telesnih funkceij, npr.
senzorje za merjenje srénega utripa, telesne temperature,
temperature okolice, plinov in onesnazenosti zraka itd.
Odvisno od potreb uporabnika bi takSna oblaéila lahko
imela vgrajene senzorje, ki bi spremljali ciljne zdravstvene
parametre, npr. koli¢ino sladkorja v krvi, ter vgrajen racu-
nalnik, ki bi skrbel za dolo¢ene terapevtske potrebe ali
vnaprej vodil dolo¢eno terapijo s ¢asovno reguliranim da-
janjem zdravil skozi upravijane membrane (namesdéene v
obliki oblizev na Clovesko kozo). Poleg tega bi obladila lahko
imela vgrajen senzor SOS, ¢e bi uporabnik potreboval
kakrsno koli pomo¢, ter vgrajen navigacijski sistem GPS
za doloc¢anje trenutne lege uporabnika v primeru nesrede
ali klica na pomod.

Peta cilina skupina so mladi, ki zelo dobro sprejemajo in
spremljajo izdelke sodobne tehnologije. Mladi bi nosili in-
teligentna oblacila z vgrajenimi MP3~ in CD-predvajalniki,
mikrofonom, zvoéniki, slusalkami, racunalniskimi igricami
ter integriranimi videosistemi z vgrajeno miniaturno kame-
ro. Zanimivo je, da se je proizvodnja takénih obladil z vgra-
jenimi elektronskimi napravami Ze zacela in da so nekateri
izdelki, namenjeni mladi populaciji, na trgu ze dosegljivi.
Tu pa ne smemo pozabiti na zaséito uporabnika inteligent-
nega oblacila pred elektrostati¢nim in magnetnim poljem
oz. elektromagnetnim sevanjem raznih naprav, vgrajenih v
oblacilo. Zato je treba uporabljati tekstilne materiale z ra-
zliéno prevodnostjo (npr. prevodne materiale), tako da nji-
hov dolo¢en del omogoca zaséito telesa pred sevanjem
vgrajenih elektronskih naprav.

Sesta cilina skupina so §portniki in rekreativci. Sportna
inteligentna obladila bi sluzila za zapisovanje in spremiljan-
je vseh podatkov med vecjimi telesnimi obremenitvami pri
doseganju vrhunskih rezultatov, spremljanju telesnih na-
porov ter spremljanju in analizi rezultatov treninga. Pri
rekreativnih Sportnikih bi bila tovrstna oblagila izdelana v
»blazji« obliki. Za osebe, ki dosti truda vlozijo v svoj telesni
videz in kondicijo, bi oblacila imela vgrajene senzorje hoje,
ki bi belezili stevilo korakov, dolzino hoje in hitrost hoje, na
podiagi katerih bi lahko izradunali porablieno telesno en-
ergijo. Ra¢unalnik bi prikazoval porablieno telesno energ-
ijo in izradunal koli¢ino energije, ki bi jo taka oseba Se
morala porabiti, kot tudi pripadajoce telesne aktivnosti, da
bi dosegla zeleno dnevno porabo telesne energije za ohran-
janje optimalne fizicne pripravljenostiin telesne teze. Vgra-
jeni senzorji bi lahko vsak dan spremljali aktivnosti osebe,
zbirali, shranjevali ter analizirali podatke na podlagi umetne
inteligence. Vse elektronske naprave, vgrajene v oblagilo,
bi morale zadovoljevati zahteve upogibanja in prilagajanja
gibanju telesa. To se nanasa predvsem na spominske
naprave, ki bi se vgrajevale v podlogo, oblacila ter tipko-
vnice in ra¢unalniske zaslone, ki bi se vgrajevali na zgornje
dele rokava, v blizini sklepa pesti leve roke. Poleg tega
morajo biti naprave odporne proti udarcu, dezju in temper-
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aturnim spremembam ter morajo prenesti vse postopke
nege in vzdrzevanja takénega obladila.

Sedma ciljina skupina bi bili vsi drugi ljudje, ki niso zajeti v
zgornjih skupinah in ki bi inteligentno oblacilo uporabljali
za natan¢no dolo¢en namen. Po potrebi in individualnih
zeljah bi se po nakupu taksnega oblacila poljubno dogra-
jevale posamezne naprave, s ¢imer bi obladilo sluzilo na-
tan¢no dolo&enemu namenu.

5.0 Sklep

Tekstilni materiali in oblacilni izdelki bodo vedno bolj in bolj
prevzemali inteligentne funkcije, ki so jih do sedaj delno
prikazovali npr. filmski liki, kot je James Bond. Oblaéila bodo
zdruzevala funkcije razlicnih medijev in naprav za Sirok
spekter uporabe. Na podro¢ju mikrotehnologije bodo
nenehno razvijali ¢edalje manjSe komponente, ki bodo
omogocale nevidno vgrajevanje inteligentnih funkgcij v klasi-
¢ne izdelke. Ta nova generacija inteligentnih oblagil postav-
lja 8tevilne potrebe po inventivnem razvoju znotraj oblaciine
industrije ter zahteve, ki odpirajo nove moznosti razvoja na
tem podrodju.

iz tega pregleda je jasno videti, da se z izdelovanjem tovrst-
nih oblacil ne bodo ved ukvarjali samo inZenirji oblaciine
tehnologije, ampak bodo morali pri tem sodelovati stroko-
vnjaki razii¢nih profilov in podrodij, od tekstilnih inZenirjev,
inZenirjev elektronike, elektrotehnike, strojnistva, radunal-
nistva in fizike, do strokovnjakov za radiokomunikacije, ele-
ktromagnetno sevanje itd.

Z nastankom inteligentninh tekstilij in $e posebej z nastankom
inteligentnih oblacil, ki bodo lahko samostojno izbirala
odioCitve na podlagi izmerjenih vrednosti senzorjev, vgra-
jenih naprav ali podanih ¢lovekovih zahtev, nastaja v ob-
laCilni industriji novo dinami¢no obdobje. Razvoj novega
tipa obladil daje pobudo, da bo zanimanje za tekstiino in
oblagilno tehnologijo spet postalo izrazito pozitivno, Zivah-
no in polno izzivov.
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APLIKACIJSKI CLANEK
APPLICATION ARTICLE

TD350 IGBT driver IC including advanced control and
protection functions

by Jean-Francois Garnier, Standard Linear Division, STMicroelectronics

Introduction

IGBT devices play a large role in power applications due to
their high current/voltage capability and ease of driving.
The majority of industrial applications use a 3-phase in-
verter with 1200V IGBT. Driving these devices in medium
or large power applications requires separate, floating high-
and low-side drivers with galvanic insulation. Control and
protection functions are also required to ensure reliable
operation. The device presented hereafter is a new inte-
grated circuit that includes all the functions necessary to
directly drive an IGBT in power applications and is espe-
cially adapted to 1200V IGBT with current ratings of 25 to
80A in Econopak-like modules.

