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

Spostovani,

V svojem ve¢ desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo priviacno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecali
tudi vi in se odlocili, da se v drustvo vélanite. Zivijenske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazli¢nejsi dogodki, izzivi in odlocCitve
so vas morda usmerili v povsem druga podrocja in vas interes za delovanje ali
Slanstvo v drustvu se je z leti mo¢no spremenil, morda izginil. Morda pa vas
aktivnosti drustva kljub temu $e vedno zanimajo, ¢e ne drugace, kot spomin
na prijetne ¢ase, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

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

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

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

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

Prijavnice posljite na naslov:
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubljana

Ljubljana, marec 2010

1zvrsilni odbor drustva
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SEM AND XRD CHARACTERIZATIONS OF NANOGRANULAR
COPPER METAL FILMS

Kah-Yoong Chan’, Jegenathan Krishnasamy, Teck-Yong Tou

Centre for Advanced Devices and Systems, Faculty of Engineering, Multimedia
University, Persiaran Multimedia, Selangor, Malaysia
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Abstract: This paper reports on the influence of film thickness on the morphological and structural properties of direct current (DC) magnetron sputter-
deposited nanogranular copper (Cu) metal films. Cu metal films with thicknesses of 130 nm to 1800 nm were deposited on silicon substrates at sputtering
power of 125 W in argon working gas pressure of 3.6 mTorr at room temperature. The morphological and structural properties of the nanogranular Cu
metal films were investigated by scanning electron microscopy (SEM) and X-ray diffractometer (XRD). Results from our experiment show that the Cu
nanograins grow with increasing film thickness, along with enhanced film crystalfinity. Possible mechanisms of film thickness dependent microstructure
formation of the nanogranular Cu metal films are discussed in the paper, which explain the interrelationship of grain growth with increasing Cu metal film
thickness.

SEM and XRD Characterizations of Nanogranular
Copper Metal Films

Kju€ne besede: baker, nanasanje, debelina filma, strukturne znadilnosti, morfoloske znadilnosti

izvleéek: Clanek poroda o vplivu debeline filma na morfologke in strukturne znadilnosti z DG magnetronom nane$enega nanozrnatega bakrenega filma.
Bakreni kovinski filmi z debelino od 130nm do 1800nm so bili nanes$eni na silicijeve podlage z modjo 125 W v atmosferi argona pri pritisku 3.6m tora pri
sobni temperaturi. Morfolo$ke in strukturne znadiinosti nanozrnatih bakrenih kovinskih filmov smo pregledovali z vrstiéno elektronsko mikroskopijo (SEM)
in difraktometrom za X-zarke (XRD). Rezultati nadih poskusov kazejo, da bakrena nanozrna rastejo s povecevanjem debeline skupaj s povedano kristalnos-
tjo filma. V ¢lanku obravnavamo tudi moZne mehanizme, ki povzro&ajo odvisnost mikrostrukture nanozrnatih bakrenih filmov od njegove debeline.

1. Introduction gration resistance and high melting temperature /2/, the

Copper (Cu) metal thin films with nano geometric and micro-
structural dimensions are ubiquitous of modern technolo-
gy, with applications spanning the range from the catalysis
to microelectronic devices. In ultralarge scale integrated
(ULSI) circuits, achievement of maximum signal transmis-
sion with minimum signal propagation delay along metal
interconnects in emerging chip and system architectures
requires minimizing the resistance-capacitance (RC) time
delay. Minimizing RC delay in thinner interconnects has
forced a transition from aluminum (Al) based interconnects
to Cu metallization schemes owing to the higher conduct-
ance of Cu, which not only reduces the delay time but also
enables higher current densities at lower voltages, mini-
mizing heat generation and power requirements and in-
creasing the packaging densities per metallization level.
Apart from reduction in RC time delay, Cu is more promis-
ing than Al for metallization in terms of electromigration
(transport of atoms of the metal interconnects subjected
to high current densities) resistance and mechanical elas-
ticity stress /1/. Cu exhibits superior resistance to elec-
tromigration and stress-induced voiding open-circuit fail-
ure as its atoms are more strongly bounded together which
account for less likely to fracture under stress comparing
to Al

Due to the noticeable advantages as interconnection can-
didate in terms of low electrical resistivity, good electromi-

studies of Cu thin films have been generally centered on
the electrical and microstructural properties of the Cu films
deposited with various deposition technigues. Among
these, magnetron sputter deposition is a well established
technology and offers an attractive alternative to diode tech-
niques, due to lower working gas pressure employed which
makes possible higher sputtering rate /3/. Also, magnet-
ron sputtering is an attractive mass production technique
due to the possibility of large area deposition /4/, which
makes it an effective economic approach in microelectron-
ics manufacturing.

In our previous research work, we studied the influence of
sputtering power, deposition pressure and substrate tem-
perature on the material properties of direct current (DC)
magnetron sputter-deposited Cu metal films /5,6/. We
have also examined the influence of Cu film thickness us-
ing atomic force microscopy (AFM) /7/. In this paper we
present the investigation results on the effect of film thick-
ness on the morphological and structural properties of na-
nogranular Cu metal films using scanning electron micros-
copy (SEM) and X-ray diffractometer (XRD).

2. Experimental

All Cu films were deposited with a DC magnetron sputter-
ing system (Fig. 1) using a circular 5.08 cm diameter Cu
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target of 99.995 % purity. The target to substrate distance
was 9 cm. The substrates for the deposition were 6 mm x
12 mm p-type silicon (Si) and were cleaned follow stand-
ard cleaning procedure. The base pressure was lower than
2 x 10°® Torr, achieved with a cryo pump coupled with a
rotary pump. The sputtering deposition was carried out at
a working pressure of 3.6 m Torr in high purity argon (Ar)
gas (99.999%) with DC sputtering power of 125 W, which
led to a deposition rate of approximately 50 nm/min. In
order 1o study the influences of the film thickness, a series
of Cu metal film samples with thicknesses controlled at
around 130 nm to 1800 nm were fabricated at room tem-
perature. The thicknesses of these Cu films were checked
in situ with a quartz crystal monitor located near the sub-
strate during the sputtering process, and was quantified
with the Mahr surface profilometer after the deposition proc-
ess by measuring the step height between masked and
unmasked regions on the substrate. The surface morphol-
ogy and microstructure of the Cu metal fiims were exam-
ined by means of SEM. XRD analyses in the 6-26 mode
using Cu Ka X-rays were carried out to investigate the crys-
tallinity and orientation of the Cu metal films with different
thicknesses. The deposition conditions of the Cu metal
films presented in this work are summarized in Table 1.

Table 1. Deposition parameters for the Cu metal films.

Target Cu
Substrate p-type Si
Target-substrate distance 9cm

Ar working gas pressure 3.6 m Torr
Sputtering power 125 W
Deposition rate ~50 nm/min

Film thickness 130 nm- 1800 nm

3. Results and discussion

The influence of the thickness on the surface morphology
of the nanogranular Cu metal films was examined by the
SEM, as shown in Fig. 2a-d. The SEM images show the
features of structural change and grain growth for nanogran-
ular Cu metal films with different thicknesses ranging from
130 nm o 1800 nm. The SEM image of the 130 nm thick
Cu metal film deposited at room temperature (Fig. 2a) ex-
hibits uniform surface, indicating its amorphous-like behav-
ior /8/. Fig. 2b, 2¢, and 2d show the SEM images for Cu
metal films with thicknesses of 275 nm, 500 nm and 1800
nm, respectively. In these images, nanograin features de-
velop in the Cu metal films and are enhanced with increas-
ing film thickness. The nanograins are smaller and less
definable producing smoother surface in image of Fig. 2b,
and larger and evenly scattered in Fig. 2c. In Fig. 2d, the
grains were observed to have agglomerated together and
formed smaller number of bigger grains. The nanograins
are homogeneously distributed all over the substrate sur-
faces. Comparing the SEM images in Fig. 2, Cu metal film
with higher thickness clearly exhibits profound grain fea-
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Fig. 1:  Schematic diagram of the magnetron sputtering
deposition system.

tures. This can be explained by the film structural evolu-
fion with thickness, in which the grains grow with increas-
ing film thickness /9/. The transformation from the uni-
form smooth amorphous-like film structure to the fine na-
nogranular features, followed by the growth in the na-
nograins for the Cu metal films with increasing film thick-
ness as demonstrated in Fig. 2 can be attributed to the
surface energy minimization during the growth process to
achieve thermodynamical equilibrium. As the growth pro-
ceeds, those grains with preferred growth direction sur-
vive due to surface tends to evolve towards a situation of
low surface energy. This results in evolution of large grained
columnar morphology from a much larger number of fine
grains which were originally nucleated on the substrate /
10/, and improved film texture according to following equa-
tions /11/:

dr.
— =K )—-v.1, 1
7 [Y®—v.] (1)

where r;, gi and g(t) are the radius, the surface energy of j
grain and mean surface energy of the surrounding grain of
i. K can be described as:

v _ 2 —-F
K = (=) 3exp(—),
(kT) 3 €XP( kT) (2)

where Vo, L, k, T, Var?/® and E are the attempt frequency,
the thickness of a small layer near the surface, Boltzmamn
factor, the temperature, the surface change in each grain
for a single jump and the mean activation energy.

The improved film texture is in agreement with the XRD
patterns for these nanogranuiar Cu metal films with differ-
ent thicknesses, as shown in Fig. 3. The intensity of a peak
in X-ray diffraction pattern is a direct measure of the film
crystallinity. From the intensity of the diffraction peaks (Fig.
4), Cu metal film with higher thickness exhibits enhanced
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Fig. 2:  Scanning electron microscopy (SEM) images of nanogranular copper (Cu) metal films with thicknesses of
(a) 130 nm, (b) 275 nm, (c) 500 nm, and (d) 1800 nm.

orientation for the DC magnetron sputter-deposited Cu
metal films. The increasing film thickness promotes the

crystalline nature than thinner metal film with preferential
orientation of (111) observed at 20 = 43 °. The film thick-
ness has no significant influence on the preferred (200)
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Fig. 4:  Intensity of X-ray diffraction (XRD) (111) peaks

of the copper (Cu) metal films as a function of
the film thickness.

Fig. 3:  X-ray diffraction (XRD) patterns of the copper
(Cu) metal films with different thicknesses.
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preferred (111) orientation but not (200) orientation be-
cause Cu has the face centered cubic (FCC) crystal struc-
ture and for this structure (111) face has the lowest sur-
face energy /12/.

In order to obtain deeper insight into the influence of film
thickness on the microstructure, we calculated the grain
size of the Cu metal films with different thicknesses. Grains
or crystallites are crystal units in a material that diffract in
phase. When related to metallic films, the term ‘grain’ is
aiso used to represent the crystal units in metallic films. In
principle, the analysis of the grain size in XRD diffraction
patterns is performed by measuring the broadening of a
particular peak in a diffraction pattern associated with a
particular planar reflection from within the crystal unit cell.
The grain size (G) of the Cu metal films was deduced from
the (111) diffraction peak using Scherrer's formula:
3 KA
FWHM -cos®’

where K is the shape factor of the average grain (0.9), A is
the X-ray wavelength (0.154056 nm for Cu Koiy), FWHM is
the full width at half maximum of the diffraction peak, 0 is
the diffraction peak angle. From the Egn. (3), the grain
size is inversely related to the FWHM of the diffraction peak.
The more narrow the diffraction peak, the larger the grain
size is. This is due to the periodicity of the individual grain
domains which are in phase, reinforcing the X-ray beam,
and results in a narrow diffraction peak. Most thin films
have some degree of preferred orientation. For Cu, it is
usually (111) crystallographic direction that has the great-
est degree of preferred orientation. Therefore, the meas-
ured grain size of the (111) diffraction peak represents the
grain size in the columnar direction, normal to the surface
of the substrate. Fig. 5 demonstrates the dependence of
the Cu metal grain size and FWHM on the film thickness.
In general, the grain size increases with increasing Cu metal
film thickness and the FWHM acts in opposite way. For the
Cu metal films with thicknesses of 130 nm, 275 nm, 500
nm, 800 nm, 1050 nm, and 1800 nm, the corresponding
nanograin sizes are 27 nm, 36 nm, 39 nm, 44 nm, 48 nm,
and 51 nm, respectively, while the corresponding FWHM
are 0.40°,0.30°,0.28°,0.25°, 0.22 °, and 0.21 °,
respectively. The grain size of the Cu metal films deduced
using Scherrer's formula is consistent with the intensity of
the corresponding diffraction peak of the films.

3)

4. Conclusions

We have qualitatively evaluated the thickness dependence
of the morphological and structural properties of DC mag-
netron sputter-deposited nanogranular Cu metal films. The
surface morphological study with SEM shows the en-
hanced microstructure, while the XRD patterns reveal the
improved crystalline quality for the thicker Cu metal films.
The grain size of the Cu metal films was found to increase
with increasing film thickness, which is due to the surface
energy minimization when the film gets thicker.
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Fig. 5:  Grain size and full width at half maximum
(FWHM) of X-ray diffraction (XRD) (111) peaks
of the copper (Cu) metal films as a function of
the film thickness.
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Abstract: Nano - crystalline titanium dioxide (TiOp) in rutile crystal form, generally used to indicate particles less than 100 nm in diameter, is mainly
applied as pigment, adsorbent and UV absorber. The incorporation of a nano-sized titanium dioxide powder into a liquid media is made by dispersion
process, that the final product consists of fine particles distribution throught the medium. So it is regarded as necessary for us to investigate in detail the
factors which may have important effect upon the homogenious distribution of TiO2 nanoparticles in clearcoat as liquid media.

In this work, titanium dioxide nano-powders were prepared by the co-precipitation method. Using various techniques, including transmission electron
microscopy (TEM) and X-ray diffraction (XRD), obtained powders were studied in order to find the possible elements of affecting the microstructures and
grain size. The aim of this study is to determine the photostabilisation efficiency of TiO» in a clear coat as UV absorber considering the preparation of stable
dispersions by using different surfactants and percentage of TiO».

Uporaba titanovega dioksida v rutilni kristalini¢ni
obliki kot UV absorber

Kju€ne besede: titanov dioksid, rutil, koprecipitacijska metoda, UV absorber, surfaktant

lzvieéek: Nanodelci titanovega dioksida (TiO2) v rutilni kristalinicni obliki so delci premera velikosti pod 100 nm, ki se vedinoma uporabljajo kot pigment,
adsorbent in UV absorber. Ko nanodelce TiO2 vgradimo v teko¢ medij z dispergiranjem, mora imeti disperzija ozko porazdelitev velikosti delcev. Analizirali
smo dejavnike, ki vplivajo na homogenost porazdelitve velikosti nanodelcev TiO2 v transprentnem premazu.

Nanodelce TiO2 smo pripravili z koprecipitaciisko metodo. Da bi ugotovili, kaj vpliva na mikrostrukturo in velikost nanodelcev TiO», smo uporabili razliéne
analizne metode, meddrugim tudi presevno elekironsko mikroskopijo (TEM) in rentgensko praskovno difrakcijo (XRD). Cilj $tudija je bil doloéiti uginkovitost
transparentenga premaza z nanodelci TiO» kot UV absorber v odvisnosti od priprave stabilne disperzije z uporabo razliénih surfaktantov in deleza nanodel-

cev TiOs.

1. Introduction

The ultraviolet (UV) protection of organic and biological
materials against photodestruction is of high practical in-
terest. The protection can be realized by use of UV ab-
sorbers. UV absorbers are organic or inorganic compounds
which absorb in the best case all UV light and are transpar-
ent for all visible light. UV absorbers are most frequently
used in cosmetics to prevent sunburns and skin cancer
/1-3/. Beside the protection of human skin, UV absorbers
are often to protect materials properties of polymers or
textiles /4, 5/.

Lignin in wood for instance highly absorbs ultraviolet light,
which leads to radical induced depolymerisation of both
lignin and cellulose or in other words to photodegradation
of the wood substrate. Wood colour change is the first sign
of its chemical modification when exposed to UV light /6 - 8/.
One possibility of wood protection is the usage of pigment-
ed coatings, where the pigments reflect the UV - radiation.
However, in this case, the natural colour of the wood is
changed. Consequently, for the last decade inorganic UV
absorbers have received a great deal of attention in trans-
parent wood coatings because of their function as UV
blockers. One of the reasons for the limited commercial

6

use of certain nanoadditives is that they greatly affect the
transparency of clearcoats because of its high tendency
to agglomeration in dispersions. This is clearly undesira-
ble in a treatment design to improve the longevity of clear
varnishes, since the appeal of such finishes lies in their
ability to maintain the natural appearance of wood /6/.