Device description

The new TD350 IC uses STMicroelectronics' BCD3S proc-
ess, and fits in a standard SO14 package. The block dia-
gram is shown in Figure 1. The TD350 can be used with
either a single positive power supply (VH pin), or a dual
positive/negative supply (VH/VL pins). Separated source
(OUTH) and sink (OQUTL) output pins allow the use of dif-
ferent gate resistors for turn-on and turmn-off. The source
stage is built with a bipolar npn Darlington, whereas the
sink stage uses a MOSFET. Peak output currents are 1.2A
sink, 0.75A source minimum over the full temperature
range (-20°C to 125°C). The IN input controls the driver
outputs and is active low. Both optocoupler or pulse trans-
former can be used. A special filtering function rejects in-
put signals smaller than 100ns for safe pulse transformer
operation. An under-voltage lockout function protects the
application in case of invalid supply voltage levels by driv-
ing the IGBT gate low when the TD350 supply is lower
then the UVLO level (about 10V).

The DESAT and FAULT pins are used for the desaturation
protection with adjustable blanking time and fault status
signal. The IGBT collector-emitter voltage is monitored,
whenever it may exceed 7V, the IGBT gate will be driven
fow and desaturation information will be feedback to the
application controller by the FAULT pin.

In addition to these well-known functions, the TD350 inte-
grates two innovative features that will be described in more
detail hereafter:
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Figure 1: IGBT Driver Block Diagram

- The CLAMP pin is an input/output pin used for the
Active Miller clamp function.

- The optional 2-step turn-off function uses the COFF
pin connected to an external R/C timing circuit and
the LVOFF pin connected to an external reference
voltage.

Active Miller clamp function

The Active Miller clamp function is used to reduce the risk
of induced turn-on in high dV/dt conditions. Through this
function, the TD350 offers an alternative solution to the
problem of the Miller current in IGBT switching applica-
tions. Instead of driving the IGBT gate to a negative voltage
to increase the safety margin, TD350 uses a dedicated
CLAMP pin to control the Miller current. When the IGBT is
off, a low impedance path is established between IGBT
gate and emitter to carry the Miller current, and the volt-
age spike on the IGBT gate is greatly reduced (see Figure
2).
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Principle

The Active Miller Clamp function is implemented using a
comparator that monitors the IGBT’s actual voltage (see
Figure 3). When the gate voltage goes lower than about
2V relative to the GND level, then an internal latch is set
and the CLAMP pin is pulled to ground. Even if there oc-
cur voltage spikes due to the Miller current, the clamp is
not released due to the latched state. The clamp is re-
leased only when the output is driven to again to the high
level. In this way, the CLAMP function doesn't affect the
turn-off characteristic, but only keeps the gate to the low
level during all the off time.

TD350
OUTH[17]
QUTL[TY

Clamp Latch
R s
Clamp
reset
logic
[
Figure 3: TD350 Active Miller Clamp Function

The clamp switch characteristic is similar to the sink part
of the output stage, i.e. 1.2A peak minimum, and a maxi-

mum VOL=3V at 0.5A over the full temperature range.

The main benefits of the Active Miller Clamp are: no need
to use a negative gate voltage to keep the IGBT in safe off
state (allowing bootstrap technique for the high side driver
supply), and the possibility to adjust the gate resistor to
optimize the turn-off characteristics (commutation losses
and EMI behavior) independently of the Miller current is-
sues.

The waveforms shown in Figure 4 show how the Active
Miller Clamp results in a consistent reduction of voltage
spikes on IGBT gate, both in amplitude and duration. Tests
were done on a 1200V, 25A IGBT module with a gate re-
sistor Rg=470hms.

Figure 4: Vce and Vge waveforms without and with

Active Miller Clamp function

In large power applications where a negative voltage drive
has to be used, the CLAMP pin can be used as a second
gate discharge path during the turn-off (see Figure 5). When
the gate voltage goes below 2V (i.e. the IGBT is already
driven off), the CLAMP pin is activated and the gate is rap-
idly driven to the negative voltage. Again, the benefit is an
improvement in the time taken to drive IGBTs with a large
gate capacitance to low level without affecting the IGBT
turn-off characteristics.
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CLAMP used as secondary gate discharge
path in large power application

Figure 5:

Two-level turn-off function

If there is a short-circuit or overcurrent in the load, a large
voltage overshoot can occur across the IGBT at turn-off
and can exceed the IGBT breakdown voltage. By reduc-
ing the gate voltage for a short time before turn-off, the
IGBT current is limited and the potential overvoltage is re-
duced. This technique is called 2 level turn-off. Both the
level and duration of the intermediate off level are adjusta-
ble. The level can be easily set by an external Zener di-
ode; its value depends on the IGBT characteristics and is
about 11V for a typical IGBT (see Figure 6).

58 AN
gen 1Ty, ///w— ¥ [
490 = //4 Vge=t1y
e
< 30 e
;_: ~ Ygesgv
* ///////’/
- '
19 yz
=
0 =]
g 1 e 3 4 S
Vee (V)
Figure 6: lc=f(Vce,Vge) curves for a typical 1200V,

25A IGBT module

The duration is set by an external resistor/capacitor in con-
junction with the integrated voltage reference for accurate
timing, and is in the range of a few microseconds. This 2-
level turn-off sequence takes place at each cycle, and has
no effect if the current doesn't exceed the normal maxi-
mum rated value, but it protects the IGBT in case of over-
current event (with a slight increase of conduction losses).

To keep the output signal width unchanged relative to the
input signal, the turn-on is delayed by the same value as
the 2-level turn-off duration (see Figure 7). Using the same
timing element guarantees minimum pulse distortion. The
turn-on delay also provides a minimum on-time function as
input signals smaller than this delay are ignored. Minimum
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Input signal, COFF timing and output
waveform with the 2-level turn-off function
(the COFF timing is exaggerated for
illustration)

Figure 7:

on-time and low pulse width distortion allow safe and easy
driving from a microcontroller or DSP system

The two-Level Turn-off function principle is shown in Fig-
ure 8. Whilst the device is in 2-level turn-off, the OUTL
output is controlled by a comparator between the actual
OUTL pin and an external reference voltage. When the
voltage on OUTL goes down as a result of the turn-off and
reaches the reference threshold, then the QUTL output is
disabled and the IGBT gate is not discharged further. After
the 2-level turn-off delay, the OUTL output is enabled again
to end the turn-off sequence.
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Figure 8:

Tests were done with a standard 1200V 25A IGBT module
(Eupec FP25R12KES3) in a simple chopper circuit (see Fig-
ure 9) that allows one to adjust the level of the current at
turn-off. Waveforms at turn-off are shown in Figure 10 and
Figure 11 at the 150A level, which simulates an overcur-
rent event.

Maximum voltage reached on the IGBT collector and com-
mutation losses are shown in Table 1 for both nominal rat-
ed current at 25°C (40A) and overcurrent (150A) condi-
tions. There is no noticeable difference at nominal current,
and the overvoltage is greatly reduced in the case of an
overcurrent event.
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Figure 9: Circuit for 2-level turn-off test

Classical turn-off (VH=16V to VL.=-10V):
driver output, Vge, Ic and Vce waveforms

Figure 10;

2-level turn-off (OUT voltage is turned-off
from VH=16V to LVOFF=11V during 1.5us
and ultimately OUT is pulled to VL=-10V):
driver output, Vge, Ic and Vce waveforms

Figure 11:

Table 1: Comparison between classical turn-off and 2-level
turn-off

nominal 400V/40A overcurrent 400V/150A

Eoff Vee Eoff Vee

(md} max(V) (md) max(V)
Classlcal turn-off 25 8620 15 1000
2-level turn-off with LVOFF=11V 25 620 23 640

Conclusion

The new IGBT driver IC presented here is a versatile de-
vice that can be used in a wide range of power applica-
tions. The advanced functions (Desaturation protection,
Active Miller Clamp, 2-level turn-off) integrated inside the
IC allow safe and reliable operation with minimum external
circuitry in applications such as motor control and UPS
systems.

Information furnished is believed to be accurate and relia-
ble. However, STMicroelectronics assumes no responsi-
bility for the consequences of use of such information nor
for any infringement of patents or other rights of third par-
ties which may result from its use. No license is granted by
implication or otherwise under any patent or patent rights
of STMicroelectronics. Specifications mentioned in this
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Predstavitev Iskre Avtoelektrike d.d.
Presentation of Iskra Avtoelektrika d.d.

Iskra Avtoelektrika d.d.

Delniska druzba Iskra Avtoelektrika je globalni proizvajalec
elektricne in elektronske opreme za potrebe avtomobilske
industrije, elektromotornih pogonov za namene industrije
logisticne opreme ter komponent in sklopov na osnovi iz-
branih tehnologij.

Druzba je bila ustanovijena leta 1960. Ponasa se z dolgo-
letno tradicijo. V svoji preteklosti je dozivijala hitro rast, ve-
like in stalne spremembe. Oblikovale so jo zahteve stalno
spreminjajoCega se okolja. Na osnovi proizvodnih zacetk-
ov je v svoji zgodovini razvila in danes samostojno obvladu-
je vse funkcije poslovnih procesov od razvoja do poproda-
jnih aktivnosti. Prerasla je lokalne okvire delovanja in se
vse bolj usmerja v globalne tokove modernega sveta. Tako
se danes uvrsca med najvecja slovenska industrijska pod-
jetja in sodi v sam vrh med slovenskimi izvozniki. Danes
delniska druzba Iskra Avtoelektrika obvladuje proizvodnjo
zaganjalnikov, alternatorjev, enosmernih motorjev, ele-
ktronike, hladno kovanih delov, sestavnih delov in kompo-
nent. Skupina Iskra Avtoelektrika kot celota pa zdruzuje
Se osem proizvodnih in eno pridruzeno proizvodno druzbo
doma in po svetu in Sest trgovskih druzb v svetu v okviru
lastne distribucijske mreze.

Od vsega zacetka je Iskra Avtoelektrika posvecala poseb-
no pozornost kakovosti. Pokazatel] teh prizadevanj so
poslovni procesi skladni in certificirani na osnovi standar-
dov kakovosti ISO 9001 in QS 9000. Prizadevanja za za-
dovoljstvo kupcev pa se izkazuje v prizadevanjih za delovan-
je druzbe po nacelih poslovne odli¢nosti.
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The joint-stock company Iskra Avtoelektrika is a global
producer of electric and electronic equipment for the
automotive industry, of electric motor drive systems for
the material handling equipment industry, and a promi-
nent manufacturer of components and assemblies
based on selected technologies.

The company was founded in 1960 and is proud of its
long tradition. It experienced rapid growth in the past
and has gone through extensive and continuous devel-
opment demanded by the needs of an ever-changing
environment. From its beginnings as a production com-
pany, it has developed to control all the aspects of busi-
ness processes from research and development through
production to the aftermarket activities. Iskra Avtoele-
ktrika has outgrown its local operation increasingly fo-
cusing on the global trends of the modern world. As a
result, it ranks today among the largest Slovenian indus-
trial companies and is one of the most successful Slov-
enian exporters. Today, the company is one of leading
producers of starters, alternators, electric motors, elec-
tronics, cold forged metal parts, assemblies and com-
ponents. The group Iskra Avtoelektrika as a whole in-
cludes also eight production companies and one asso-
ciated production company in Slovenia and abroad, as
well as six trading companies operating throughout the
world constituting their own distribution network.

Since its very beginning, Iskra Avtoelekirika d.d. has paid
a special attention to quality. As a result, its business
processes are in accordance with the quality standards
1ISO 90017 and QS 9000, and it has received the appro-
priate certificates. In order to meet the needs of its cus-
tomers, Iskra Avtoelektrika is also implementing the prin-
ciples of business excellence.

Iskra Avtoelektrika d.d.