UV absorbers, based on fine nanoparticled titanium diox-
ide and zinc oxide (ZnQ) have proved to be efficient /9/.
Both TiOz and ZnO are commonly used as white pigments.
TiOg in the rutile form is the most common white pigment
due to its extremely high refractive index (n = 2, 8). Ul-
trafine TiO and ZnO nanoparticles lose their capability to
scatter visible light, but retain the ability to absorb UV light.
The bandgap of ZnO (3,2 eV) is similar to that of TIO2 in
the anatase modification and a little larger than the rutile
type. When using TiO; for UV protection the rutile type is
more suitable due to its lower photocatalytic activity, which
could destroy the organic surrounding matrix. The small
particle of nano - crystalline titanium dioxide UV absorber
can be synthesized using several methods. e.g. the sol -
gel organic method /10, 11/, co-precipitation and micro-
emulsion methods /12/ and hydrothermal method /13/.
in this paper, titanium dioxide nano-powders were prepared
by the liquid phase co-precipitation routes, typically involved
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titanium dioxide particle growth steps, followed by aggre-
gation, from high temperature treatment and control fin-
ished product particle size at the optimum required for
performance. As already mentioned the biggest challenge
of stable nanoparticle dispersion development is to pre-
vent nanoparticles tendency to form agglomerates result-
ing in poor dispersion within the carrier matrix with low UV
absorption efficiency. One of the ways to overcome this
drawback is the addition of compatible surfactants.

The aim of our study was to determine the influence of the
concentration of TiO2 nanoparticles and different sur-
factants on dispersion homogeneity resulting as UV ab-
sorption efficiency of clearcoating.

2. Methods

Synthesis of titanium dioxide Nano Crystalline Particles
in rutile crystal structure

Synthesis of titanium (IV) oxide nanoparticles with rutile
crystal structure takes place as described below /15, 16/.
Regarding the stoichiometry of reaction (eq. /1/) an ap-
propriate amount of 12.5 % titanyl sulfate (TiOSQ4) acid
solution with density 1.4 g/om3 was hydrolyzed in a stirred
tank and precipitated with an excess amount of 2.4-M aque-
ous solution of dialkilamide, which served as a precipitat-
ing reagent.

TiOSO , +2H,0 ¥ , Tio(OH), +

+H+ + SOZ - precipitation Tl(OH)Z (J/) (1 )

Precipitation was conducted for 6 hours at a constant tem-
perature of 100 = 2 °C. Pigmented nanoparticles of hy-
drolyzed titanium (IV) oxide (TiO2-xH20-ySO3) obtained
after the precipitation were sedimented with the addition
of 0.33 % aqueous solution of anionic polyacryilic floccu-
lent, separated from mother liguor in the next step and fi-
nally dried at temperature 120+2 °C. Dried nanoparticels
of hydrolyzed titanium (IV) oxide were anneaied for 2 hours
at 900 °C in air in order to obtain pure rutile crystal struc-
ture. After annealing, rutile nanoparticles were deagglom-
erated in a high-energy horizontal zirconium attrition milf
for 8 hours. Obtained nanoparticles were analyzed with X-
ray powder diffraction (XRD), transmission electron micro-
scopy (TEM) and specific surface area (BET) measure-
ments.

Deagglomerated rutile nanoparticles were surface treated
with organic surface active agents (Byk 333, ethilen gli-
col) in high-energy horizontal attrition mill. The pH value
was sustained between 8 and 9 using 25 % of ammonia
agueous solution in order to prepare stable and transpar-
ent pigmented aqueous dispersion of titanium (IV) oxide
with rutile crystal form. The pH of a coating, in which we
mixed in water dispersion of nanoparticles, was approxi-
matly 8.

Preparation of clearcoat with integrated rutile crystalline
particles of TiO2

We prepared clearcoat in the laboratory by mixing pure
acrylic resin with styrene acrylic copolymer resin for 20
minutes. Commercial polysiloxane defoamer from Byk
Additives&Instruments and previously prepared premix of
chemical additives were added for optimal coating appli-
cation properties like leveling and wetting. Than we add
different glycols as coalescents, water, wax emulsion and
flatting aqueous wax dispersion, both from Byk
Additives&Instruments, during the mixing process. At the
end nonionic rheology modifier from Rohm and Haas was
mixed in for 20 minutes to achieve appropriate viscosity
(100-200 mPas).

The dispersions of TiO» nanoparticles in liquid media were
prepared by milling 30 wt.% of TiO» nanoparticles in rutile
crystal form, water and different surfactants (Table 1). Water
based dispersions of TiO2 nanoparticles were then add-
ed to clearcoat and prepared for the testing.

Table 1: Samples and their composition.

1 clearcoating
clearcoating
with TiO2 nanoparticles
ethilen glicol
octanol 2
clearcoating
with TiO2 nanoparticles
Byk 333
Byk 024

Transparency and photostabilization performance as-
sessments

Wood blocks measuring 15x7 ¢cm? (longitudinal x tangen-
tial) x 0,5 cm width were cut from air dried boards from the
specie pine. Two layers of clear coat of thickness of 200
pum were applied on pine blocks. Coated wood plates were
used to assess weathering exposure degradation (QUV
accelerated weathering tester, Q ~ PANEL LAB PROD-
UCTS, standard SIST EN ISO 11507:2002). Simulation of
exterior use was done by six weeks weathering by an opti-
mised cycle defined: 4h at (60+3) °C and 4h water show-
er at (50+3) °C. Only light of the solar type was activated
on the QUV with sources type UVA-340 nm.

Color evaluation was done in the CIE L*, a*, b* system.
The initial value of the sample colour before exposure and
after coating application was compared. Color difference
(AE*) was calculated with the following formula (eq. 1):

AB*=[(Aa*)? + (Ab*)’ +(AL*) (1)
where L* is the lightness from the black (0) to the blank
(100), a* (from green colour to red) and b* (from blue to
yellow) are the chromatic coordinates. The colour meas-
urement of coated wood specimens was conducted using
spectrophotometer (Datacolor SF600).
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3. Results and discussion

Nano TiO» powders were calcined at different tempera-
tures and taken XRD (Fig. 1). It can be obviously seen that
partial crystallization appears just after drying and the phase
structure of the powder calcined at temperature beliow 600
‘Cis mainly of anatase type. The phase transformation from
anatase to rutile occurred at about 600 °C and completed
at about 900 °C.

* ... anatase
o .. rutile
°
*
[
|
.
]
fs' 1\? o 900°C/2h
e U
b oy
'y i # *
i ok | I I %% % 800°C/2h
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Fig. 1: The XRD pattern of nano-crystalline TiO» at
different calcination temperatures.

From the TEM images of the milled TiO2 powders pre-
sented in Fig. 2, finally dispersed particles with a relatively
wide distribution of sizes, ranging from 20-70 nm for rutile
and from 10-30 nm for anatase, together with almost the
rounded shapes thereof, typical for milling treatments in
general, can be observed.

Changes in colour of painted pine wood samples (wood
discolouration) during UV exposure have been widely used
to asses wood degradation /11, 17 - 20/. By measuring
the colour change of the coated wood with different UV
absorbers during artificial weathering is there possible to
obtain information on their efficiency. We prepared three
different samples of clearcoating with and without addition
of TiO2 nanoparticles as defined in Table 1. The concen-
fration of TiO2 nanoparticles in clearcoat was also varied.
For weathering simulation colour changes AE* during the
UV irradiation of samples of UV protection ciear coat on
wood substrate are displayed in Fig 3. The datarevealed a
number of interesting features. Sample 3 with polyether
modified dimethylpolysiloxane copolymer surfactant proved
to be the most efficient in inhibiting colour change. We
also noticed that different concentration of TiO2 nanopar-
ticles does not have an significant influence on photosta-
billity of the clear coat.

Fig. 2:  The typical TEM micrographs of the nano - TiO2»
powders calcined at a.) 600 °C (anatase crystal
form) and b.) 900 °C (rutile crystal form).

4. Conclusion

A successful pathway for the preparation of titanium (IV)
oxide in rutile crystal form and some of the basic proper-
ties of a material, such as UV-absorbance and photostabi-
lization, have been presented. Hydrolysis of titanyl sulfate
(TIOSQy) followed by a precipitation with dialkilamide, and
the subsequent calcinations in air at 900 °C for 2h, com-
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Fig. 3:  Colour change vs. UV irradiation (weeks) in QUV

apparatus for different samples of UV

protection clearcoating.

prised the basic synthesis steps toward the final material.
The pure rutile particles produced at 900 °C were in the
range of 40-100 nm, whereas the final anatase nanoparti-
cles were almost uniformly ~ 20 nm in size.

By measuring the colour change of the clear coated wood
with different UV absorbers during artificial weathering we
revealed that the clearcoating with 0,6 and 1 wt. % of rutile
TiOz nanoparticles stabilized by polyether modified dimeth-
ylpolysiloxane copolymer surfactant surface additive (Byk
333) has the best photostabilization performance of UV
protection clear coat. We also noticed that UV efficiency
did not improve when the concentration of TiO» nanoparti-
cles was higher. We assume that higher concentration of
TiO2 nanoparticles leads to agglomeration. Nevertheless
we improve the photostability of the clear coat by the addi-
tion of stable dispersion of TiOz nanoparticles in rutile crys-
tal form for more than 40 % according to colour change of
protected wood panels.
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TOKOVNO VODENJE TRIFAZNEGA MOTORJA
S FPGA VEZJEM

Horvat Robert, Jezernik Karel

Univerza v Mariboru, FERI, Maribor, Slovenija
Kjuéne besede: dogodkovno vodenje, histereznik, napetostni vektor, napetostni sektor, FPGA vezje

lzvie€ek: V delu je opisana primerjava histereznega in dogodkovnega tokovnega vodenia trifaznega motorja. Primerjali smo dogodkovno vodenie s tremi
in dvema aktivnima napetostnima vektorjema. Prikazane so prednosti in slabosti histereznih regulatorjev pred linearnimi. Ocenjevanje uporabnosti ra-
zlicnih metod je prikazano glede na valovitost izhodnega toka in $tevilo prekiopov tranzistorskega mostu, kar neposredno vpliva na stikalne izgube pretvornika.
Tokovna regulacija je preizkudena na eksperimentainem modelu s FPGA veziem, ki ga programiramo s pomodjo VHDL kode z orodjem ISE. FPGA vezje
je polie programabilnih logi¢nih vrat. Logi¢na vrata omogodajo dogodkovno vodenje, ki ni vezano na &as urinega cikla. V delu so predstavijene de vse
ostale prednosti FPGA vezja v primerjavi z DSP sistemom.

Current direction of three-phase motor with FPGA circuit

Key words: event direction, hysteresis, voltage vector, voltage sector, FPGA circuit

Abstract: In this paper difference of conventional and event driven AC current control of AC motor is described. We compare of the use three and two
voltage vectors in discrete event current control. Assessment of usability of different procedures is showed considering waviness of output current and
number of overlaps. Current regulation is tested on experimental model with FPGA (field-programmable gate arrays) circuit. FPGA is allowing event drive
that is independently from clock. The paper presents new embedded switching control properties of FPGA-based techniques. Simple implementation
makes concept of switching control very attractive in power electronic systems, like control of inverter. Results are showing that discrete event control with
three active voltage vectors is proper that conventional hysteresis control because of lesser number of overlaps and less waviness of output current.
Discrete event control with just two active voltage vectors allowing lesser number of overlaps, considering of method with three active voltage vectors, but
increase waviness of output current.

Slabost FPGA vezja pa predstavlja izvajanje racunskih op-
eracij. Za razliko od DSP sistema, kjer raunamo s CPU

1. Uvod

Za implementacijo zelo hitrih sistemov, kjer frekvenca
delovanja digitalnega signainega procesorja (DSP) ne za-
dostuje ved, vedno pogosteje uporabljamo polja program-
abilnih logi¢nih vrat (Field-programmable gate array -
FPGA). Prednost FPGA vezja glede na DSP sistem je v
paralelnem nacinu izvajanja, ki omogoca, da se vsi proce-
si izvajajo istocasno, torej s stevilom procesov ne vplivamo
na frekvenco delovanja. Pri DSP sistemih (zaporedni nadin
izvajanja) se s kompleksnostjo programa (vedje Stevilo
vrstic) zmanjsuje frekvenca delovanja. Na ta nadin lahko s
FPGA vezjem dosegamo 100 krat visje frekvence delovan-
ja. FPGA je elektronsko vezje sestavijeno iz logi¢nih vrat,
kar je zelo primerno za dogodkovno vodenje. O dogodko-
vnem vodenju govorimo takrat, ko za spremembo izhod-
nega stanja ne potrebujemo ¢as urinega cikla, ampak se
to zgodi takoj, ko imamo pogoj za drugo stanje. Primer
taksnega vodenia so logi¢na vrata. Pri logi¢nih vratih (Slika
1) se izhodno stanje OUT spremeni glede na vrednosti IN1
in IN2, ne da bi za to potrebovali ¢as (urin cikel).

IN1
IN2 AND

ouT

Slika 1. Logiéna vrata AND

10

enoto, se pri FPGA vezju racuna s celimi stevili (fix point).
Oba sistema je mozno reprogramirati. Poleg vseh zgoraj
opisanih lastnosti, pa FPGA vezje predstavija tudi ekonom-
sko zanimivo orodje, ki je finanéno zelo ugodno, program-
ska oprema pa je brezplaéno na voljo na spletu.

V nadaljevanju je opisana tokovna regulacija trifaznega
motorja s pomocjo histereznega regulatorja. Opisane so
lastnosti histereznega regulatorja, kot tudi princip dogodk-
ovnega tokovnega vodenja. Simulacijsko doblieni rezuitati
obravnavajo primerjavo med konvencionalnem histereznem
vodenjem in dogodkovnim tokovnim vodenjem. Z dvema
ali tremi aktivnimi vektorji. Rezultati prikazujejo vpliv razli¢nih
moznosti preklapljanja na valovitost toka in hitrost prekla-
plianja tranzistorjev.

2. Eksperimentalni model

Za izvedbo eksperimenta uporabimo razvojno plod&o Nex-
ys Digilent, ki je namenjena izvajanju algoritmov s pomodjo
VHDL kode, ki jo programiramo s pomocjo orodja ISE.
Testna plos¢a vsebuje 100 prosto dostopnih vhodno izhod-
nih lokacij, 8 stikal, 8 LED, 4 tipke in 4 sedem segmentni
LED prikazovalnik,.. (Slika 2). Programiranje plos¢e Nex-
ys izvajamo enostavno in hitro s pomodjo osebnega racu-
nalnika, ki ga s plos¢o povezemo preko USB komunikaci-
je.
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Slika 2. Blokovni diagram Nexys Digilent

Uporabljamo lahko izvedbo vezja z 400.000 ali 1.000.000
logicnimi vrati.

3. Primerjava linearnih in histereznih
regulatorjev

Slabost linearnih regulatorjev je predvsem v tem, da so nji-
hove zmozZnosti odvisne od ujemanja nastavijenih para-
metrov regulatorja z dejanskimi parametri motorja. Z upo-
rabo linearnih regulatorjev se tezko izognemo sledilnemu
pogresku, Se posebej pri motorjih z nizko elektriéno Gas-
ovno konstanto. Histerezni regulatorji spadajo med neline-
arne regulatorje in se najveckrat uporabljajo predvsem zara-
di svojih dobrih lastnosti. Prednosti histereznih regulator-
iev je v enostavni izvedbi, visoki robustnosti, zelo dobri di-
namiki (omejen je z hitrostjo stikalnega pretvornika in ¢as-
ovno konstanto bremena), odpravija pa tudi slediini pogre-
Sek. Seveda pa ima histerezni regulator tudi slabosti, kot
s0 spremenljiva stikaina frekvenca in moznost pojava limit-
nih ciklov. Pojav limitnih ciklov povzro¢a zelo visoke stikalne
frekvence, kar povzroca vedje izgube in v skrajnem primeru
tudi uni¢enje stikalnega pretvornika.

4. Stikalni pretvornik

Za izvedbo tokovnega vodenja izmeni¢nih motorjev potrebu-
jemo elektriéni izvor, ki mu lahko poleg amplitude sprem-
injamo tudi frekvenco in fazo. Tak$en izvor dobimo s
pretvorniki, ki pretvarjajo enosmerni v izmeniéni izvor. lzvor
enosmerne napetosti lahko dobimo direkino iz akumula-
torske baterije ali z usmerianjem omrezne napetosti. V
primeru, da motor deluje v generatorskem reZimu je potreb-
no biti pozoren na vracanje energije v enosmerni vir. Za
manjse moci se lahko zanesemo kar na zaviralni upor, sic-
er pa moramo uporabiti tranzistorski usmernik, ki energijo
vraCa nazaj v omrezZje. Napetostni stikalni pretvornik za
napajanje trifaznih motorjev je sestavljen iz enosmerne
zbiralke Udc (enosmerni izvor s konstantno napetostjo DC)
in Sest polprevodniskih stikalnih elementov (Slika 3). V vsaki
od treh vej pretvornika je lahko v prevodnem stanju le en
tranzistor, saj bi sicer prislo do kratkega stika.