Polje 15

5290 Sempeter pri Gorici

tel.: 05/33 93 000, fax: 05/33 93 801

e-mail; info@iskar-ae.com
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Pregled diplomskih del, magisterijev in doktoratov v letu 2004
BS, MS and PhD abstracts, year 2004

DIPLOMSKA DELA

Naslov naloge: Meritve fotoprevodnih tankih plasti
organskih kristalov

Avtor: Primoz Rebernik Ribi¢
Mentor: doc.dr.Gvido Bratina, Politehnika, Nova Gorica
Univerza v Ljubljani, Fakulteta za matematiko in fiziko

lzmerili smo odvisnost toka fotogeneriranih nosilcev nabo-
ja od energije vpadne svetlobe v tankih plasteh organske-
ga polprevodnika 3,4,9,10-perilen-dianhidrid-tetrakarbok-
silne kisline (PTCDA) pri razlicnih vrednostih zunanjega
elektriénega polja. Vakumsko naparjena strukiura vzorcev
je bila ITO/PTCDA/In na stekleni podiogi. Ugotovili smo,
da fotogeneracija naboja poteka preko generacije vzbu-
jenih stanj molekul (ekscitonov), ki nato razpadejo na stikih
[TO/PTCDA in In/PTCDA oz. v sami organski plasti. Pri
disociaciji ekscitonov igra glavno viogo elektricno polje na
stikih oz. polje v sami organski plasti. Izkaze se, da je ele-
ktricno polje v glavnem prisotno na stikih [TO/PTCDA in
In/PTCDA, elektricno polje v organski plasti pa je majhno.

Naslov naloge: Karakterizacija polprevodnih lastnosti
PTKU keramike

Avtor: Matjaz DeZman
Mentor: prof.dr.Danilo Suvorov
Univerza v Ljubljani, Fakulteta za matematiko in fiziko

Cilj pricujoce diplomske naloge je bil dvojni, namre¢ pre-
veriti lastnosti pulznega merilnika varistorskega efekta na
Odseku za raziskave sodobnih materialov K9 Instituta Jozef
Stefan in karakterizirati materiale, ki izkazujejo pozitivni tem-
peraturni koeficient upornosti (PTKU). Diploma vsebuje
teoreti¢no ozadje vseh pomebnih merjenih mehanizmov
kakor tudi opis merilnih sistemov in poteka meritev. Drugi
del diplome predstavijajo meritve in rezultati z diskusijo, v
dodatku pa podajam navodilo za uporabo pulznega mer-
ilnika varistorskega efekta, spisanega na podlagi prido-
blienih izkusenj med opravljanjem meritev z njim.

Naslov naloge: Meritev temperaturne odvisnosti ele-
ktricne prevodnosti sveZnjev nanozi¢k MogSale

Avtor: Bostjan Berci¢
Mentor: prof.dr.Dragan Mihailovi¢
Univerza v Ljubljani, Fakulteta za matematiko in fiziko

V svoji diplomski nalogi bom opisal meritev temperaturne
odvisnosti elektricne prevodnosti sveznjev nanozick
MoeSals. Stik z drobnimi sveZnji smo dosegli z izdelavo
majhnih kontaktov, ki smo jih izdelali z elektronsko nano-
litografijo. Najprej bomo spoznali osnovne principe in tezave
izdelave drobnih vezij z elekironsko nanolitografijo, nato
pa si bomo podrobneje ogledali Se pripravo vzorca in potek
same meritve.

V drugem delu si bomo ogledali teoreticne napovedi, ki
izhajajo iz teorije elektronov v neurejenem mediju in nji-
hovo ujemanje z izmerjenimi podatki. [z meritev smo oce-
nili nekatere osnovne parametre, ki pogojujejo temperatur-
no odvisnost elektricne prevodnosti (preskakovalna razdal-
ia, stopnja lokalizacije).

MAGISTRSKA DELA

Naslov naloge: Pregled delovanja Bluetooth
tehnologije ter kvalifikacijskega in tipskega
postopka odobritve naprav

Avtor: Janez Dejak
Mentor: prof.dr.Saso Tomazic
Univerza v Ljubljani, Fakulteta za elektrotehniko

V magistrskem delu so predstavijene splosne karakteris-
tike tehnologije Bluetooth ter osnovne delovanje fizicnega,
podatkovnega ter mreznega sloja. Prek osnovnega komu-
nikacijskega modela je podana komunikacija med napra-
vama, ki je podrobno podana s speciflkacijskimi dokumenti
Bluetooth. Specifikacijski dokumenti se delijo na: sekcijo
jedrnih specifikaciji in sekcijo profilov. V okviru jedrnih speci-
fikacij delo opisuje delovanje oddaje in sprejema radijske-
ga vmesnika, topologijo malega in sestavljenega omrezja,
delovanje sinhronih in asinhronih povezav, format paketa
in naslavljanje naprav, tipe paketov in njihove oblike, meha-
nizme popravljanja napak, frekvenéno in ¢asovno sin-
hronizacijo vodilnih in podrejenih naprav, izbiro skakainih
zaporedij, prehode krmilnika povezav iz stanja pripravijenos-
ti v stanje povezave ter zagotavijanje varnosti. Delovanje
Bluetooth profilov pa je v delu obravnavano samo z upo-
rabniskega vidika, saj je osnovni namen poglavja predstaviti
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tehnologijo v obsegu, ki zagotavlja podlago za razumeva-
nje kvalifikacijskega in tipskega postopka odobritve Blue-
tooth naprav.

V nadaljevanju delo obravnava Bluetooth kvaliflkacijski post-
opek, ki je obvezen za vsako napravo, ki se zeli trziti pod
blagovno znamko Bluetooth. Osnovni namen kvalifikacijske-
ga postopka je zascita blagovne znamke in zagotovitev
pravilnega vzajemnega delovanja razli¢nih Bluetooth naprav
razlicnih proizvajalcev. V okviru kvalifikacijskega postopka
s0 podane vloge posameznih organov, vioga Posebne in-
teresne skupine in ¢lanstva v skupini. Podrobneje je
obravnavano kvaliflkacijsko preskusanje v neodvisnem lab-
oratoriju, priprava preskusnih specifikacij, preskusne do-
kumentacije ter tehnicne mape skladnosti. Ta nadin ocen-
jevanja skladnosti naprav s specifikacijami Bluetooth se je
izkazal za uéinkovitega, saj omogoc¢a popolno vzajemno
delovanje razli¢nih Bluetooth naprav razli¢nih proizvajalcev
tudi na nivoju aplikacije.