81 S2

w
H

oc )

Zascitna
logiga

Zascitna
logiga
Zasgitna
logiga

_ _ L
S1 S2 S3 H—}
‘ =
Rs Rs Rs
Ls Ls Ls
e *J e 3 e

Slika 3. Trifazniizmeniéni most za vodenje izmeni¢nega
motorja

Za preprecevanje kratkega stika uporabliamo zasditno
logiko, ki implementira mrtve ¢ase. Mrivi Sas predstavija
Casovni interval med izklopom enega in vklopom drugega
tranzistorja v eni veji. Tako lahko s Sestimi stikainimi ele-
menti realiziramo osem razliénih stikalnih stanj (Tabela 1).

Tabela 1: Statorska napetost pri razliénin stikalnih stanjih

SEYSZ 853 i3 L2 i3
0 ] 0 0 0 0
1 1 1 0 0 0
2 1 ]
1 O ( T Ude e —Lide
1 1 \
1 1 ¢ — e —Ude e Ui
3 3 3
, j . 2 1.
0 1 { ~=Ude ~ e N
3 3 3
) , , 2. 1., 1
0 L 1 ~=Ude }»Ddf: EU(fC
. 1 1 2
0 { 1 ~=THde - U Z e
3 3 3
1. 11
1 { 1 ~Udc -~ e — e
3 3 3

Glede na dovoljena stikalna stanja generiramo fazne na-
petosti (Tabela 1). Stanje O pomeni, da stikalni element ni
v prevodnem stanju, stanje 1 pa pomeni, da je v prevod-
nem stanju. Fazne napetosti dolo¢imo tako, da predpostavi-
mo, da imamo breme (motor) popolnoma simetri¢no v zvez-
do vezano simetriéno breme z omsko in induktivno kom-
ponento. Z vektorsko vsoto faznih napetosti us1, us?2, us3
oziroma trifazno-dvofazno transformacijo (Clarkova trans-
formacija ) dobimo v dvofaznem (a,b) sistemu osem nape-
tostih vektorjev.

11
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usb 0‘/_3£ uSZ (1)
2 2 53

Od osmih napetostnih vektorjev ima Sest vektorjev (V1 - V6)
dolzino napetosti enosmerne zbiralke Udc, medtem ko sta
vektorja VO in V7 ni¢elna vektorja z dolzino O (Slika 4).

A
ansV3 | V2ges
s \ A 2%
N \
/N / \
/ N \
/ A A \

V4, VO V7 W1 da
1S5 \ Y S”
011\ \ /10

/N
\\\ 7/ \\_ /
N/ N/
V4 Y/
IFEFV5 VeI TT

Slika 4. Sest aktivnih in dva ni¢elna vektorja v a-b
koordinatnem sistemu

V dvofaznem a-b sistemu dobimo s pomocdjo osmih razli¢nih
stanj stikalnih elementov vrednosti napetosti Usa in Usb
(Tabela 2).

Tabela 2: Statorska napetost pri razlicnih stikainih stanjih
v a-b koordinatnem sistemu

{,
sils2 szl osa sp | Fektor
napetosti
0100 0 0 0
T 11 0 0 7
i ' o V1
1111 o Q;Um h{iwﬂ V2
- _
0110 - Ude i,?m Uide V3
T 1 T 1T o 7
0ol ol 1 —éwc wfim Vs
1ol 1) tow __";w; V6
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5. Primerjava konvencionalnega z
dogodkovnim histereznim
vodenjem

Pri konvencionalnem tokovnem histereznem vodenju so
najpogosteje uporabljeni dvo-nivojski histerezniki s kon-
stantno histerezo. Samo delovanje dvo-nivojskega histe-
reznika si lahko predstavimo s pomodjo diagrama stanj,
kjer vidimo, da lahko ima izhod histereznika dve stanji O ali
1 (Slika 5). Za prehod iz enega v drugo stanje je potrebno
dosedi pogoj, ki pa je odvisen od Sirine histereze. Ko smo
v stanju y=1, mora vhodni signal dosec¢i manjso vrednost
od -h’, da se pomaknemo v stanje y=0. Da lahko pridemo
iz stanjay=0v stanje y=1, pa mora vhodna vrednost preseci

vrednost ‘h’.
1Y y= @

1 v A

T~ &

-h h X

Slika 5. Delovanje dvo-nivojskega histereznika

V nasem primeru je izhod posameznega histereznega reg-
ulatorja yn krmilni signal za tranzistorski stikali v pripada-
jodi veji pretvornika (Slika 6).

Is ey ei1ﬁvh1 St
— e $2 | Napetostni
s + 2 S3| pretvornik
S 10 ® ﬂ h 4 _@LO MOTOR
- o LB i
st +ei3 T Tyng ~ S5 JS}
= Q S6
Is3
Is2
Is1

Slika 6. Blokovna shema konvencionalnega tokovnega
vodenja

Stanje stikal v i-ti veji pretvornika je odvisno od tokovnega
pogreska e, =i/, —i, in velikosti Sirine nastavljene histereze.
Ce je rezultat ; —i,; <—h, potem je ita faza motorja prik-
ljluCena na pozitivni priklju¢ek enosmernega vira (prevaja
zgornji tranzistor). Ce pa je rezultat i, —i, > h, potem je i-ta
faza motorja priklju¢ena na negativni prikljuéek enos-
mernega vira (prevaja spodniji tranzistor). Glede na refer-
encéno vrednost vidimo, da dejanski tok niha okoli refer-
encnega za velikost histereze. Tako lahko doloéimo valovi-
tost toka, ki je v tem primeru enaka dvojni Sirini histereze
2h (Slika 7).

Taksen nacin vodenija lahko izvedemo tudi s pomocjo vpo-
gledne tabele, pri éemer so vhodivtabelo, ustrezno uteZeni
in sesteti, izhodi iz histereznih regulatorjev. Na izhodu tabele
dobimo ustrezne krmilne signale za stikala S1 do S6, ozi-
roma napetostne vektorje (Tabela 3).



R. Horvat, K. Jezernik:
Tokovno vodenje trifaznega motorja s FPGA vezjem

Informacije MIDEM 40(2010)1, str. 10-16

— 1 __>
T
T
1
ww
i
o -

N
rd

t

Slika 7. Referenéni in dejanski tok ter Gasovni potek
preklopov stikala

Tabela 3: Dolo&anje napetostnega vektorja iz izhodnih
stanj histereznikov

In=4Vu vtV |01 21314156
Napetostni vektor|VO|Vs [V3 VA [VLVG|V2|V7

-
/

Taksno histerezno vodenje je zelo preprosto in ne vsebuje
zapletenih matemati¢nih operacij. Pri tem vodenju ne
potrebujemo niti modulatorja, saj izhodi histereznikov
neposredno krmilijo stikalni pretvornik. Zaradi vseh teh last-
nosti pri histereznem vodeniju ne potrebujemo zmogljivega
mikroprocesoria, digitainega signalnega procesorja ali kom-
pleksnih elektricnih vezij. Poleg teh prednosti velja izpostavi-
ti tudi dobro robustnost, neodvisnost delovanja od spre-
membe parametrov bremena, visoka dinamika in odsot-
nost sledilnega pogreska. Slaba lastnost pa je spremenilji-
va stikalna frekvenca, kilahko povzrodi tudi limitne cikle, ki
pa povecujejo vecje izgube pretvornika. Prav zaradi teh
slabih lastnosti uvedemo dogodkovno histerezno vodenje.

6. Dogodkovno histerezno vodenje

Ko govorimo od dogodkovnem vodenju je potrebno na-
iprej razlozZiti pojem dogodek. Opisano konvencionalno
histerezno vodenje s tremi dvo-nivojskimi histereznimi reg-
ulatoriji na statorskih tokovih lahko razumemo kot preprost
primer dogodkovnega vodenja. Histerezni regulator v i
fazi detektira dva dogodka in sicer tokovni pogresek je vedji
od histereze h in tokovni pogresek je manjsi od histereze -
h. Na podlagi teh dogodkov pride do preklopa med tran-
zistorskima stikaloma v i veji napetostnega pretvornika.
Da bi lahko znizali stevilo preklopov in odpravili limitne cik-
le bi morali nadzorovano preklapljati med napetostnimi vek-
torji. Z dogodkovnim vodenjem, ki temelji na konvencion-
alni izvedbi histereznega vodenja, zagotovimo nadzorov-
ano preklaplianje med napetostnimi vektorji z novega dog-
odka, ki daje informacijo o napetostnem sektorju, v kate-

rem se nahaja vektor referenéne napetosti u!. To realizira-
mo tako, da vektor referencne napetosti, ki predstavija
izhode tokovnih regulatorjev, realiziramo s pomodijo razliénih
Gasov dveh sosednjih aktivnih in nidelnima vektorjema.
Katera dva aktivna vektorja bomo izbrali, pa dolo¢imo s
pomocjo napetostnega sekiorja v katerem se nahaja vek-
tor referencne napetosti. Izhod histereznikov y, prav tako
doloCa napetostni sektor, ki ga realizira napetostni
pretvornik. Vendar pa imamo sedaj dodaten pogoj (stanje
referenéne napetosti), ki odloci kateri vektorji bodo reali-
zirani.

7. Dogodkovno histerezno vodenje s

tremi aktivnimi vektorji

Aktivni so lahko le tisti trije vektorii, ki so znotraj refer-
encnega napetostnega sektorja (Slika 8).
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Slika 8. Napetostni vektorji in sektorji pri dogodkovnem
vodenju s tremi aktivnimi vektorji

% R
SignUs1=0 SignUs3=0.
Vi 8 Vi

Slika 9. Predznaki napetosti prve, druge in tretjie faze
pri treh aktivnih vektorjih

Napetostni sektor kodiramo s spremenljivko SignUs in pred-
stavlja kar predznak faznih napetosti u,,u/,,u’,. Ko spre-
menljivke SignUs ustrezno utezimo in seétejemo dobimo:

SignUs = 4- sign(u, ) +2 -sign(u ) + sign(u,)  (2)

Na ta nacin lahko izdelamo tabelo, ki nam prikazuje nape-
tostne vektorje, ki jin uporabliamo v posameznem sektorju
(Tabela 4).

13
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Tabela 4: Trije aktivni vektorji v posameznem sektorju

Tabela 5: Dva aktivna vektorja v posameznem sektorju

Na.}wh?s‘t m Signls Ne?peto,:\.:t; ! Napetostu SignUs | Napetostui veltorji

sektor velton)i seltor = .
Sektor 1 4 VO VI VI V6, V7 Sektor 1 4 VO, VI, V2, V7
Sektor 2 6 VOVIEVIVINVT Seltor 2 6 VO, V2, V3. V7
Sektor 3 P VO,V2, V3. V4.N7 Seltor 3 2 VO, V3, V4, V7
Sektor 4 3 VO,V3, V4 VI V7T Sektor 4 32 VO, V4, V3 V7
Sektor 5 1 VO VA VAVE VT Sektor 5 i VO, VI, Ve, V7
Sektor 6 3 VO VI VIVE VT Sektor 6 A VO, Vi, V6, V7

Za stanja, ki so prepovedana pa uporabimo kar ni¢elne
vektorje VO ali V7.

8. Dogodkovno histerezno vodenje z
dvema aktivhima vektorjema

Aktivna sta lahko le tista dva vektorja ki se nahajata znotraj
referencCnega napetostnega sektorja, ki je zamaknjen za
30°. S tem dosezemo da lahko v sektorju 1 uporabljamo
samo dva napetostna vektorja V1 in V2.

SignUs=6
\ Sektor 2
v N Iy S
/4 P -
~:S:o ‘:ti// V3 \\\\\ ({; G%%:’
S ALY
D/ \ >
__5/3/4 Vo7 v _.
- o
\ /
Q< ’/fo P
N B e 4
%c%\\ F es)
30 v Y
/e TN
Sektor5
SignUs=1

Slika 10.Napetostni vektorji in sektorji pri dogodkovnem
vodenju z dvema aktivnima vektorjema

Slika 11. Predznaki napetosti prve, druge in tretje faze
pri dveh aktivnih vektorjih

Napetostni sektor ponovno kodiramo s spremenljivko Sig-
nUs, ki sedaj predstavlja predznak faznih napetosti **5**,
ki so zamaknjene za 30°. Spremenljivke SignUs ponovno
ustrezno utezimo in sestejemo.
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Na ta nacin lahko izdelamo novo tabelo, ki nam prikazuje
aktivne vektorje, ki jih uporabliamo v posameznem sektor-
ju (Tabela 5).

9. Reuzultati simulacij in eksperimenta

lzvedeni so bili simulacijski rezultati na dveh razli¢nih
bremenih. Za simulacijsko orodje smo uporabili Matlab

Simulink.
SIG 11,1213 .
R T ,,,,,\_k‘Z/‘»SIG_U
wref o Ame BT
R
{Hitrostni f po sin;sn; e N uss
L oprofil. ji 5 Deltal
i .V 1 -
V12
3

Slika 12.Blokovna shema dogodkovnega vodenja s
tremi aktivnimi vektorji (Tabela 4)

wref

Hirosii

L profifi
1o e

Slika 13.Blokovna shema dogodkovnega vodenja z
dvema aktivnima vektorjema (Tabela 5)

Uporabili smo RL breme s parametri Rs=5Q in Ls=1mH.
Izmerili smo odzive tokov pri frekvenci 20Hz, amplitudi toka
0.4A in velikostjo histereze 20mA. |z grafov je razvidno, da
lahko s pomocjo dogodkovnega vodenja s tremi aktivnimi
vektorji dosezemo zmanjsanje Stevila preklopov iz 14250
na samo 56086. Pri dogodkovnem vodenju z dvema ak-
tivnima vektorjema pa Stevilo preklopov reduciramo na vred-
nost 3779. Ker so te meritve samo v eni delovni tocki, smo
naredili $e meritve pri razli¢nih referenénih amplitudah toka
(0.1A do 1.5A). Rezultati prikazujejo srednje stevilo prek-
lopov in srednji kvadrati¢ni pogresek na ¢asovno enoto
1ms. Srednje stevilo preklopov definirano kot

SR, =107 f . -SP (3)

tms
Spremenljivka SP pa predstavija stevilo preklopov napetost-
nega vektorja. Srednji kvadrati¢ni pogresek definiramo kot
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kier N predstavija stevilo odtipkov.

Zanesljivost simulacijskih rezultatov smo preverili tudi na
eksperimentalnem modelu s pomodjo RL bremena. Re-
zultati eksperimentainega modela (FPGA vezje) se ujema-
jo s simulagcijskimi.

10. Sklep

Iz zgoraj podanih rezultatov je razvidno, da glede na kon-
vencionalno histerezno vodenje pri dogodkovnem voden-
ju vsekakor zmanjSamo $tevilo preklopov v enakem &as-
ovnem intervalu. Vendar pa moramo biti pozorni tudi na
valovitost toka, ki se zaradi manjSega $tevila preklopov
poveca. Zato smo izvedli tudi analizo srednjega
kvadrati¢nega pogreska, kjer vidimo, da pri dogodkovnem
vodeniju s tremi aktivnimi vektorji srednji kvadrati¢ni pogre-

Sek celo zmanjsamo. V primeru dogodkovnega vodenia z
dvema aktivnima vektoriema pa se manjse Stevilo preklop-
ov pozna Ze tudi na srednjem kvadraticnem pogresku, ki
se precej poveda.

Tako lahko zakiju¢imo z ugotovitvijo da je za zmanjSanje
izgub zaradi velikega Stevila preklopov pri histereznem tok-
ovnem vodenju smiselno uporabiti metodo dogodkovnega
vodenja, ki pa mora vsebovati vsaj tri aktivne vektorje, ker
se pri manj aktivnih vektorjih zaéne povecevati srednji
kvadrati¢ni pogresek.
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Abstract: Zinc oxide (ZnO) is an emerging optoelectronic material in large area electronic applications. We present the synthesis and the characterization
of ZnO nanostructures. The ZnO nanostructures were synthesized using sol-gel hydrothermal technique on oxidized silicon substrates. The surface
morphologies of the ZnO nanostructures were examined using scanning electron microscope (SEM) and atomic force microscope (AFM). The optical
properties were measured using photoluminescence (PL) and ultraviolet-visible (UV-Vis) spectroscopies. The fabrication process and preliminary charac-
terizations of the ZnO nanostructures will be described in this paper.

Sinteza in karakterizacija nanostruktur cinkovega oksida

Kjuéne besede: cinkov oksid, nanostrukture, sol-gel, elekironika velikih povrsin

lzvle€ek: Cinkov oksid je nov optoelektronski material z moznostjo uporabe na podrocju elekironike velikih povrsin. V prispevku predstavljamo sintezo in
karakterizacijo nanostruktur cinkovega oksida. Nanostrukture so bile sintetizirane z uporabo sol-gel hidrotermalne tehnike na oksidiranih sificijevih sub-
stratih. Povrsinske morfologije ZnO nanostruktur smo pregledovali s pomadjo vrstiGnega elektronskega mikroskopa (SEM) in mikroskopa na atomsko silo
(AFM). Opticne lastnosti smo merili z uporabo fotoluminiscence (PL) in ultravijoli¢ne spektroskopije (UV-Vis). V ¢lanku so opisani tudi proces proizvodnije

in preliminarne karakteristike nanostruktur cinkovega oksida.