V zadnjem delu je obravnavana tipska odobritev Bluetooth
naprav, ki jo je treba izvesti pred postavitvijo naprave na
trg. Tipska odobritev naprave pomeni ocenjevanje sklad-
nosti naprave z nacionalno zakonodajo drzave, v kateri se
bo naprava trzila in/ali uporabljala. Magistrsko delo se tu-
kaj omejuje na tipsko odobritev proizvoda na prostoru Ev-
ropske unije oziroma Evropskega gospodarskega prosto-
ra. Delo v tem poglavju opisuje splosno evropsko ter slo-
vensko zakonodajo na podroéju odobritve proizvodov, novi
pristop ocenjevanja skladnosti, ki ga uvajajo evropske di-
rektive, uporabo modulov globalnega pristopa, vlogo
bistvenih zahtev, pomen izbire harmoniziranih ali neharmo-
niziranih preskusnih standardov, znak skladnosti CE in os-
tale dodatne znake, ki jih vpeljujejo direktive novega pris-
topa, izjavo o skladnosti ter odgovornosti za hibni proiz-
vod. Na koncu je opisana slovenska oziroma evropska za-
konodaja na podrociju tipske odobritve Bluetooth naprav.
Predstavijena je Direktiva 1999/5/EC za radijsko in tele-
komunikacijsko terminalsko opremo oziroma slovenski
Pravilnik o radijski in telekomunikacijski terminalska opre-
mi, ki je relevanten za ocenjevanje skladnosti Bluetooth
naprav. Opisani so vsi Stirje mozni nacini ocenjevanija sklad-
nosti radijske in telekomunikacijske terminalske opreme,
ki jih zakonodaja predvideva, ter podrobneje nacini ocen-
jevanja skladnosti Bluetooth naprav.

Naslov naloge: Razvoj plinskega odvodnika za uporabo
v nizkonapetostnih elektroenergetskih omre3jih

Avtor: Ales§ Stagoj
Mentor: doc.dr.Grega Bizjak
Univerza v Ljubljani, Fakulteta za elektrotehniko

Ljudje smo danes zivlijenjsko odvisni od elektriéne energi-
je ter od razliénih naprav in strojev, ki jih le-ta poganja. Za-
hteve po neprekinjeni dobavi elektricne energije so vse
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vecje in s tem tudi zahteve po preprecevanju nezelenih
pojavov v elektricnem omrezju. Eden takih pojavov so tudi
razlicne prenapetosti, ki nastajajo v prvi vrsti zaradi posred-
nih ali neposrednih atmosferskih razelektritev, patudi zaradi
stikalnih manevrov. Prenapetosti v omrezju prakti¢no ne
moremo prepreciti, lahko pa s pomocjo prenapetostnih
odvodnikov precej zmanjsamo njihov vpliv na delovanje
naprav, ki so priklju¢ene na omrezje.

V tem magistrskem delu je predstavijeno, kako pride do
elektromagnetnih motenj, ki so vzrok udara strele. Kaksne
so njene posledice za nizkonapetostna omreZja in kako se
spoprijeti z njenimi vplivi. Predstavljene so osnovne smer-
nice sistema zas¢it po priporo¢enih ali obveznih dokumen-
tih in praviinikih (standardih). Predstavijenih je nekaj os-
novnih gradnikov kompleksne zasdite elektricnih naprav
pred nevarnimi prenapetostmi zaradi atmosferskih razele-
ktritev. Prehode med razli¢no definiranimi zaséitnimi cona-
mi pa povezujejo zascitni elementi; najpogosteje so to
iskris¢a, plinski in varistorski odvodniki.

V nadaljevanju je poudarek na plinskem odvodniku (Gas
Discharge Tube - GDT), kot zadéitnem elementu (Surge
Protection Device - SPD). Prikazane so lastnosti in zaht-
eve plinskih odvodnikov za uporabo v nizkonapetostnih ele-
ktroenergetskih omrezjih. Opisan je ustrezen prototip plin-
skega odvodnika skupaj z osvojeno tehnologijo izdelave.
Prikazani so rezultati opravijenih elektri¢nih preizkusov po
ustreznem standardu. |Izpostavljena je problematika gase-
nja pricakovanih omreznih, sledilnih tokov v odvodniku,
mozne resitve in smernice za izdelavo samougasnega plin-
skega odvodnika. In nenazadnje so prikazani se statistiéni
podatki razvojnih elektricnih meritev pomembnih para-
metrov plinskega odvodnika z zunanjim premerom 14 mm.

Naslov naloge: Etalon za gostoto magnetnega pretoka
s permanentnim magnetom

Avtor: Samo Begus
Mentor: prof.dr.Dusan Fefer
Univerza v Ljubljani, Fakulteta za elektrotehniko

V magistrski nalogi je v uvodnem poglavju predstavijena
merilna sledljivost, ter definicija primarnega etalona. Pred-
stavljen je Laboratorij za magnetna merjenja in njegovo tre-
nutno akreditirano obmodje za gostoto magnetnega pre-
toka. Za merjenje gostote magnetnega pretoka od nekaj
mT do nekaj sto mT predstavija primarni etalon protonski
magnetometer, ki deluje na principu merjenja absorpcije
energije. Delovanje protonskega magnetometra temelji na
jedrski magnetni resonanci.

Drugo poglavje podaja kratek zgodovinski pregled posku-
sov ter teoreticno ozadje jedrske magnetne resonance.

Ce se elektri¢no nabit delec giblje, povzroc¢i nastanek
magnetnega polja. Delec se lahko premo giblje ali rotira.
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Taksen elektricno nabit delec je lahko tudi atomsko jedro.
Atomsko jedro ima maso, magnetni moment in spin ali ko-
tni moment. Atomsko jedro se obnasa kot majhen magnet-
ni dipol. V prisotnosti magnetnega polja lahko zavzame
delec dve energijski stanji. Z absorpcijo fotona lahko delec
preskoci na drug energijski nivo, ¢e je energija fotona enaka
razliki energij nivojev.