1. Introduction

One-dimensicnal (1-D) zinc oxide (ZnO) nanostructures
such as nanorods, nanoneedles, nanobelts and nanowires
of desirable dimension have lately attracted significant at-
tentions due to their unique electronic and optical proper-
ties compared to bulk structure /1-11/. The functional na-
nostructures posses excellent physical properties, owing
to their geometry with high aspect ratio which modifies the
light-matter interaction. The ZnO material has wide band-
gap energy of 3.37 eV and large exciton binding energy of
60 meV, which make ZnO a promising candidate for many
applications such as electronic, optoelectronic and infor-
mation technology devices including sensors, displays, and
solar cells /12/. However, in many applications both the
size and the shape of the ZnO particles determine the
material properties and therefore the performance of the
devices /6,12/.

The 1-D nanostructured ZnO with different morphologies
have been reported, for instances, nanorods, nanowires,
nanobelts and quantum dots /1-11/. Several techniques
have been employed to grow 1-D ZnO nanostructures,
such as sol-gel technique, hydrothermal or solvothermal
treatment, chemical precipitation method, molecular beam
epitaxy and chemical vapor deposition. Among these tech-
nigues, the sol-gel method has distinctive advantages due

to its lower crystallization temperature, ability to tune micro-
structure via sol-gel chemistry, conformal deposition abili-
ty, compositional control and large surface area coating
capability /1/.

[ this work, we realized the ZnO nanostructures using the
sol-gel hydrothermal technique. The ZnO nanostructures
were characterized using scanning electron microscope
(SEM), atomic force microscope (AFM), photolumines-
cence (PL) and ultraviolet-visible (UV-Vis) spectroscopies.
The ZnO nanostructures were formed on the oxidized sili-
con (100) substrates. The fabrication process and prelim-
inary characterizations of the ZnO nanostructures will be
described in this paper.

2. ZnO Fabrication Process

The fabrication process of the ZnO nanostructures is de-
picted in Figure 1. Silicon (Si) {(100) substrate used for the
growth of ZnO nanostructures was cleaned and etched in
diluted hydrofluoric acid. The Si substrate was then rinsed
and cleaned with de-ionized water. After that, the seed lay-
er of silicon oxide (SiO2) was grown on the Si substrate.
The SiO» seed layer is necessary in order to enhance the
growth of the ZnO nanostructures on the Si substrate, since
there is a lattice mismatch between Si and zinc /13/. The
oxidation process was carried out in 1 atmospheric ambi-
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Fig. 1:  Sol-gel hydrothermal fabrication process of the
ZnQ nanostructures.

ent and 900 °C for 20 minutes. Solution for ZnO nanos-
tructures growth was prepared using an aqueous solution
of zinc nitrate hexahydrate [Zn(NOz3)2.6H20] mixed with
hexamethylenetetramine [CeH12N4lat molarity (M) of 0.01
M. The solution was diluted in 200 ml de-ionized water.
The solution was then stirred at 60 °C for 2 hours and
aged at room temperature for 24 hours. The oxidized Si
substrate was immersed in the solution at 95 °C for 5 hours.
After drying, the ZnO nanostructures coated oxidized Si
sample was annealed at 500 °C for 1 hour.

The ZnO nanostructures coated sample was characterized
for surface morphologies using scanning electron micro-
scope (SEM) (JOEL JSMB6380LA) and atomic force mi-
croscope (AFM) (Nanosurf EasyScan 2). The optical prop-
erties were measured using photoluminescence (PL) spec-
trometer (Horiba Jobin Vyon FluoroMax-3) and ultraviolet-
visible (UV-Vis) spectroscopy.

3. Results and Discussion

The three-dimensional (3-D) surface morphological behav-
ior of the nanostructured ZnO is demonstrated in the AFM
micrograph, given in Figure 2 (a). Figure 2 (b) shows the
SEM image of surface morphology of the ZnO nanostruc-
tures realized on oxidized Si substrate using precursor
concentration of 0.01 M. The flower-shaped and rod-
shaped ZnO nanostructures were observed in the SEM
image. However, the ZnO nanorods apparently dominate
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Fig. 2: a) AFM and b} SEM images measured for the
ZnO nanostructures.

the surface of the sample. ZnO nanorods with moderate
sizes were observed in the SEM image. The diameter of
the nanorods is about 600 nmto 1 um. Besides, the esti-
mated length of the ZnO nanorods is around 5 pm and
above.

Photoluminescene spectrum of ZnO nanostructures was
measured at room temperature for wavelength ranging from
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Fig. 3:  Theroom temperature PL spectrum measured
for the ZnO nanostructures.
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350 nm to 800 nm, as shown in Figure 3. The PL spec-
trum contains sharp ultraviolet (UV) emission band at ap-
proximately 362 nm, which implies that the ZnO nanos-
tructures exhibit high excitation at UV region. It is originat-
ed from recombination of exciton corresponding to the
near-band gap emission of ZnO /2,5,8/. Figure 3 also
shows that the PL spectrum exhibits the broad peak in the
visible light range between around 400 nm to 500 nm.
The broad band in the visible region is generally believed
to associate with the intrinsic defects such as oxygen va-
cancies, zinc (Zn) interstitials or impurities /5,8,12/.

Figure 4 demonstrates the ultraviolet-visible absorption
spectrum measured for the ZnO nanostructures for wave-
tength ranging from 200 nm to 800 nm. The sample in
general has high absorption at UV region (below 400 nm),
verifying the presence of the ZnO phases in the realized
nanostructures, as shown in PL spetrum.
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Fig. 4:  The UV-Vis spectrum measured for the ZnO
nanostructures.

4, Conclusion

ZnO nanostructures have been synthesized using low cost
sol-gel hydrothermal technique on oxidized silicon sub-
strates using a precursor's concentration of 0.01 M. The
morphological and optical properties of the synthesized
ZnQO nanostructures were characterized. The scanning
electron microscope and atomic force microscope imag-
es reveal flower-shaped and rod-shaped ZnO nanostruc-
tures, which are confirmed by the photoluminescence (PL)
spectrometer and ultraviolet-visible (UV-Vis) spectroscopy
measurements. The sol-gel processed ZnO nanostructures
are promising material system for many emerging electronic
and optoelectronic devices.
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Abstract: This study concerns about a high frequency companionable receiver architecture for RFID application, which is capable of dealing with most of
the previous inadequacies. In this paper, an assessment of different receiver systems is shown and a simulated design of an integrated receiver for 13.56
MHz RFID Reader is proposed for 0.18um CMOS technology. The design is mainly composed of ampilifier, detector and digitizer. The system uses fewer
components then that of other CMOS based RFID receivers and consumes a power of 0.325 mWatt at 1V biasing. Synthesized Results show smaller
ripple (<0.0002%) than that of existing systems.

ASK kompatibilen CMOS sprejemnik za
13.56 MHz RFID bralnik

Kjuéne besede: ASK, RFID, sprejemnik, 13.56 MHZ, ISO/IEC 14443, CMOS

lzvle€ek: Prispevek obravnava novo arhitekturo visokofrekvenénega sprejemnika za RFID aplikacijo, ki odpravija vedino prej$njih pomanijkljivosti. V tem
Slanku je presojamo razliéne sprejemne sisteme in simuliramo koncept integriranega sprejemnika za 13.56 MHz RFID Gitainik izvedenega z 0.18um
CMOS tehnologijo. Sistem je sestavijen iz ojacevalnika, detektorja in digitalizatorja. Naprava uporablja manj komponent kot RFID sprejemnik na osnovi

CMOS tehnologije ter porabi 0.325 mWatt modi pri napetosti 1V. Rezultati pokaZejo manjdi $um (<0.0002%) kot pri obstojedih sistemih.

1 Introduction

Radio Frequency Identification (RFID) system has been her-
alded as a technology fit for the 21st century, offering vari-
ety of applications. In modern time, there has been an es-
calating impact on the expansion of RFID technology for
the localization and the identification of objects. RFID is a
broadly used technology, which employs radio signais for
the identification of people or objects. lts utility is to facili-
tate data to be transmitted into devices, which is interpret-
ed by an RFID reader. Among the three focal constituents
of RFID, reader is one which transmits the signal and proc-
esses the received data from the tag. Processing and re-
ceiving of data is carried out by the receiver. To do this,
RFID reader needs to extract the message signal from the
carrier and to digitize the resulting data. Our research goal
is to design 13.56 MHz compatible receiver for RFID read-
er. For the design of a complimentary-metal-oxide-semi-
conductor (CMOS) based 13.56 MHz RFID receiver, one
of the basic requirements is to follow ISO/IEC 14443 stand-
ardization.

According to ISO/IEC 14443 standardization, a design of
an RFID receiver is proposed in this study. The carrier sig-
nal from the RFID tag will be 13.56 MHz with a subcarrier
frequency of 847.5 KHz. The modulation index has to be
either ASK(Amplitude Shift Keying) 10% or ASK 100%. On
the other hand, low ripple, faster settling time and low power
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consumption are vital criterions in designing the system.
So, the ultimate design challenge is to implement a receiv-
er, which is compatible with ISO/IEC 14443 standardiza-
tion, consumes less power, uses fewer components and
shows low ripple.

From the recent literatures, we found, there were few re-
searches on RFID receiver for high frequency
(1MHz™ 20MHz) RFID operation. Though, till now, there
are scopes to reduce ripple in detection and improve the
performance in power consumption. Choi et al., 2006 is
one of those who accentuated on multi tag recognition and
anti-collision protocols rather than focusing on detection
and power consumption /2/. N.Roy et al., 2006 delineat-
ed a mixed mode system by combining both digital and
analogue components, which also overlooks the power
criteria /3/. Meill'ere et al., 2006 delineated a CMOS
based 13.56 MHz RFID reader, whereas the receiver con-
sists of rectifier, amplifier and comparator /4/. But, the
number of MOSFETs used here is higher than those of the
other receiver systems. The proposed demodulator by Y.Liu
et al., 2007 focused on FPGA implementation of receiv-
er/5/ and like /2/, it did not consider the issue of detec-
tion. C. Mutti ef al., 2007 compared different detection
algorithms, but this work was more towards theoretical
implementation rather than real time nature /6/. One of
the significant research execution was done by Alegre ef
al., 2008 where a detector was designed, which can be
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also used as a part of an RFID receiver /7/. This research
is noteworthy because of its low ripple at the output. Sys-
tem designed by Seo et al., 2008 showed an RFID read-
er, compatible for different standardization, though regard-
ing ripple and settling time, it stated nothing /8/. From the
literature review, we found that most of the researches went
through either FPGA (Field Programmable Gate Array) im-
plementation or theoretical execution. From the preced-
ing literature review, we can say that, only few of these
papers went through the practical design of receiver for
13.56 MHz RFID reader. So, our aim is to design a CMOS
based RFID receiver which attunes with ISO/IEC 14443
standardization, employs fewer components, consumes
less power and confirms less ripple.

2  Proposed Methodology

Fig 1 depicts the block diagram of the proposed receiver,
which is mainly comprised of an amplifier, a detector, and
a digitizer. The ASK modulated signal, coming from the tag
has a carrier frequency of 13.56 MHz with a subcarrier
frequency of 847.5 KHz. The OpAmp( Operational Amplifi-
er) used in the amplifier, takes the ASK signal and boosts it
up. The boosted up signal is then sent to the detector,
which detects the peak and free the wave from the carrier.
The digitizer compares the signal coming from the detec-
tor, with a reference voltage and shapes the wave. The
output of the digitizer is set to a digital OR gate, which
completely digitizes the wave. In the upcoming sections
we are going to discuss the whole system in details.

Amplifier | Detector |

Fig 1 Block Diagram of the Proposed Receiver

2.1 Amplifier

We used ampilifier in the receiver circuit to increase the
power of the RF signal. It takes the signal from the tag via
an antenna and a bypass capacitor. The bypass capacitor
C1 is used here to illuminate the DC component. This ca-
pacitor is connected with the positive terminal of the
OpAmp/9/, whereas the OpAmp is constructed by tran-
sistors (M7-M10). The OpAmp mainly consists of three dif-
ferent components; which are 1. Differential Amplifier Block
2. Single Ended Conversion Block and 3. Gain Stage. The
1st block contains a differential pair (M4,M5), a current
mirror (M7,M3,M7,M8) and a current source (M2). Cur-
rent source is aided by active resistors (M7 and M®6) to
generate reference current for the current mirror. For ob-
taining high voltage gain, we used the current mirror. M4
and M5 are those inputs, which are used for inverting and
non-inverting mode respectively. Capacitor CO is used to
ensure stability for the feedback. The Single Ended Con-

version Block produces a single output and gives neces-
sary gain for the Gain Stage. The gain stage is comprised
of M3 and M10. The high output resistance of these two
transistors brings a large gain. The OpAmp works in non-
inverting mode. In case of non-inverting amplification in
OpAmp, the gain can be given as,

G=1+RI/R2 &)

In eguation (1), R1 is the feedback resistance and R2 is
connected with ground and R1. The values of the resistors
are set in such a way that, the gain gets attuned at a com-
patible range, which can give a proper amplification of
power for the detector. Fig 2 shows the schematic of the
amplifier.

Y N N
Input
- with 13.56

MHz carrder

Connected

-+ to detector

ved

Fig 2  Schematic for the Amplifier

Table 1 shows the type, width and length of the MOSFETs
used in the ampilifier, where M2 works as a current source
and its’ width (W) and length (L) are set in such a way that
the reference current coming from M2 js 50 pA. At the
same time, same amount of current passes through M1,
as the W and L of M7 is equal to that of M2. To obtain a
higher current (twice of reference current) at M3, the width
must be double than that of M2.The W/L ratio for M7 and
M8 is set identical to obtain a mirror of the input current at
output. M3 and M 70 have a higher W/L ratio which helps
o obtain a higher gain.

2.2 Detector

The detector illuminates the carrier and keeps only the
message signal in an analogue form. The circuit mainly
contains a PMOS M117, a resistor R3 with two capacitors
C2 and C3 respectively as depicted in Fig 3. C3 acts as a
bypass capacitor. Source and gate of the PMOS M77 are
shorted together, which forms a p-n junction. Its drain is
connected to resistor R3 and Capacitor C3.
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Table 1 Type, Width and Length Of The MOSFETS

MOSFET | Type Width(um) | Length(um)
Ml p-type 35.64 0.96
M2 p-type 35.64 0.96
M3 p-type 72 0.96
M4 p-type 7.44 0.96
M5 p-type 7.44 0.96
M6 n-type 1.56 3.12
M7 n-type 5.28 0.96
M8 n-type 5.28 0.96
M9 n-type 2.64 2.16
MI0 n-type 21.12 0.96

C2
4 | ~ Connected
| to digitizer |
Connected
to amplifier
R3 (0 J—
,,,,,,,,,,, |

Fig 3  Schematic for the detector.

The configuration of detector is similar to a conventional
envelope detector with a change in width (W) and length
(L) for PMOS. To obtain a high drain current, W/L ratio is
kept high. As W/L ratio is directly proportional to the drain
current, when there is a high frequency input signal, the
rectification and detection process become more accu-
rate. On the other hand, the output of the detector is con-
nected with an amplifier. Amplifier needs a high input cur-
rent to be boosted up. Increasing W/L will give high output
current for the detector. This can be explained by

22

Lo = uC WLV o =V )V — (Vo/2) V]

When (2)
0<Ve<Va=-V,

Where,

I. = Drain Current,

u = Mobility (Carrier),

C.. = Oxide Capacitanc e,

V. = Gate to Source Voltage,
V. = Threshold Voltage,

Vi = Drain to Source Voltage

From (2), it can be stated that |, is directly proportional to
W/L ratio. Hence, increasing W/L will increase the drain
current, which also provides high input current for the
amplifier.

2.3 Digitizer

The digitizer compares the detected signal with respect to
a reference voltage and passes the signal to an OR gate.
In our proposed design, we employed an
OpAmp(constructed of M7-M10 in Fig 4) to execute the
function of comparator, whereas the reference voltage was
set with an inverting terminal of the OpAmp. The non-in-
verting terminal receives the signal coming from the de-
tector. The endpoint of the comparator is affixed with an
input of an OR gate. When the compared value is higher
than that of reference voltage, the comparator gives a high
signal. On the other hand, the comparator shows a lower
signal; when the compared value is lower than that of ref-
erence voltage. The output generated from the compara-
tor is sent to the OR gate to smooth the signal. The W and
L of the transistors are equal o that of amplifier.

Fig 4  Schematic for the Digitizer

3 Results and Discussions

Mentor Graphics EldoSpice is used to simulate the pro-
posed circuit in 0.18 um CMOS technology, with one poly
and two metal layers. Thick oxide layer is used to shield
the transistors from high current. Each transistor is en-
closed within its own individual deep well. The proposed
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receiver is designed with the following component values:
C0=100 fF, C1=10 nF, C2= 1000nF, C3=1nF, R1= 1K,
R2= 1K and R3= 10K. Fig 5 shows the chip micrograph
with an active area of 0.440200 mm2 (including bonding
pads).