Magnetizacija vzorca v magnetnem polju v smeri polja Mz
je vsota prispevkov vseh mikroskopskih spinov. Opazovanje
magnetizacije je mozno z resonanénim eksperimentom. Za
eksperiment mora biti magnetno polje Bo, v katerem se
nahaja vzorec s protonskimi spini, dovolj homogeno in sta-
bilno. Ce vzorec izpostavimo motnji - visokofrekvenénemu
(VF) pulzu, spini absorbirajo energijo in preskocijo na visji
energijski nivo. Najvecja stopnja absorpcije je, ko je VF
pulza enaka Larmorjevi frekvenci. Poznana sta dva osnovna
principa merjenja gostote magnetnega pretoka s pomodjo

jedrske magnetne resonance: Blochova metoda in Purcell-

ova metoda. Pri Blochovi metodi, to je merjenju s principom
proste precesije, se vzorec (veckrat destilirana voda) na-
haja v konstantnem homogenem magnetnem polju Bo.
Vzbudimo ga z elektromagnetno motnjo, z VF pulzom. Po
prenehanju VF pulza protoni v vodi prosto zanihajo z reso-
nanéno frekvenco. Nihanje lahko opazujemo in dolo¢imo
resonancéno frekvenco. Voda v vzorcu mora biti zelo Cista,
iskanje resonancne frekvence je dolgotrajno. Potrebno je
zelo homogeno magnetno polje zato se merjenja lahko iz-
vajajo le v popolnoma neferomagnetni okolici.

Purcellova metoda temelji na principu merjenja absorbi-
rane energije. Vzorcu (vodi) se doda proste protone. Stern
se razsiri resonancna krivulja: lazje je najti resonance, tezje
pa je doloditi resonanéni vrh. Meritve so relativno hitre.
Homogenost polja je lahko manjsa kot pri merjenju s pros-
to precesijo. Zaradi dodajanja prostih protonov se spre-
meni tudi vrednost giromagnetnega razmerja .

V tretiem poglavju je na kratko opisan permanentni mag-
net, kiimav zraéni rezi gostoto magnetnega pretoka 0.31
T. Homogenost magnetnega polja v zraéni rezi omogoca
merjenje gostote magnetnega pretoka z jedrsko magnet-
no resonanco na principu merjenja absorpcije energije.

Cetrto poglavie opisuje protonski magnetometer za mer-
jenje gostote magnetnega pretoka v zracnirezi permanent-
nega magneta. Protonski magnetometer ne uporablja me-
jnega oscilatorja, temvec¢ generira VF signal z direktnim
digitalnim sintetizatorjem (DDS). Prednost DDS generator-
ja je predvsem v tem, da omogoca nastavljanje frekvence
z visoko razlodljivostjo. Ker se frekvenca nastavlja digital-
no, z mikrokontrolerjem, tudi ni potrebno merjenje frek-
vence tako kot pri mejnem oscilatorju. Sonda za merjenje
je vodna raztopina bakrovega sulfata in se nahaja v tuljavi
nihajnega kroga. DDS generator je prikljucen na nihajni
krog preko upora. Za zaznavanje sprememb napetosti na
nihajnem krogu je uporablien obdéutljiv amplitudni demod-
ulator - vzoréevalni detektor. Uporabljen je tudiv vezju fazno
obdutljivega detektorja (Phase Sensitive Detector - PSD),

ker ima tudi pasovno prepustno karakteristiko. Krmilienje
DDS generatorja, LCD prikazovalnika in preracunavanje
resonanéne frekvence v gostoto magnetnega pretoka
opravlja mikrokrmilnik. Protonski magnetometer lahko meri
temperaturo z dvema senzorjema, tako da je mozno meriti
temperature stalnega magneta in okolice.

Programska oprema mikrokrmilnika je predstavijena v pe-
tem poglavju. Program je sestavljen iz glavne neskonéne
zanke, ki pregleduje tipke, ustrezno reagira, Ce je katera
tipka (ali ved) pritisnjena in pise na prikazovalnik. Drugi del
programa, generiranje sinusnega modulacijskega signala
ali signala za frekven¢no modulacijo VF signala, pa prozijo
prekinitve v dolo¢enih ¢asovnih intervalih.

Protonski magnetometer omogoca roéno iskanje reso-
nance, avtomatsko sledenje resonancni frekvenci, avtomat-
sko iskanje resonanéne frekvence in shranjevanje rezulta-
tov v pomnilnik mikrokrmilnika. Shranjene rezultate je
mozno shraniti v datoteko na osebnem racunalniku in
graficno prikazati.

V Sestem poglaviju je opisana ¢elna plosca in prikljucki pro-
tonskega magnetometra. V tabelah so zbrane funkcije tipk
in funkcije tipk ob vklopu ali resetu mikrokrmilnika.

V sedmem poglavju so podani prispevki k merilni negotov-
osti protonskega magnetometra in prispevki k skupni mer-
ilni negotovosti kalibracije.

Rezultati meritev so prikazani v osmem poglavju. Gostota
magnetnega pretoka v rezi permanentnega magneta je bila
izmerjena v 63 tockah, v obliki matrike z 9 x 7 elementi,
Kjer je bila homogenost magnetnega polja primerna za
merjenje z jedrsko magnetno resonance. Ker se gostota
magnetnega pretoka spreminja s temperaturo, je vsaka
meritev sestavljena iz dveh: iz meritve v referencni tocki (x
=0 cm,y=+1.5cm)in meritve v eniizmed 63 tock. Ti dve
meritvi sta izvedeni v &im krajsem ¢asovnem obdobju,
obi¢ajno manj kot minuti, tako da je spreminjanje gostote
magnetnega pretoka zaradi temperature zanemarljivo.
Hkrati z gostoto magnetnega pretoka je bilo izmerjeno tudi
razmerje signal/$um v merjenih to¢kah. Obmocje, Kjer je
razmerje signal/sum najboljse, je bilo kasneje izmerjeno z
gostejSo mrezo merilnih tock (raster 2.5 mm).

Prikazani so tudi rezultati avtomatskih meritev v daljSem
casovnem obdobju. Spreminjanje gostote magnetnega
pretoka preko dneva, ko ni dodatnega segrevanja zaradi
sonca, je manjse od 200 (uT. Koeficient temperaturne
odvisnosti gostote magnetnega pretoka v rezi je
ki =-0.00041 K).

V devetem poglavju je opisan osnutek delovnih navodil za
kalibracijo magnetometrov z etalonskim sistemom. Podani
so tudi rezultati testne kalibracije magnetometra BELL 9953
s 3D sondo.

Razs8irjena merilna negotovost etalonskega sistema je
0.003 mT, pri gostoti magnetnega pretoka v zraéni reZi
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307.053mT, oziroma v relativni obliki 9.107. Razmerije sig-
nal/sum signala faznega detektorja pa je 24 dB.