1
|
|
]

Fig5  Chip Micrograph

The system is evaluated by using ASK modulated signal
with a square-wave baseband and sine wave carrier sig-
nal. Fig 6(a) and 6(b) shows the representation for input
and output voltage waveforms respectively. In simulation,
it has been considered that the input waveform has 0.2V
amplitude, 13.56 MHz carrier and 200 KHz baseband sig-
nal.

a

Fig 6 (a) Modulated Waveform (b) Receiver Output.

When this signal is used as an input, the output signal ob-
tains a ripple of 0.005%. The ripple is appraised by taking
the ratio of ripple voltage and dc voltage of the output wave-
form as shown in equation (3), where r stands for ripple, V,
is the ripple voltage and Vg is the dc voltage.

14

r:Z' (3)

C

(3)Fig 7 shows the transfer characteristics, where noise
(indbc) vs. frequency graph is plotted. From this graphit is
visible that at a very low frequency noise is high. As the
frequency increases, the noise decreases. The frequen-
cy compatibility for the system is 5 KHz to 20 MHz.

— —ry
5 roie 4 10245

Cdliter e
Fig 7 Noise Vs Frequency Graph

The receiver can extract the baseband signal from the car-
rier signal at 10% modulation index consuming 0.325
mWatt power. The total power consumption can be expli-
cated by equation (4),

P.=P.+P,+P. (4)
Here,

Ps = Static Power Consumption = n(Leakage Current X
Supply Voltage)

Py = Dynamic Power Consumption = CiVao?f,

Psc = Short Circuit Power Consumption =

Where, n = Number of MOSFETs, (. = Load Capacitance,
Voo = Biasing Voltage, f; = Repetition Frequency, i = Ef-
fective Surface Mobility, Cox = Oxide Capacitance, Vi =
Threshold Voltage.

Based on these facts and accessible data, Table 2 has
been constructed which portrays the comparison between
this work and the prior works in which our implemented
demodulator shows better performance and accomplish-
es the requirements of ISO 14443 standardization.
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Table 2 Comparison of the Prior Works

4 Conclusion

In this paper, an integrated receiver structure has been
proposed for the use in a 13.56 MHz RFID reader. At 13.56
MHz frequency, the design shows less ripple and faster
settling time than that of existing systems. Experimental
results from the post-layout simulation are with good agree-
ment on modulation index, frequency and data rate. So, it
can be concluded that, the proposed system gives high-
quality performance in terms of ripple and power consump-
tion by following the standardization of ISO/IEC 14443.
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AVTOMATIZIRANA PRETVORBA ZNAKOV ARABSKE
ABECEDE IZ KODNEGA SISTEMA 0600-06FF V KODNI
SISTEM PREZENTACIJSKE OBLIKE FE70-FEFF

Sasa Klampfer, Peter Samperl, Zdenko Mezgec, Amor Chowdhury
Margento R&D d.o.0., Maribor, Slovenija

Kjuéne besede: mPOS, kodni sistemi, arabska abeceda, arabski znaki, pretvorbe, translacijska matrika, pravila, pladilni terminal, zaslon, hexadecimalni
zapis, inverzna pretvorba, terminalsko orodje, translacijsko orodje, enostopenjsko pravilo, vecstopenjsko pravilo.

lzvle€ek: Razsirjenost brezgotovinskega placevanja z mobilnimi telefoni preko mPOS placilnih terminalov postaja vse bolj aktulno in prirodno. Razvite
reditve se lansirajo tako na domace, kot tuje trge. Z lansiranjem reditev na trzis¢a bliznjega vzhoda, pa so se pojavile specificne potrebe po podpori
arabskih jezikov v menijih mPOS plaéiinih terminalov. Clanek opisuje enega izmed moznih nadinov pretvarjanja arabskih znakov iz kodnega sistema 0600-
06FF v prezentacijske forme arabskih znakov, ki se nahajajo v kodnem sistemu FE70-FEFF. V prvem delu smo se omeijili predvsem na problematiko
prikazovanja arabskih znakov na zaslonu terminala, ki se nahajajo v kodnem zapisu 0600-06FF. Iz tega razloga smo predstavili resitev, ki se navezuje na
pretvorbo arabskih znakov kodnega sistema 0600-06FF v kodni sistem arabskih prezentacijskih form FE70-FEFF. Na osnovi tega smo v nadaljevanju na
prakti¢nih primerih predstavili reSitev pretvorbe v dveh korakih. Najprej se pretvorba izvréi preko translacijske matrike, v drugem koraku pa se pretvorien
zapis preko translacijske matrike primerja z ekvivalentnim originalnim arabskim zapisom. Na osnovi primerjave in ugotovljenih odstopanj se zasnujejo
pravila po katerih se izbirajo oblike ¢rk, glede na predhodno ¢rko v besedi. Vsak predstavijen korak smo obrazlozili na Stevilnih prakticnih primerih. V
Clanku predstavijamo tudi koncept izbire in aktivacije pravila, ki je povsem identicen ekspertnim sistemom, ki temeljijo na osnovi produkcijskih pravil. V
drugem delu smo se osredotodili na jasno predstavitev posameznih resitev, ki jih uporabliamo za konfiguracijo mPOS plagilnega terminala, kamor smo
umestili tudi razvit produkt in njegove funkcionalnosti. V zadnjem delu smo se omejili predvsem na prikaz pretvorjenih besed v kodni zapis FE70-FEFF na
zaslonu mPOS terminala.

Arabic characters automatic translation from 0600-O6FF
code system to Arabic presentation forms
code system FE70O-FEFF

Key words: mPOS, code systems, Arabic alphabet, Arabic signs, conversions, conversions matrix, rules, payment terminal, screen, hexadecimal record,
inverse conversion, terminal fool, conversion tool, single rule, muitipte rule.

Abstract: Prevalence of non-cash payment with mobile phones via mPOS payment terminal is becoming increasingly important and convenient. The
developed solutions are ready to launch on the domestic and foreign markets. With the launch of a different solutions to the Middle Eastern markets, have
emerged to support the specific needs upon the Arab language in the menus of mPOS payment terminals. This paper describes one possible way to
convert the Arab characters from code page 0600-06FF into the Arabic presentation forms which are specified in FE70-FEFF code page. In the first part
ofthe article, we are limited primarily to the problems which concerns correct displaying Arabic words (written in 0600-06FF code system) on the terminal
screen. For this reason, we presented a solution which is tightly connected with the transformation of the Arab characters from 0600-06FF code system
into the FE70-FEFF Arabic presentation form code page. On this basis, we present a solution on practical examples which is constructed with two steps.
First step presets conversion over conversion matrix, meanwhile in second step we compare converted word (FE70-FEFF) with the original one (0600-
06FF). Based on a comparison of the anomalies the rules are created and written into conversion setup file. The rules are created on the following way:
fortemporary char (FE70-FEFF), system observe char which is before it and then temporary char compares with original (0600-06FF) one shape. If there
are differences in shape, then system produces rule which contains proper shape of temporary char correspond to char before it. All described is explain
on practical examples. During this paper we present the concept of rules creation, selection and activation, which is completely identical to the expert
system based on production rules. In the second part, we focused on a clear presentation of individual solutions that are used to configure mPOS
payment terminal, where we place our well-developed product and its functionality. In the last part, we have limited primarily to see how the converted
words (FE70-FEFF) looks like on the screen of the mPOS terminal.

mPOS. Osnova obeh terminalov je enaka, razlika je v tem,
da ima mPOS terminal vgrajen uporabniski vmesniki (tipk-

1. Uvod

Brezgotovinsko plac¢evanje z mobilnim telefonom je zaradi
razsirjenosti mobilne telefonije postalo trzno zanimivo. Raz-
vile so se razlicne tehnologije, ki omogoc¢ajo mobilno
pla¢evanje. MPay je eden od sistemov mobilnega placevan-
ia, ki ga je razvilo podijetje Ulira d.o.o.. Sistem temelji na
osnovi prenosa podatkov po govornem kanalu razli¢nih
mobilnih omrezij, kot so GSM, CDMA in UMTS. Glede na
razli¢ne pladilne storitve, ki jih omogoca MPay sistem, se
na trgu uporabliata dva tipa terminalov, in sicer aPOS ter

ovnica, zaslon, tiskalnik). aPOS terminal se najpogosteje
uporablja v restavracijah, trgovinah, taksiji,..., in ne vsebu-
je graficnega uporabniskega vmesnika, zato za naso razvi-
to aplikacijo ni primeren. aPOS terminal ima vgrajene ra-
zli¢ne komunikacijske vmesnike, ki omogocajo priklop na
razne prodajne aviomate, parkirne ure, igralne aviomate, . ..
Na novo razvita aplikacija se seveda nanasa na mPOS
pladilne terminale, ki razpolagajo z uporabniskim vmes-
nikom s sposobnostjo prikazovanija razli¢nih jezikov.
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Ideja za strokovni prispevek je nastala na podlagi vse vedje
vecje potrebe podjetia Margento R&D d.o.0., ki razvija sis-
teme brezgotovinskega plac¢evanja z mobilnimi telefoni pre-
ko mPOS terminalov za celotno svetovno trzisce. V vedini
priemerov se na mPOS terminalih podpre vedjeziéna pod-
pora. S pridobitvijo razvojnih projektov za podrodje
Zdruzenih Arabskih Emiratov se je v podijetju pojavila
potreba implementacije arabskega jezika na pladiine ter-
minale. Problematika s katero smo se srecali se nanasa na
sposobnost prikazovanja arabskih znakov na placilinem ter-
minaiu T4000.

mPOS T1000

aPOs mPOS T3000 mPOS T4000

Slika 1: Prikaz aPOS in mPOS terminalov

Postopek priprave izpisov, ki se prikazujejo na zaslonu
plagilnega terminala se pri¢ne z osnovno excel datoteko.
Npr. V koloni ‘A’ se nahajajo npr. angleski izrazi, v koloni ‘G’
pa arabski izrazi, ki jih preko arabske tipkovnice zapise
prevajalec. Privzeto se arabski znaki, ki se vnasajo preko
arabske tipkovnice nahajajo v kodnem zapisu 0600-06FF
/1/. Z zdruZzevanjem znakov iz omenjenega kodnega sis-
tema, ¢rke spreminjajo obliko, glede na lokacijo v besedi
in glede na tip predhodne in zaporedne ¢rke. To pomeni,
da ¢rka spremeni obliko, vendar v hexadecimalnem zapisu,
le ta $e vedno ohranja enako ‘hexa’ vrednost, kljub temu,
da se je ¢rki spremenila oblika. To je tudi glavni problem
na katerega naletimo pri implementaciji arabskega jezika
na placiini terminal (MPOS). Le ta ne pozna pretvorbe &rk,
glede na predhodnjo in naslednjo ¢rko, zato jo prikaze
nepovezano v obliki samostojece ¢rke (beseda kot konéni
produkt ne izgleda povezano, temvedé vsaka ¢rka stoji sama
zase). Tekom studije smo prisli do zakljucka, da je za pravil-
no prikazovanje arabskega jezika na placilnem terminalu,
potrebna pretvorba znakov arabske abecede iz kodnega
sistema 0600-06FF v prezentacijsko obliko arabskega
kodnega sistema FE7O-FEFF /5/. Le ta vsebuje kodne
znake, ki upostevajo lokacijo ¢rke v besedi. To pomeni, da
za vsak znak arabske abecede v kodnem sistemu 0600-
O6FF obstajajo stiri razlicice zapisa istega znaka v prezeni-
acijskem /2/ arabskem kodnem sistemu FE70-FEFF. Tak-
Sne §tiri razliCice se navezujejo na lokacijo arabskega zna-
ka v besedi, in sicer: zagetna érka besede, vmesna ¢rka
besede, koncéna ¢rka besede in osamljena (izolorana/sa-
mostojeda) ¢rka abecede (vsaka ima svojo obliko).

Ker arabsko trzis¢e predstavija enega izmed najpomem-
bnejsih podrodij uvajanja sodobnih naéinov brezgotovin-
skega placevanja, je bilo za nas izrednega pomena razviti
avtomatizirano resSitev za pretvorbo znakov arabske abe-
cede v prezentacijsko formo, saj podobne programske
reSitve, ki bi bile sposobne izvesti opisano pretvorbo, ne
obstajajo.

26

Pri razvoju tako imenovanega ‘translacijskega’ orodja smo
sli Se korak dlje v smeri avtomatiéne priprave t.i. ‘printout’
datotek, preko katerih v interni pomnilnik plagilnega termi-
nala naloZimo izraze razlicnih jezikov (npr. angleski in arab-
ski jezik). Povzetek pregleda operabilnosti in funkcional-
nosti sistema bomo na kratko predstavili v nadaljevanju.

V drugem poglavju predstavliamo definicijo problema in
osnovno problematiko pretvorbe arabskih znakov iz enega
kodnega sistema v drug kodni sistem. V okviru tretiega
poglavja bomo predstavili metodologijo pretvorbe in t.i.
‘translacijsko’ matriko z upostevanjem pozicij posameznih
&rk v besedi. Cetrto poglavie je namenjeno predstavitvi
drugega koraka, ki uposteva pravila predhodne in za-
poredne &rke glede na trenutno ¢rko, in s tem pripomore
k pravilni pretvorbi arabskih izrazov v kodni sitem FE70-
FEFF. V petem poglavju predstavljamo pomembne korake
od pretvorbe arabskih znakov do postopka naloZitve le teh
v flash pomnilnik mPOS terminala. Sesto poglavje je na-
menjeno predstavitvi funkcionalnosti razvite resitve in njenih
rezimov delovanja. V sedmem poglavju so prikazani rezui-
tati razvitega orodja, medtem ko z osmim skiepnim
poglaviem zakljucujemo ¢&lanek.

2. Definicija problema in osnovna
problematika

Kot smo ze v uvodu nakazali, se osnovna probiematika
navezuje na razsiritev trzenja razvitih tehnologij na tuja
trzis¢a, predvsem pa na trzisée Zdruzenih Arabskih Emira-
tov. S prodorom na tuje trge se pojavlja potreba po veé
jezicni podpori. Zaradi specifike arabskega jezika, in ome-
jitev programske opreme mPOS terminala smo morali raz-
viti univerzalno resitev, ki nam bo v veliko pomo¢ pri lan-
siranju nadalnjih produktov na omenjeno trzisce.

Omejitev programske opreme placilnega terminala mPOS
se navezuje na nesposobnost prikazovanja znakov arab-
ske abecede, ki se nahajajo v izvornem kodnem sistemu
0600-06FF (slika 2).
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Slika 2: Izsek kodne tabele 0600-06FF z arabskimi
znaki /7/
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Uvodoma smo omenili, da osnovni element med nami in
prevajalcem v arabski jezik predstavlja excel datoteka. Vsak
preveden izraz v excel datoteki je zapisan v 0600-06FF
kodnem zapisu (gledano hexadecimaino). Lastnost tak-
8nega zapisa je avtomatsko prilagajanje in spreminjanje
oblike ¢rk /4/, glede na predhodno in zaporedno zapisas-
no ¢rko. Naj spomnimo, da je lastnost arabske pisave tudi
zapis od desne proti levi, za razliko od nasega jezika, v
katerem pisemo od leve proti desni. Da bo opisan princip
¢imbolj nazoren si pogiejmo naslednji primer:

Tabela 1: Spreminjanje oblike arabskih Crk pri proceduri
zdruZevanja

Samostnjna ¢rka | Samostomna érka Zdruzeni ¢rki
(0600-06FF) (0600-06FF) (0600-06FF)

— e C

Na zgornjem primeru je lepo razviden status in oblika sa-
mostojecih (skrajno levi in arabski znak na sredini - glej
tabelo 1) arabskih ¢rk iz kodnega sistema (0600-06FF),
ter spremenjena oblika znakov v primeru zapisa obeh, en-
ega za drugim. S pregledom hexadecimalnega zapisa /6/
zdruzenih znakov v besedo, pa le ta Se vedno ohranjata
izvirni hexadecimalni zapis, kijub spremenijeni obliki &rk.

Tabela 2: Hexadecimalna vrednost posameznih ter
zdruZenih arabskih znakov

Zdruzen ¢rki
(0600-06FF)

Samostojna &rka
(0600-0GFF)

Samostojna Crka
(0600-06FF)

Hexadecimali zapis arabskih znakev
0641 | 064A | 0641 064A

Iz zgornjega primera je Ze lepo razvidna problematika, s
katero smo se srecali pri prikazovanju arabskih izrazov na
zaslonu terminala. Klijub zdruzenim &rkam in spremenjeni
obliki le te e vedno chranjajo kodni hexadecimaini zapis v
taksni formi, kot da ¢rka stoji samostojno in ni vezana na
druge ¢rke v zapisani besedi (kljub avtomatski spremembi
oblike ob zapisu dveh zaporednih arabskih znakov). |z tega
razloga je tudi prikaz na zaslonu terminala napacen.