V zakljuzku so na kratko podani doseZeni rezultati ter nadrti
in predlogi za izbolj$avo, oziroma nadgradnjo etalonskega
sistema. Izkazalo se je, da je zelo pomembno pravilno
pozicioniranje sonde v rezi magneta. Za doseganije boljsih
rezultatov bo potrebno izdelati posebne vmesnike za sonde,
saj bi se s tem izboljSala ponovljivost meritev in tudi same
kalibracije.

DOKTORSKE DISERTACIJE

Naslov naloge: Vpliv anizotropnih in elektriénih lastnosti
membrane na stabilnost membranskih mikro in nano
struktur

Avtor: Miha Fosnari¢

Mentor: prof.dr.Ales Igli¢

Somentorica: prof.dr.Veronika Kralj-Igli&
Univerza v Ljubljani, Fakulteta za elektrotehniko

V doktorskem delu predstavimo teoreticni model mem-
brane, ki jo sestavijajo v splosnem anizotropni gradniki. Kot
membranski gradnik obravnavamo molekulo ali pa skupek
molekul v membrani, ki ga v izbranem teoretiénem modelu
popiSemo kot celoto. Za anizotropen gradnik je znadilno,
da njegova rotacijska stanja okoli normale na povréino mem-
brane v splosnem niso energijsko enakovredna.

V predstavljenem delu poskugamo z anizotropnimi lastnost-
mi membranskih gradnikov pojasniti nekatere pojave v or-
ganskih in anorganskin.mikro in nano strukturah, kot so
stabilnost por v membranski dvojni plasti, stabilnost torocit-
nih oblik membranskih mehurckov ter sesedanje anorgan-
skih mikro in nano cevk.

Vpeljemo teoretiéni model, ki pojasni povedano stabilnost
por v lipidni dvojni plasti membrane kot posledico lateralne
preporazdelitve anizotropnih membranskih gradnikov. Pros-
to energijo membrane obravnavamo kot vsoto energije roba
pore, proste energije anizotropnih membranskih gradnik-
ovin elektrostatske proste energije naelekirene membrane.
Pri slednji upostevamo, da membrano obdaja elektrolitska
raztopina. Zaradi poveéane energije roba je energijsko neu-
godno, da membrana tvori poro. Po drugi strani pa nas-
tanek por v membrani zmanjsuje elektrostatsko prosto en-
ergijo membrane. Zaradi nastanka pore so namreé& nekat-
eri enako naelektreni gradniki membrane med seboj odd-
aljeni bolj kot v nepretrgani membrani. Zato elektrostatski
prispevek k prosti energiji membrane favorizira &im vegjo
poro. Od naelektrenosti membrane in od ionske jakosti
okolne raztopine je odvisno, ali bo previadal pozitivni pris-
pevek energije roba ali pa negativni prispevek elektrostat-
ske proste energije. V prvem primeru se nastala pora zapre,
v drugem primeru pa radij pore zelo naraste in s tem unici
membrano, Stabilne pore tako ne moremo razloziti z mini-
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mizacijo vsote energije roba in elektrostatske proste en-
ergije membrane. S predstavijenim modelom pokazemo,
da se lahko primerno izbrani anizotropni gradniki naberejo
narobu pore in z njega izrinejo izotropne lipidne molekule.
Na ta nacin zmanj$ajo energijo roba pore in elektrostatska
energija lahko mo¢no zniza prosto energijo membrane. Le-
ta ima tako globok minimum pri konénem radiju pore, ki
predstavija stabilno ravnovesno stanje sistema.

V nadaljevanju pokazemo, da lahko anizotropija membran-
skih gradnikov pojasni tudi stabilnost opaZzenih torocitnih
oblik membranskih struktur. Torocit je mehuréek, ki ima
ploscat, tanek osrednji del ter odebeljen, toroiden zunaniji
del. V osrednjem delu mehur¢ka sosednji membrani nista
v stiku. Stabilnosti opisanih mehurckov ni mogogde razioziti
z doslej znanimi izotropnimi modeli membrane. V doktor-
skem delu pokazemo, da se anizotropni membranski-grad-
niki naberejo na odebelienih robovih torocitnega mehuré-
ka in tako stablizirajo znadilno torocitno obliko.

Na koncu predstavijeni koncept anizotropije tankih struk-
tur uporabimo pri teoreti¢ni razlagi sesedanja anorganskih
mikro in nano cevk, Predstavimo preprost model, ki vse-
buje anizotropijo vecplastne stene cevke. Pokazemo, da
je lahko cevka pri majhnih debelinah stene cevke stabilna,
pri vecjih debelinah stene pa se sesede in splogéi v trak.

V doktorskem delu torej pokazemo, da imajo lahko anizo-
tropne lastnosti tankih membranskih struktur pomemben
vpliv na obliko membrane. Anizotropne lastnosti pridejo se
posebej do izraza v primerih, kjer ima del membrane mocéno
anizotropno geometrijo in velike ukrivijenosti.

Naslov naloge: Analiza temperaturnih razmer pri kali-
braciji standardnih platinastih uporovnih termometrov
v fiksnih celicah

Avtor: Valentin Batagelj
Mentor: prof.dr.Janko Drnovéek
Univerza v Ljubljani, Fakulteta za elektrotehniko

Kalibracija standardnih uporovnih termometrov (SPRT-jev)
v fiksnih tockah predstavlja enega od osnovnih gradnikov
mednarodne temperaturne lestvice ITS-90, ki je temel; za
prakticna merjenja temperature v znanosti, industriji in vsak-
danjem zivljenju. Obvladovanje merilnih postopkov pri kali-
braciji in objektivna ocena z njimi povezanih meriinih nego-
tovosti je brez dvoma tisti cilj, ki zagotavija, da bodo rezul-
tati meritev temperature konsistentni, tako pri rutinskin
merjenjih, kot tudi merjenjih na najvisjem metroloskem nivo-
ju.