Resitev za taksen problem najdemo v arabskih prezentac-
ijskih znakih, ki so zapisani v kodnem zapisu FE70-FEFF.
Taksen kodni zapis vsebuje za vsak znak iz 0600-06FF
vse oblike tovrstnega znaka glede na pozicijo v besedi (sa-
mostojni zank, na zacetku besede, na koncu v sredini). Da
bo razlaga $e bolj jasna, si oglejmo primer za arabski znak
FEH (0641):

Marsikomu se na tem mestu porodi ideja, da je potrebno
spremijati pozicije ¢rk v besedi iz kodnega sistema 0600-
0BFF, in na osnovi teh pozicij nato izbiramo ¢&rke iz kod-
nega sistema FE70-FEFF. To je deloma pravilno, in tudi to
metodologijo, ki jo bomo razlozili v nadaljevanju uporablja-

Tabela 3: Primerjava hexadecimalnih zapisov oblike
arabske &rke FEH v obeh kodnih tabelah

Kodni sistem 0600-06FF
Crka | Osamljena | Zacetek | Sredina | Konec
FEH )
0641 0641 | 0641 | 0641 | 0641
Kodni sistem FE70-FEFF
FEH | (> 2 2 -
0641 FEDI FED3 | FEDA FED?2

mo tudi mi. Vendar pa konéna resitev ni tako trivialna in
enostavna, kot smo jo ravnokar navedli. Problematiko do-
daino otezijo Se dejstva, da je v FE70-FEFF kodnem sis-
temu potrebno upostevati Se dodatna pravila, katera ¢rka
je pred in za pretvorjeno.

Tipi¢en primer upostevajo¢ samo pozicije znakov brez up-
ostevanja dodatnih pravil pretvorbe daje napacen rezultat
(glej tabelo 4). Vendarle pa nam je bil takéen nadin v veliko
pomoc pri postavljanju pravil za drugi nadin pretvorbe, ki
uposteva tako pozicijo kot tudi pravila. Iz tega razloga je
potrebno za praviine pretvorbe zasnovati Se dodatna pravi-
la, ki pripomorejo k tocnemu konénemu rezultatu. V sred-
inski koloni tabele 4 sta z rdeco barvo prikazani arabski
&rki zapisani v kodnem zapisu FE7O-FEFF, ki sta bili vpel-
jani z upostevanjem pozicije brez dodatnih pravil, le ti pa
sta napacni.

Tabela 4: Pretvorba v FE70-FEFF kodni sistem z
upoStevanjem samo pozicije (sredinska kolona) ter z
uportevanjem pozicije in dodatnih pravil (desna kolona)

Originalen arab- Pretvorba z Upostevana
ski izraz 0600- upoitevanjem dodatna pravila
06FF pozicije FE70- Pretvorbe FE70-
FE77 FE77
- Z 8 -
Napacno Pravilno

3. Potek pretvorbe z upostevanjem
pozicije

L ogiko pretvarjanja izrazov iz 0600-06FF v FE7O-FEFF smo
zasnovali v programskem jeziku C# /3/.

Da bo predstava lazja, bomo potek tovrstne pretvorbe opis-
ali na primeru arabske besede, ki jo sestavijajo arabski znaki
iz 0B800-06FF. Logika programa je v prvi fazi zasnovana
tako, da besedo najprej razdeli na posamezne arabske
znake, ki le to sestavljajo in jih zapiSe v tako imenovane
tipizirane liste, pri ¢emer ohranja zaporedje &rk (od desne
proti levi). V kolikor gre za stavek, le tega najprej razdruzi
na posamezne besede, nato pa vsako besedo v posamic¢ne
¢rke, ki se ponovno zapisejo v pripravijene podatkovne
strukture. Temelj pretvarjanja je torej razdruztev stavka na
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besede in nadalje besede na posami¢ne ¢rke. Na tem
mestu se marskomu pojavi vprasanje zakaj besedo razdel-
iti na posamezne &rke? Odgovor je sila preprost. Za pretvor-
bo ¢érke iz 0600-06FF v FE70-FEFF uporabljiamo translac-
ijsko matriko v nasledniji obliki:

Tabela 5: Izsek iz sestavljine translacijske matrike

Original | Konéna | Zadetna | Vmesna | Izolirana
(hex) ¢rka ¢rka ¢rka crka
(hex) (hex) (hex) (hex)
0641 FED?2 FED3 FED4 FEDI
0642 FED6 FED7 FEDS FEDS
0628 IE94 FE9B ILoC FE99
0633 FEBA FEBB FEBC FERY
0636 I'LBE IEBI FECO FEBD
0643 FEDA FEDB FEDC FEDY
0645 FEE2 FEE3 FEE4 FEEL
0646 FLEEG FEET FLEES ILES
0624 FE96 FE97 FE98 FE95

Posamezno ¢rko iz besede (0600-06FF), ki smo jo v pred-
hodnem koraku razdelili pretvorimo v hexadecimalni zapis,
in upostevamo njeno pozicijo. Pozicije ovrednotimo s ste-
vili, kjer Stevilo O predstavija zacetno érko besede, stevilo
X pa kon¢no ¢rko besede. Vsa vmesna Stevila med 0 in x
predstavijajo pozicije vmesnih érk. Po takSnem markiranju
lahko pri nadalnji obdelavi ugotovimo, lokacijo posamezne
¢rke.

V naslednji fazi implementirana logika v translacijski matriki
(Tabela 5) v koloni Original (hex) pois&e istoimensko hex-
adecimalno vrednost, kot jo ima npr. zadetna ¢rka besede.
Ko logika najde ujemanje, preveri indeks pozicije, na os-
novi katerega s podpravili oblike if in then pois¢e ustrezni
hexadecimalini zapis ¢rke v isti vrstici translacijske matrike.
Ce se ozremo na tabelo 5 in predpostavimo, da imamo
opravka z zaCetno ¢rko besede, kiima hexadecimalno vred-
nost 0641 bo logika v isti vrstici glede na poznan indeks
Crke izbrala hexadecimalno vrednost iz kolone Zadetna
Crka (hex) FED3. S podobno logiko operiramo tudi v
primeru stavkov itd. V primeru osamljene ¢érke pa je logika
nekoliko drugacéna, saj preveri ali osamljena ¢rka vsebuje
$e kaksno ¢rko, ki se nahaja za njo. Ce takéna érka ne
obstaja jo markira kot izolirano, in po enakem principu
poisce ekvivalent FE70-FEFF preko translacijske matrike.
Procedura se po takSnem principu ponavlja, dokler niso
pretvorieni vsi arabski izrazi, besede, stavki...

Rezultat taksne pretvorbe je prikazan v tabeli 4 - sredins-

ka kolona.

4. Princip zasnove pravil s pomoc¢jo
rezultatov predhodne metode

Na osnovi primerjave rezultatov predhodne metode z ar-
abskimi izrazi, ki se nahajajo v excel datoteki (originalni izra-
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zi), lahko zasujemo tabelo pravil za vsako posamezno ¢rko,
glede na njeno zaporedno in predhodno ¢rko. Logika sno-
vanja matrike pravil je sledeca. Z orodjem za primerjavo
datotek, primerjamo ustvarjeno ‘printout’ datoteko po prvi
metodi z originalno excel datoteko. Na besedah, ki se raz-
likujejo izvrdimo analizo in hkrati snujemo matriko pravil za
posamezno ¢rko. Naprimer, primerjajmo spodnja izraza,
kier je levi pravilen, desni pa po predhodni metodi brez
pravil napac¢no pretvorien.

é_é.ﬁ 3
e

Desni izraz se tako ze nahaja v prezentacijski obliki arab-
skih znakov. Vidimo pa, da je zadnja ¢rka (od desne proti
levi) desnega izraza napacna. Iz tega razloga lahko za rde¢o
kombinacijo ¢rk zasnujemo naslednjo matriko pravila. Logi-
ka preverjanja deluje tako, da vzame hexadecimalno vred-
nost trenutne érke, in pregleda nastednjo &rko. Ce v pravi-
lu trenutne ¢rke najde $e hexadecimalno vrednost nasled-
nje ¢rke, potem aktivira pravilo, ki vrne rezultat pravilne
naslednje ¢rke. Na enak princip deluje tudi iskanje in akti-
vacija drugih pravil, za druge kombinacije ¢rk.

Poenostavijeno enostopenjsko pravilo za kombinacijo &rk:
o

Trenutna | Naslednja | Rezultat | Izraz po upoStevanju
érka ¢rka pravila pravila
— ¢ ¢ &

V naslednjem koraku si oglejmo primer kompleksnejsega
pravila z ve¢ internimi stanji. PrejSnje pravilo je tako imeno-
vano enkratno pravilo, saj vsebuje samo eno obliko nasled-
nje crke.

Razsirjeno sedem-stopenjsko pravilo za kombinacijo &rk:
\ in vseh iz druZine ¢ indruZine gf_

Trenutna Naslednja Naslednja Naslednja
crka érka (pl) ¢rka (p2) érka (p3)
FEC9 (1) FECA (L) FECB ( $)
Naslednja Naslednja Naslednja

¢rka (p4) &rka (p%) ¢rka (po)
FESD (') | FECC (%) FECD (L) FECE (0)
Naslednja Rezultat pravi- | Rezultat pray

¢rka (p7) la druzine Druzine

FEC9 (£) FECD (1)

FECF (£) FEC9 (%) FECD (¥)

Podobna pravila ustvarimo za vse ostale kombinacije in
druzine ¢rk. Princip prepoznave in aktivacije pravila je iden-
tien tistemu, ki smo ga spoznali pri poenostavijenem enost-
openjskem pravilu. Stopnja je odvisna od stevila podpravil
(p1), (P2), (P3),..., (pPn) za posamezno druzino &rke, ki se
nahaja za trenutno. Druzina podpravil npr. za érko FECA
(2 )je: FEC9O (¢ ), FECB(g)in FECC(*). Ne glede nato,
katera Crka iz te druzine se bo pojavila za ¢rko FE8D (1),
vedno bo pravilo vrnilo rezuitat FEC9 (t). Enako velja za
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¢rke iz druge druZine, ki so zajete v zgornjem sedem-sto-
penjskem pravilu.

Aplikacija, ki smo jo zasnovali v programskem jeziku C#, je
zasnovana modularno in fleksibilno, saj omogo¢a doda-
janje novih pravil po potrebi. Dodajanje pravil je izvedeno
preko tako imenovane namestitvene (ang. setup) datoteke.
Gledano dolgoroéno se s tem izognemo nepotrebnim
posegom v programsko kodo, ter hkrati uporabniku
omogodimo ob vsakem trenutku kreacijo in dodajanje novih
pravil. Namestitvena datoteka je obic¢ajna tekstovna datote-
ka z urejenimi tabelari¢nimi zapisi pravil. To pomeni, da se
mora uporabnik pri vnosu novih pravil drzati samo tabelar-
iCne ureditve v datoteki. Ob zagonu okenske aplikacije za
pretvorbo arabskih izrazov se pravila prenesejo iz names-
titvene datoteke v interno dinamiéno strukturo programa,
kier jih le ta koristi po Ze opisanem postopku.

Iz tega vidika je razvita aplikacija na las podobna ekspertne-
mu sistemu, saj vsebuje vedino kljuc¢nih gradnikov, kot so:
uporabniski vmesnik, baza, pravila ipd. Da bi lahko aplikac-
ijo uvrstili med ekspertne sisteme bi morali $e vkljuditi meh-
anizme sklepanja, ki bi se navezovali na avtomatsko primer-
javo orginalinih arabskih izrazov iz excel datoteke z izrazi, ki
jih dobimo pri pretvorbi, katera uposteva samo pozicijo. V
naslednji fazi bomo sistem nadgradili na stopnjo ekspert-
nega sistema, ki bo v navezi z mehanizmi skiepanja in avto-
matske primerjave opravil avtomatsko generiranje pravil,
katere smo v naSem primeru definirali sami (empiri¢no). V
smistu obravnavanja pravil po principu if in then, kombinaciji
le teh, ter aktivaciji, pa je delovanje razvitega ‘translacijske-
ga’ sistema povsem identi¢no delovanju ekspertnih siste-
mov. Korelacijo med obema sistemoma je mo¢ potrditi tudi
pri nadinu uc¢enja preko dodajanja pravil.

5. Shematski prikaz postopka od
pretvorbe do nalozitve pretvorjenih
zapisov v flash pomnilnik
plac¢ilnega terminala mPOS

Proces pretvorbe in posamezni koraki le tega, so prikazani
na spodniji sliki. Ker smo proces pretvorbe Zze spoznali, si
podrobneje oglejmo strukturo izhodne ‘printout’ datoteke,
ter nadaljnje postopke, kako vsebino ‘prinfout’ datoteke
prenesti v flash pomnilnik mPOS terminala.

‘Printout’ datoteka: Slednja sluzi kot vmesni ¢&len med
Translacijskim orodjem (1) in Terminal Tool orodjem (2).
Omenjena datoteka predstavlja konéni produkt pretvorbe,
v njej pa se nahajajo tako angleski, kakor tudi arabski izra-
Zi, ki so ze v prezentacijski formi (FE70-FEFF). Vsaka kom-
binacija izrazov (angleski - arabski) se nahaja v svoji vrsti-
ci, pri Cemer sta oba izraza medsebojno lo¢ena z znakom
tilda (7). Konec enega para je oznaden z znakom (X). V
naslednii vrstici je po enaki sintaksi zapisan drugi par itd.
Oznadevanje in loGevanje zapisov z znakoma (7 ,5) je
pomembno zaradi kasnejSega poenostavljenega branja
vsebine ‘prinfout’ hex datoteke v Terminalskem orodju.

Izvorna excel datoteka z angleskimi izrazi
v koloni A in ekvivalentnimi Arabskimi
izrazi v koloni C

A B c

1 Printer Test ool uand

2 Transaction Info  &ladi il sl
3 fOK L
+ Battery A
|

| Vhod v translacijski
‘ sistem

Translacijsko orodje o
(0600-06FF) > (FE7O-FEFF) | (1)

|

|izhod iz translacijskega
| sistema
1 Printer Test~is o Lklsin
2 Transaction Infor~wsa s ilealedin
3 OK~ema )
4 Battery~ilil yan

vhod v terminalsko

[

|

] 'Printout’ datoteka je
I

f orodje

v

Terminal Tool @3

mPOS Terminal

Slika 3: Procedura od pretvorbe do zapisa na flash
pomnilnik mPQOS terminala

Terminalsko orodje (Terminal Tool):

S pomocjo terminalskega orodja urejamo tako imenovane
M-Pay konfiguracijske datoteke. Primarni namen orodja je
nastavitev parametrov, ki se nato zapisejo v flash pomnilnik
mPOS terminala. Dodajamo lahko tudi druge parametre,
katerih vrednost lahko spremenimo preko uporabniskega
vmesnika, brez posega na kodni nivo. Z enakim orodjem
lahko nalozimo tudi pripravijeno ‘printout’ datoteko, ki pred-
stavlja izhod in transfacijskega orodja. Vse nastavljene in
nalozene vsebine v M-Pay konfiguracijski datoteki se nato
preko Terminalskega orodja prenesejo in zapisejo na in-
terni pomnilnik mPOS terminala. Terminalsko orodje se
uporabilja tudi za zapis konfiguracijskih parametrov na aPOS
terminale (glej uvodno poglavje), vendar se v tem primeru
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‘printout’ datoteka ne uporabi, saj aPOS terminal ne razpo-
laga z uporabniskim zaslonom, torej ne izpisuje in ne pri-
kazuje nikakrénih vsebin. Ce povzamemo funkcionalnosti
terminalskega orodja; omogoc¢a spreminajanje firmware-
&, terminalskih nastavitev, logotipov, izpisov, fontov, zvoénih
zapisov itd.

Inverzna pretvorba: Proces pretvorbe, ki smo ga spoznali
v predhodnih poglavjih smo razsirili tudi na pretvorbo v
obratni (inverzni) smeri.