Doktorska disertacija na pogloblien nadin obravnava anali-
zo temperaturnih razmer, ki jih srec¢amo pri kalibraciji SPRT-
jev v fiksnih celicah. V ta namen je bil izdelan numericni
model temperaturnih potekov, ki predstavija uginkovito
orodje za objektiven vpogled v kompleksne fizikalne po-
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jave, katerih ozadje lahko sicer na podiagi meritev le sluti-
mo. V okviru disertacije je bil numeriéni model uporabljen
predvsem pri analizi prispevka negotovosti zaradi izgubnih
toplotnih tokov, vendar pa njegova uporabnost vsekakor
presega ta okvir. V disertaciji so bile tako nakazane tudi
druge moznosti uporabe, pri cemer velja posebej izpostaviti
moznost uporabe numeri¢nega modeliranja pri nacértova-
nju novih fiksnih celic in termometrov, ter moznosti opti-
mizacije merilnih postopkov pri uporabi obstoje¢e merilne
opreme. Z numericnim modelom lahko analiziramo tudi
pojav lastnega segrevanja uporovnih termometrov, ki je bil
v okviru disertacije podrobneje obdelan, pri ¢emer je bil
poudarek predvsem na objektivni dololitvi merilne nego-
tovosti in na moznostih izboljSave merilnih postopkov z up-
orabo razlicnih kombinacij merilnih tokov.

Naslov naloge: Direktni AC/DC pretvornik s korekcijo
faktorja mod¢i z modulacijskim algoritmom

Avtor: Rudolf Prosen
Mentor: prof.dr.Miro Milanovié

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

Z uporabo vezij in modulacijskih strategij za korekeijo fak-
torja mocilahko v enofaznih in trifaznih sistemih dosezemo
faktor modi blizu vrednosti 1. V disertaciji je predstavljena

izdelava trifaznega stikalne ga usmernika od matemati¢nega
modela, izraduna modulacijske strategije, simulacije do
konéne izdelave prototipa. S pomodjo stikalno matricnega
pristopa je bil izveden modulacijski algoritem, ki je zago-
tovil sinusne oblike vhodnih tokov pri sinusnih vhodnih na-
pajalnih napetostih. Pri tem se je iz matematiCne analize
procesa pokazalo, da za korekcijo faktorja moci tokovni
senzorji niso potrebni. lzdelana je bila sinteza usmernika
po W oodovi metodi. Za potrebe regulacije je bil izracunan
dinami¢ni model vezja.

Matemati¢no izpeljano strukturo vezja in izra¢unani modu-
lacijski algoritem je bil najprej preskusen s simulacijo. Upo-
rabljen je bil simulator Spice.

Rezultati simulacije so potrdili teoreti¢cno napovedano
delovanje usmernika brez tokovnih senzorjev s faktorjem
modi blizu 1. Na osnovi matemati¢ne izpeljave strukture
vezja in modulacijskega algoritma je bil izdelan prototip
usmernika, na katerem so bile potriene teoreticne pred-
postavke, ki izhajajo iz matemati¢ne analize matri¢no or-
ganiziranega usmernika.

Modulacijski algoritem je bil implementiran s pomocjo
mikrokrmilnika.

Izhodna enosmerna napetost je bila nastavljiva in regulira-
na z digitalnim regulatorjem, implementiranim v mikrokrmil-
nik.
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NEWS

ASML/Applied team up on 65nm
technology

Important milestone for thin-film
crystalline silicon solar cells

DUTCH lithography company ASML and US semiconduc-
tor equipment behemoth Applied Materials have joined
forces to speed up the development of 65nm and below
process equipment technology.

Under the deal, ASML will deliver an immersion lithogra-
phy system to Applied Materials’ Maydan Technology Cen-
tre in early-2005.

The scanner will be used by Applied and its customers to
develop and test processes for production chip manufac-
turing. “Matching advanced lithography with process sys-
tem development is becoming critical to achieving the di-
mensional control and rapid yield ramps required by chip-
makers for manufacturing sub-90nm designs,” said Mark
Pinto, senior vice president of Applied Materials.

“Having ASML's most advanced system in our development
facility provides us with the unique capability to merge the
requirements of lithography with a host of other process
equipment challenges facing the industry, with the goal of
offering timely, reliable, production-ready solutions.”

ASML is also working with Belgium research centre IMEC
on developing a sub-45nm research platform based on
advanced lithography. The IMEC research will investigate
process and resist related issues with the goal of prepar-
ing immersion lithography for production use by 2007.

Soitec joins ATDF’s 45nm research
project

FRENCH company Soitec has announced that it will sup-
ply silicon-on-chip {(SOI) substrates for a major initiative
aimed at developing multi-gate field effect transistor
(MUGFET) technology for the 45nm node and below.

The research project is being spearheaded by Texas based
research body Advanced Technology Development Facility
(ATDF) -a subsidiary of trade consortium Sematech - and
involves chip makers, equipment suppliers and universities.

MuGFET is a generic term used to-describe a variety of
new, multiple-gate field effect transistors, including CMOS
FinFETs (FETs with “fin-shaped” transistors) and triple-gate
devices. These transistors are increasingly being seen as
an alternative to simple scaling down in the race to keep
up with Moore's Law.
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IMEC achieved an efficiency of 5% for thin-film crys-
talline silicon solar cells by applying aluminum-in-
duced crystallization (AIC) in combination with high-
temperature epitaxial deposition on ceramic sub-
strates.

Thin-film crystalline silicon solar cells on cheap substrates
are a promising alternative to traditional bulk crystalline sil-
icon solar cells because of their higher potential for cost
reduction. However, these cells have up to now a limited
efficiency due to the lower crystallographic quality of the
layers obtained by deposition and/or crystallization. An
appealing solution is AlC followed by epitaxial deposition
to create the active layer.

AlC is typically used on glass substrates, which usually have
a very flat surface (roughness below 10nm) but cannot
withstand the high temperatures needed for good epitaxy.
Ceramic substrates however show a large roughness, rang-
ing from 50nm up to several microns. If no particular meas-
ure is taken, the grain size in the AIC layer is small (1 pum)
and alarge number of islands are formed on the surface of
the AlC layer. The presence of these islands is very detri-
mental for epitaxy.

To suppress excessive nucleation and to reach a large grain
size and a low island density, IMEC used an intermediate
spin-on oxide between the ceramic substrate and the AIC
layer. Epitaxial deposition on these improved seed layers
yielded in thin active layers with good crys-tallographic
quality and with a grain size larger than 5nm. By applying
hydrogen passivation a substantial improvement of the elec-
tronic quality of the layers has been obtained. Solar cells
with efficiencies up to 5.0% (area km?, thickness 4um)
and Voc values approaching 460mV have been realized
with this technique. While these values have to be increased
substantially to become competitive with bulk silicon solar
cells, these results are an important milestone for thin-film
silicon solar cells on cheap substrates and indicate that
AIC combined with high-temperature epitaxy is a promis-
ing technique for the next solar cell generation.