Inverzni postopek

1 Printer Test~is o illkabean
2 Transaction Info~wl sl ilealalan
3 DK"‘—‘HJQ
1 Battery~iikl pio
l ‘Printout’ datoteka je

vhod v translacijski
sistem

Translacijsko orodje .
(FE70-FEFF)-> (0600-06FF)
Inverzna pretvorba

‘ 'Excel’ datoteka je
l izhod iz translacijskega
‘ sistema

A 8 o ¢

.oy .
u_ﬂ_}a_z b and

2 Transaction Info  “abadi il sl
3 OK
s Battery

<

A bl

Slika 4: Inverzna pretvorba

Inverzno pretvorbo smo uvedli iz dveh razlogov: v kolikor
poptrebujemo kakrsne koli spremembe arabskih izrazov s
strani prevajalca, je najenostavnejsa resitev izvoz v novo
excel datoteko, ki jo lahko prevajalec enostavno sprem-

inja. Na osnovi spremenjene datoteke lahko s translaci-
iskim orodjem ponovno ustvarimo novo ‘printout’ datote-
ko. Inverzna pretvorba, je enostavnejsa v primerjavi z nor-
malino pretvorbo, zaradi samo ene oblike arabskih &rk v
kodnem zapisu 0600-06FF. Naj spomnimo, da pri in-
verznem poteku pretvarjamo arabske ¢&rke iz kodnega sis-
tema FE7O-FEFF v kodni sistem 0600-06FF. Pretvorba
poteka na sledeé nacin. Vsako arabsko besedo v prezent-
acijski formi (FE70-FEFF) razdelimo na posamezne ¢rke,
le te pa pretvorimo v hexadecimalni zapis. V naslednjem
koraku za vsako ¢rko besede s pomocjo preproste pro-
gramske logike preis¢emo translacijsko matriko. Ko algo-
ritem najde ekvivalentno hexadecimalno vrednost érke
besede kodnega sistema FE70-FEFF v translacijski matriki
(Tabela 5), poisce istolezno originalno hexadecimaino vred-
nost (zapisano v hexadecimalni obliki sistema 0600-06FF),
ki jo nato pretvori nazaj v ¢rko iz kodnega sistema 0600-
06FF. Crke posamiénih besed algoritem sestavi, in zapise
na ustrezno mesto ustrezne kolone excel datoteke. Enako
storimo za vse ostale ¢rke besed.

Drugi razlog, zakaj inverzna pretvorba, pa se nanasa na
morebitno izgubo oziroma poskodovanje izvorne .x/s da-
toteke s prevodi. Ker se le ti nahajajo v flashu terminala, jih
lahko najprej s pomodjo terminalskega orodja izvozimo v
‘printout’ .hex datoteko, nato pa s pomodjo translacijske-
ga orodja v izvorno .x/s datoteko.

6. Uporabniski vmesnik in

funkcionalnosti

Uporabniski vmesnik temelji na dveh temeljnih korakih, ki
hkrati poenostavijata uporabo razvite resitve. Uporabniski
korak tvorita ukaz naloZi, s katerim uporabnik nalozi izvor-
no datoteko (.x/s, .hex) in ukaz pretvori s katerim sistem
pretvori arabske zapise iz enega kodnega sistema v druge-
ga. Z minimalnim stevilom korakov smo izpolnili pogoj upo-
rabniske prijaznosti, z upostevanjem minimalisti¢nega ob-
likovanja pa poskrbeli za pregleden uporabniski vmesnik.
Prebrane in pretvorjene izraze ispisujemo v dve loCeni tex-
tovni listi, predvsem iz razloga preverjanja ustreznosti

| Print0ut Main (TXT > XLS)| PrintOut Main (XLS > TRT) | Check Additional | Ausiiar (TKT -> XLS] | Ausiiary $4LS > TXT).
[ mportpals) || Exit | | ENGLISH ARABIC 21 Printey Testlaloll gaad &
! 1 Transaction Info™ilebadl Sl slaet i
ey P K~ st
Export {TKT] - G
! P rarsaction Info dglaodl o olre B attery™iy ;Ulal
aK u U e =z
- emp="" =pie
¢ altey ) BatSi —t31aB
U est= =nuzll {Ch. St="=t5 hCH
Temp= =pmaT Paymant Amownt™ & sbaall gl
BatSt= —tStaB Tranzaction™deladlH
= — Status™ il g gllst
" Eh 5= =18 hC Transaction 0K faals daladitl
Payment &rmount £ pd el ool Aepeat Transaction?‘”?{iowl a5
+ ¢ Transaction FIRP  Printing Error /9-.1.’5@ Uit
T i Connecting,.. ™ Joed), B
Status sl &2 ) s Dater ™ Fa Ll )
Transaction OK Saall ddolaall Azt Time: ™ oll:8 e

Slika 5: Uporabniski vmesnik in osnovne funkcije razvite resitve
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0.Unauthorized Terminal.|Please Call Mobily Support.

0 Transaction Denied. |Please Call Mobily Support

0, Trangactlon Dellvery Demed |Please Call Mobuy Suppor’t.

1 Transactlon Dehvery Falled IPIease Repeat.

1 Transactlon Authouzatron[Fal!ed. Please Repeat.

1M—Pay System Is Currently|Unavailable. Please Rebeat.

Slika 6: Originalen zapis (0600-06FF) v Auxiliary.xls datoteki

pretvorbe. Funkcij in gumbov, ki jih uporabnik v dolo¢en-
em trenutku ne potrebuje ne prikazujemo. V primeru
pretvorbe .x/s datoteke v .hex datoteko se izvrsi normalna
pretvorba, torej iz kodnega sistema 0600-06FF v kodni
zapis arabskih prezentacijskih fontov FE70-FEFF. V primeru
inverzne pretvorbe pa sistem pretvori .hex ‘printout’ da-
toteko in njeno arabsko vsebino iz kodnega sistema FE70-
FEFF v kodni sistem 0600-06FF, in arabsko vsebino za-
piSe v novo .x/s datoteko. Na ta nacin zagotovimo podporo
pretvorbe v obe smeri. Zraven pretvorbe t.i. ‘printout’ da-
toteke smo vkljucili e funkcionalnost pretvorbe t.i. ‘auxil-
iary’ datoteke, kjer so zapisani razni dodatni napotki in er-
rorji, ki jih terminal prikazuje ob razi¢nih dogodkih. Struk-
tura zpisa v ‘auxiliary’ .hex in .xIs datoteki je povsem iden-
ticna strukturi zapisa v ‘printout’ .hex in .xIs datoteki. 1z
tega razloga je enaka logika uporabljena tako za normalno
kot inverzno pretvorbo auxiliary datoteke.

V razvito programsko resitev smo dodatno implementirali
Se resitev dopolnjevanja dodatne (ang. additional} .hex
datoteke. Additional.hex datoteka privzeto vsebuje vse al-
fanumeric¢ne znake (evropsko trzisée). V primeru imple-
mentacije drugih jezikov, kot je npr. Arabski, pa implementi-
rana logika za vsak znak vsake besede preveri, ali ga ze
ima zapisanega v t.i. additional.hex datoteki. Ce le tega
ne vsebuje, ga aviomati¢no doda. Postopek ponavlja vse
do zadnje ¢rke zadnje besede, ki je zapisana v .x/s da-
toteki. Na ta nacin napolnimo additional datoteko z vsemi
znaki, ki so zastopani v.x/s datoteki, vendar en znak lahko
v additional datoteki nastopa samo enkrat. Pri proceduri
zapisa v flash pomnilnik mPOS terminala, terminalsko orod-
je preverja vsako ¢rko besede z &rkami, ki so enkratno
zastopane v additional datoteki. Ce slednjega v datoteki
ne bi nasel, ga tudi terminal na zaslonu ne bi prikazal (znak
bi enostavno izpustil). Iz tega razloga je Se toliko pomemne-
ie, da avtomatiziran postopek napolni vsebino additional
datoteke z novimi znaki, ki jih do tedaj e ne vsebuje. Da bi
bila uporaba razvite resitve Se toliko lazja, smo vsakemu
gumbu, funkgciji, listi ipd. dodali namige (ang. tool tips), s
katerimi ob enem uporabnika usmerja, in seznanja éemu
je dolo¢en gumb, meni ipd. namenjen. Pri nacértovanju
uporabniskega vmesnika smo prav tako upostevali Miller-
jev zakon kratkotrajnega spomina, ter priporoene smer-
nice.

O e Shaadi daas Sl slan gl b ey Jlgadi
Q‘ & andi Gaadns J_._a_l_gi ‘_L;); léMnS Yo 'ML@..'
Os @ handi ‘«J:..i Vi L';).s] s..::ﬁ).f.m.‘.l.\...nvu
’Q» .‘i,«wi “qu;_i ‘J._—\.. 'l;...)il!b).agi).«‘ Zalaodi M
1; ud@!&?-b)[*ﬁwlwbjﬂ

‘ 1 . ‘,_(...'ui JA.JIQL-A.I;\ ,Lx ).n u:}z}..lﬁml.’.gl‘q.a,\;).:
1. ddadi sl cla B Wlal g e M-Pay sl

7. Rezultati

Primer pretvorbe izrazov iz Auxiliary.xls datoteke v prezent-
acijsko obliko ter zapis v Auxiliary.hex datoteko:

Na sliki 6, je prikazan izsek zapisa Auxiliary.xls datoteke.
Na skrajni desni se nahajajo izrazi zapisani v arabskem jez-
iku kodnega sistema 06800-06FF. Na sliki 7 je prikazan izsek
izpisov (kodni sistem FE70-FEFF) iz ustvarjene
Auxiliary .hex datoteke, ki predstavija enega izmed izho-
dov translacijskega orodja.

1 0,Unauthorized Terminal. ; G
2 Please Call Mobily Support ~0, oot s e Sleadi
3 eMandl Aaddny JlaiNi c‘a_)éiﬁ

4 0, Transaction Denied.

5 Please Call Mobily Support.~0, i g e didadli

6 e ewdl M.a;._) ._)\...4.1\’1 o

70, Transaction Type Denied.
8 Please Call Mobily Support.~0, sa s e duladi ¢ 5

9 c.;‘ms.:.l 4..4.};..\ J‘.;.:..l\;fl :.L;).‘l“}

‘_‘\J\_‘II}

Slika 7: Pretvorjen arabski zapis v kodni sistem
FE70-FEFF

Potrditev, da se pretvorjen zapis nahaja v kodnem sistemu
FE70O-FEFF prikazuje slika 8.

9 1 2 3.4 2 7 5. % ¢ b ¢ d = £
000aD000h: FF FE 30 00 2C 00 55 00 6E 0D 61 00 75 00 74 00 ; #h0.,.U.n.a.u.c.
00e00R10h: 65 00 6F 00 72 00 69 00 74 Q0 65 00 64 00 20 00 ; h.o.r.1.z.e.d. .
00000020h: 54 00 65 00 72 00 6D 00 69 00 6E 00 61 00 6C 00 ; T.e.r.m.1.n.a.l.
BO00CO030h: 2E 00 OD 00 G4 00 50 00 6C 00 65 00 61 08 73 00 ; ......F.l.e.a.s.

O0000040h: 65 00 20 80 43 00 61 00 6C 00 6C 0O 20 00 4D 00 ; e. .C.a.l.l. .1
a0200050h: 8F 00 62 00 69 00 6C 00 79 00 20 00 53 00 75 00 ; a.b.1.l.y. .5.u
acoooge0h: 70 00 70 D9 6F 00 72 0D 74 00 2E 00 7E 00 30 00 ; p.p.o.r.t. o

000000700: 2C 00 B FE 48 FE LE FE E3 FE 20 00 AE FE F4 FE ; ,.°h b&pap .Spop
G0000080h: CF FE 20 00 BO FE 8E FE EC FE A0 FE EO FE 8D FE : 1b .°hZbib hablb
00000090h: OD 00 0 00 &3 FE FC FE E4 FE CC FE EO FE 8D FE ; ....Epupabipaplp
000000a0h: 20 00 94 FE E4 FE Bk FE A8 FE 91 FE 20 00 DE FE ; .“hab*h bk .Bb
00000ChOh: SE FE BC FE 98 FE FB FE 8D FE 20 DO 8D FE 8E FE ; Fptp bildp .€hip
000000c0h: AG FE AE FE E0 FE 8D FE 44 00 0D 0D 0& 00 30 00 ; pb@paplhe.....0.

Slika 8: Hexadecimalni zapis vsebine v kodnem sistemu
FE70-FEFF

Pretvorjeni izpisi v kodni sistem FE70-FEFF, ki jih nato za-
pisemo v flash pomnilnik mPOS terminala in prikazemo v
menijih na zaslonu terminala so desno poravnani. Branje
tovrstnih arabskih izpisov v menijih prav tako poteka od
desne proti levi strani (zakonitosti pretvorbe iz enega v drug
kodni sistem in obratno se ohranjajo).
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Primer arabskih izpisov na zaslonu mPOS terminala je pri-
kazan na sliki 9.

Slika 9: Izpis arabskih znakov kodnega sistema FE70-
FEFF na zaslonu mPOS terminala

8. Skilep

Tekom clanka smo predstavili princip in implementirane
resitve, ki pripomorejo k praviini pretvorbi arabskih znakov
iz kodnega sistema 0800-06FF v kodni sistem FE70-FEFF.
Pristop z uporabo translacijskih matrik in aktivacijskih pravil
se je vnasem primeru izkazal za pravilnega. Ker so translac-
ijske matrike zapisane v tako imenovani namestitveni da-
toteki, lahko uporabnik poliubno dodaja nove kombinagci-
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je. Enak pristop velja za pravila. To pomeni, da je sistem
mozno dograjevati in izpopolnjevati s strani drugih uporab-
nikov, saj je le ta javno dostopen vsakomur. Uspesna
pretvorba je bila prav tako potriena s strani naro¢nika iz
Zdruzenih Arabskih Emiratov. Rezultati, ki smo jih prejeli
zadovoljujejo tako nase, kakor tudi naroénikove potrebe.
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NAPAJALNI SISTEM BATERIJSKO PODPRTE RFID ZNACKE
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Kjuéne besede: RFID, brezkontakina identifikacija, sledenje, belezenje parametrov, baterijsko podprt sistem RFID, pametna aktivha znacka.

fzvle€ek: V Clanku predstavijamo izvedbo napajalnega sistema, ki je uporablien v baterijsko podprti RFID znadki. Baterijsko podprte RFID znacke upora-
bliajo enak princip prenosa podatkov do izprasevalnika kot pasivne RFID znacke. Baterija je uporabliena za napajanje sestavnih blokov, kateri morajo
delovati tudi izven elektromagnetnega polja. Predstavijena je nova reditev izvedbe preklopnega vezja z aktivnim krmilienjem tokovnih stikal. Regitev omogoca
napajanje celotnega integriranega vezja iz elekiromagnetnega polja ali iz bateriie, kier se odloditev o viru napajanja izvede ob vsakem prekinitvenem
dogodku. Sistem omogoca delovanje RFID znacke v popolnoma pasivnem nadinu, torej brez baterije ali v baterijsko podprtem nacinu. V baterijsko
podprtem nacinu sistem omogoda delovanje znacke tudi po izpraznitvi baterije.

Supply system in a battery supported RFID tag

Key words: RFID, data logger, passive RFID, battery-assisted RFID, Smart Active Label.

Abstract: In this article a supply system for a battery assisted RFID tag is presented. Battery assisted tags have a double supply - the electromagnetic
field that is generated by the interrogator and a battery. The energy of the electromagnetic field is used to supply the parts of the system that need to work
only in the presence of an interrogator while the battery energy is used to supply other parts of the system that need to work also in the absence of an
interrogator. The system used in this work is an RFID battery assisted tag with an integrated temperature sensor and data logging capability. The integrated
circuit has been designed in standard CMOS 0.35um technology. The article presents a new supply source switch with active switch control based on the
current level of the battery voltage. The complete integrated circuit can be supplied from this supply source switch where the decision on the supply
source is made on each interrupt event that wakes up the circuit. The system has 3 interrupt sources, where the firs source is the RF supply, the second
is the SPl interface and the third is the timer event for data logging. During sleep mode ali blocks are turned off and the overall current consumption is less
than 100nA. The new supply system is shown on the block diagram (figure 4) and on the schematic (figure 5). The figure 6 shows the simulation in case
the battery voltage falls below the specified threshold and the rectified RF voltage is selected. The case where the battery voltage is above the threshold
is shown in figure 7.

imajo predvsem avtomatsko nastavljivi napajaini sistemi /
8/. Pritem je pomemben nadin vklapljanja napajanja, ki je

1 Uvod

RFID tehnologija je zelo razsirjena v podroc¢ju avtomatiéne
identifikacije raznih izdelkov, v nadzoru dostopa, v pladiln-
ih sistemih in v podrogju identifikacije Zivali. Ze dalj dasa
se pojavlja teznja dodatne funkcionalnosti RFID sistemov,
predvsem na podroc¢ju merjenja fizikalnih parametrov. Vzrok
za to teznjo je predvsem velika razsirjenost teh sistemov
pri skladiséenju in transportu. Med skladiS¢enjem in trans-
portom izdelkov se lahko zgodi marsikaj, ki lahko vpliva na
kvaliteto izdelka. Pomemben parameter, ki vpliva na last-
nost raznih izdelkov, je temperatura, saj je hitrost kemic¢nih
reakcij predvsem odvisna od temperature. Shranjevanje
temperature med skladis¢enjem in transportom je zelo
pomembno priizdelkih, ki ne spremenijo opti¢nih lastnosti
z degradacijo in ni mozno neposredno preveriti, ali jim je
zivljenjska doba ze iztekla. Pri taksnih izdelkih je kiju¢nega
pomena, da lahko zivijenjsko dobo avtomati¢no dolodimo
glede na neprestano spreminjanje fizikalnih pogojev ob
skladis¢enju in transportu.

V ¢lanku je predstavijen napajalni sistem za RFID znacko z
integriranim temperaturnim senzorjem in enoto za av-
tomati¢no belezenje podatkov. RFID znacka deluje v
ISO15693 standardu, kjer je nosilna frekvenca 13,56 MHz.

Nizka poraba integriranega vezja je klju¢na zahteva pri izde-
lavi majhnega in cenenega konénega izdelka. Prednost

delno opisan v /9/. Konéni izdelek je obi¢ajno v obliki
kreditne kartice, kjer je uporabliena tankoplastna tiskana
baterija. Glavna pomanikljivost teh baterij je nizka kapac-
iteta, saj se le-ta giblie med 10mAh in 30mAh, pri povrsini
25cm?, Druga pomanijkljivost je relativno visoka notranja
upornost, ki je tudi odvisna od bremenskega toka. Upor-
nost pri 1mA izhodnega toka je priblizno 200Q. Vendar pa
te slabosti odtehta zelo majhna debelina, upogljivost bat-
erij in seveda nizka cena. Debelina baterije znasa manj od
1mm, baterije pa lahko prepogibamo brez poslabsanja last-
nosti.

V drugem poglaviju je predstavlieno napajanje obicdajnih
pasivnih RFID znack in napajanje baterijsko podprtih RFID
znack. V tretjem poglaviu je predstavljen nov napajaini sis-
tem, ki uporablja aktivno krmiljenje stikal za preklapljanje
vira napajanja.

2 Napajanje RFID znack

2.1 Pasivne RFID znaéke

Pasivhe RFID znacke nimajo lastnega vira napajanja in se
napajajo iz elektromagnetnega polja, katerega ustvarja
izprasevalnik (interrogator). Energijo za delovanje pridobi
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znacka z usmerjanjem izmenic¢ne napetosti, ki se inducira
na anteni. Antena je sestavljena iz tuljave, ki je zunanji ele-
ment, in kondenzatorja, kateri je obi¢ajno integriran na
samem vezju. Tuljava in kondenzator tvorita vzporedno res-
onancno vezje, ki ima resonancéno frekvenco uglaseno na
13,56MHz, lahko pa tudi viSje. Za znacko je bolj primerna
izbira vzporednega resonanénega vezja (Slika 1), ker le-ta
nudi pri resonanc¢ni frekvenci visoko impedanco in posi-
edi¢no visoko inducirano napetost pri malem toku. Visja
inducirana napetost je bolj primerna za usmernik izmeniéne
napetosti, majhen tok pa pomeni, da bo integrirano vezje
znacke moralo imeti nizko porabo.

Poraba integriranega vezja predstavlja dusenje nihajnemu
krogu, saj v njega teCe tok, zato bi za izradun dusenja
potrebovali ekvivalentno upornost, ki jo predstavlja poraba
integriranega vezja, ki pa je zal zelo nelinearna.

R R R2
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Slika 1: Ekvivalentno vezfe magnetno sklopljene antene
izpraSevalnika in antene RFID znacke

Za poenostavitev izberimo fiksno oddaljenost anten izpra-
Sevalnika in znacke, kar nam omogoda, da tokovno breme
integriranega vezja prevedemo v bremensko upornost (R),
ki je dodana vzporedno k resonanc¢nemu vezju (L2 in C).
Dobro uglasena resonanéna frekvenca znacke zelo vpliva
na domet branja, zato je pomembno, da se le-ta natanéno
izraCuna. Ko se znacka priblizuje anteni izprasevalnika lahko
inducirana napetost zelo naraste, zato imajo integrirana
vezja RFID znack tudi omejevainik napetosti, ki v bistvu
znizuje kvaliteto nihajnega kroga in na ta nacin znizuje in-
ducirano napetost. Kvaliteta se znizuje tako, da se dodat-
no vkljuCujejo bremena, ki povisajo tok iz nihajnega kroga.
V tem primeru bo tok, ki tece v integrirano vezje seveda
dosti visji kot v neomejevanem delovanju, zato nasa po-
enostavljena enacba ne bo veljala. Enadba bo veljala v
podrocju od skrajnega dometa do tocke, kjer se vkljuci
omejevalnik napetosti.

Resonancna frekvenca antene RFID znacke se izraduna
po enacbi(1).

1
fo=

2my (L, Cy)

(1)
Pritem je Co = Cp+Cy.

Kadar se v tuljavi inducira napetost uy lahko napetost na
sponkah integriranega vezja u’s dolo¢imo po enachi (2).
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Slika 2: Polnovalni usmernik s Schotty diodami
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V sistemih, ki delujejo na nosilni frekvenci 13,56MHz je
kapacitivhost C» tako majhna, da je lahko v celoti sestav-
liena iz integriranega kondenzatorja, ki je priklju¢en med
antenske sponke integriranega vezja ter iz parazitnih ka-
pacitivhosti.

Kvaliteta nihajnega kroga Q se doloCi po enachi (6).

Q= . T R, wl,

gl 1Ly
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V 13,56MHz znackah je obi¢ajno uporabljen polnovaini
usmernik, ki je tipicno narejen iz tranzistorjev (slika 3). Lahko
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je tudi narejen iz Schotty diod (slika 2) v primeru, ée to
omogoca uporabljena tehnologija.

2.2 Baterijsko podprte RFID znacke

Poleg RF usmernika, ki je opisan v prej$njem poglavju, ima-
jo baterijsko podprte RFID znacke Se baterijsko napajanje.

V dosedanijih izvedbah pametnih aktivnih RFID znadk smo
zasledili dolo&eno pomanjkljivost, in sicer je znac¢ka neup-
orabna po izpraznitvi baterije /5/. Tak$no znac¢ko je potreb-
no zavreci, hkrati so pa izgubljeni tudi podatki, ki so trenut-
no shranjeni v trajnem spominu. V primeru, da se ugotovi
izpraznjenost baterije dovolj zgodaj ni nobene skode, skoda
lahko nastane, ¢e se baterija nepricakovano izprazni v
delovanju, ko je aktivno sledenje. To pomeni, da bo doloce-
na koli¢ina informacij, ki bi bila uporabna, izgubljena. Vzrok
za omenjeno pomanjkljivost je dejstvo, da imajo ti sistemi
delieno napajanje. Nekateri deli vezja se napajajo iz enega
vira (na primer iz baterije), drugi deli vezja pa iz drugega
vira (na primer iz elektromagnetnih valov) /6/. To seveda
pomeni, da deli vezja, ki se napajajo iz baterije, ne bodo
veé delovali po izpraznitvi baterije.
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Slika 3: Polnovalni usmernik s tranzistorj

Problem delno resuje /7/ z uporabo diod, bolj to¢no
Schottky diod. Sistem za izbiro vira napajanja, ki ga opisu-
je omenjeni patent je pasiven sistem, kar pomeni, dabo za
vir napajanja izbrana vedno najvisja napetost, ne glede na
stanje baterije. V primeru pametne aktivhe znacke je bolj
primerno, da se za napajanje uporabi baterija, kadar je
napetost Se dovolj visoka. Baterijsko napajanje je namrec¢
bolj stabilno od RF napajanja, ki je odvisno od vec razli¢nih
dejavnikov. Prav tako je slabost omenjenega sistema pa-
dec napetosti, ki je vedno prisoten na prevodno polarizira-
ni diodi, in je glede na tip diode in uporabljeno tehnologijo
od 0.2V do 0.7V. To pa pomeni, da bo napajalna napetost
vezja za ta padec manjsa, kot bi lahko bila ob uporabi ak-
tivnega sistema izbire napajanja, kakrsnega ponuja nasa
resitev. Aktiven sistem napajanja omogoca delovanje in-
tegriranega vezja z 1.5V baterijo.

3 Izvedba preklopnega vezja

Integrirano vezje je nadrtovano v 0,35 um tehnologiji
CMOS.

Vout
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Slika 4: Blokovna shema preklopnega vezja

Blokovna shema enote za izbiro napajanja prikazuje slika
4. Stikala, ki na izhodno napajanje povezejo baterijsko
napajanje (Ubat) ali usmerjeno RF napajanje (URF) sto
oznacena s 6. V nasdi izvedbi sta to PMOS stikali. Podvezje
1 je kontrolno vezje za PMOS stikala, podvezje 2 je primer-
ialno vezje napajalnih napetosti Ubat in URF, ki izbere na-
jvisjo napetost v vezju. Tej napetosti pravimo Umax in je
povezana na 1, saj jo potrebujemo za ustrezno krmiljenje
PMOS stikal. Podvezje 3 je zakasnilno vezje, ki zakasni
signal RF_OK. Signal RF_OK je izhod podvezja za oceno
usmerjenega RF napajanja, ki se nahaja v analognem rad-
iiskem delu in primerja usmerjenc RF napajanje z doloden-
im pragom. Signal RF_OK je v visokem logiénem stanju,
kadar je usmerjeno RF napajanje dovolj visoko, da zago-
tavlja zanesljivo delovanje preostalega vezja. Zakasnjen
signal RF_OK je povezan na 2 in 4, nezakasnjen signal za
vklop podvezja za oceno baterijske napetosti (CK_BAT),
pa je povezan na vezje za primerjavo baterijske napetosti
(ni na blokovni shemi). Podvezje za preverjanje baterijske
napetosti se nahaja v analognem merilnem delu in ima na
svojem izhodu 1 (signal BAT_OK), kadar je baterijska na-
petost dovolj visoka za zanesljivo delovanje preostalega
vezja. Podvezje 4 po zakasnitvi da podvezju 1 signal, ali je
baterijska napetost dovolj visoka za zanesljivo delovanje.
Podvezje 5 je vezje, ki generira dinamiéni reset signal (POR)
samo ob vkiopu baterijskega napajanija, oz. tudi ob vkiopu
RF napajanja, Ce baterijskega napajanja ni. Namen tega
signala je povrnitev vseh spominskih celic (flip flop) v za-
¢etno stanje.
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Slika 5: Shema preklopnega vezja za izbiro napajanja

3.1 Analiza vezja

Obic¢ajen potek izbire napajanja (slika 7) se za¢ne ob prik-
ljucitvi baterije, katera sprozi POR signal in resetira pre-
ostalo vezje. V delovanju lahko pride antena znacke v ele-
ktromagnetno polje, RF napajanje postane aktivno in ana-
logni radijski del generira signal RF_OK. Podvezje 3 takoj
ob RF_OK signalu sprozi signal CK_BAT, ki zazene vezje
za primerjavo baterijske napetosti. V primeru, ko je bateri-
jska napetost dovolj visoka za zanesljivo delovanje (1,2V)
se signal BAT_OK postavi na 1 in ob preteku zakasnitve
vezje izbere baterijsko napajanje. Za zanesljivo delovanje
PMOS stikal skrbi podvezje 2 na sliki 4, ki najvi$jo nape-
tost v vezju pelje v kontrolno vezje PMOS stikal (podvezje
1 na sliki 4) in s pravilnim krmiljenjem izni¢i moznost pov-
ratnih tokov.

Slika 6 prikazuje simulacijo enote za izbiro napajanja, ko
baterijska napetost pade pod najnizji dovoljen nivo. Qb tre-
nutku 1 priklju¢imo na vezje baterijsko napajanje z napeto-
stjo 1,5V. Ob tem trenutku se sprozi tudi POR signal, kat-
eri vkljuci vezje za primerjavo baterijske napetosti s signa-
lom CK_BAT. Vezje za primerjavo baterijske napetosti kon-
trolira signal BAT_OK, ki ima do trenutka 2 visok logi¢ni
nivo, saj je baterijska napetost dovolj visoka. Ob trenutku
3 baterijska napetost pade pod najnizji dovoljen nivo, ven-
dar se ob tem frenutku ni¢ ne zgodi v samem vezju, saj
vezje za primerjavo baterijske napetosti ni aktivho. Ob tre-
nutku 4 (slika 6) pride znac¢ka v elektromagnetno polje in
RF napajanje se dvigne nad najnizji nivo. V trenutku 5 se
postavi signal RF_OK, ki pravi, da je RF napajanje dovolj
visoko. Signal RF_OK sproZi vezje za primerjavo baterijske
napetosti s signalom CK_BAT, vendar je ob koncu primer-
jave baterijske napetosti (trenutek 6) signal BAT_OK na
nizkem nivoju, kar pomeni, da je baterijska napetost pren-
izka. Zato se ob trenutku 7 za glavno napajanje Vout iz-
bere RF napajanje. Napajanje Vmax, ki je zmeraj priklju¢eno
na najvisje napajanje v vezju, se na RF napajanje prikljudi
ze ob trenutku 5, ko postane aktiven signal RF_OK in tako
zagotovi pravilno delovanje stikal.
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Slika 6: Potek izbire napajanja pri nezadostni baterijski
napetosti

Slika 7 prikazuje simulacijo enote za izbiro napajanja za
primer, ko je baterijska napetost dovolj visoka ¢ez celoten
potek grafa. Ob trenutku 1 prikiju¢imo na vezje baterijsko
napajanje z napetostjo 1,5V. Ob tem trenutku se sprozi
tudi POR signal, kateri vkijuci vezje za primerjavo bateri-
jske napetosti s signalom CK_BAT. Vezje za primerjavo
baterijske napetosti kontrolira signal BAT_OK, ki je do tre-
nutka 2 v visokem stanju, saj je baterijska napetost dovolj
visoka. Ob trenutku 3 pride znacka v elektromagnetno polje
in RF napajanje se dvigne nad najnizji nivo. Ob trenutku 4
se postavi signal RF_OK, ki pove, da je RF napajanje do-
volj visoko. Signal RF_OK sprozi vezje za primerjavo bater-
iiske napetosti s signalom CK_BAT. Po kondéani primerjavi
baterijske napetosti (tfrenutek 5) je signal BAT_OK na vi-
sokem nivoju, zato se RF napajanje ne bo izbralo za glavno
napajanje. Napajanje Vmax, ki je zmeraj priklju¢eno na
najvisje napajanje v vezju, se na RF napajanje prikljuéi ze
ob trenutku 4, ko postane aktiven signal RF_OK in tako
zagotovi pravilno delovanje stikal.

Slika 7: Potek izbire napajanja pri zadostni baterijski
napetosti

Shema vezja za izbiro napajanja je na sliki 5, kjer so tudi
signali, katere nismo opisali v delovanju samega vezja in v
blokovnem diagramu. Signal b30_ok je na logi¢ni enici,
kadar vhodna napetost presega 2,4V, torej kadar je prik-
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lijucena baterija z nominaino napetostjo 3V. V tem primeru
vezje za izbiro napajalne napetosti ne deluje nié¢ drugace,
kot kadar je priklju¢ena baterija z nominalno napetostjo
1,5V. Signal b30_ok se v vezju za izbiro napajanja le shra-
ni, saj je potreben za izklop napetostnega dvojilnika. Shran-
jen signal se imenuje b3v in je na shemi prikazan kot izhod.
Drugi izhodni signal je g1bat, ki je na logiéni enici, kadar
na integrirano vezje ni prikljuéena baterije in se vezje na-
paja iz RF polja. Ostali signali so testni signali in vhod za
delovni tok.

4  Sklep

Integrirano vezje je nacrtano v standardni tehnologiji CMOS
0.35um. Omogoca brezkontaktno komunikacijo z RFID
izprasevalnikom na standardu ISO15693. Integriran ima
tudi temperaturni senzor in vezje za avtomati¢no belezenje
temperature. Za shranjevanje podatkov je uporablien pom-
nilnik tipa EEPROM.

Prednost predstavlienega integriranega vezja RFID nalepke
pred prejsnjimi izvedbami /2/, /3/,/4/,/5/,/8/,/7/, je
v vpeljavi aktivnhega preklopnika izvora napajanja, ki je
opisan v tem &lanku. Ob vsaki prekinitvi iz stanja priprav-
lienosti (wake-up) se sistem odloé&i o viru napajanja, glede
na trenutno stanja baterije. V stanju pripravijenosti so vsi
sklopi integriranega vezja izkloplieni. Poraba v stanju
pripravijenosti je tako manjsa od 100nA.

Slika 8: Slika integriranega vezjaRFID nalepke z
oznacenim preklopnikom izvora napajanja

Predstavljeno vezje se prav tako lahko napaja le iz elektro-
magnetnega polja in je lahko uporablieno v popolnoma
pasivnih znac¢kah, kot RFID temperaturni senzor.

Prednost takSnega sistema se pokaze tudi v izvedbi z bater-
ijo, saj lahko izprasevainik dostopa do podatkov, ki so shran-
jeni na trajnem pomnilniku, tudi po izpraznitvi baterije.

Na sliki 6 je prikazano testno vezje RFID nalepke, kjer je
oznaCen tudi preklopnik napajanja.

Zahvale

Avtorja se zahvaljujeta zaposlenim podjetja IDS za nasvete
in podporo.

Izvedbo raziskav na projektu je delno financirala Evropska
unija.
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Abstract: Implementation of a novel digital temperature compensation method, developed for piezoresistive pressure sensors, to the field of capacitive
sensors is presented. Possibilities for the compensation of sensor parameters such as sensor nonlinearity and temperature sensitivity are analyzed. In
order to achieve effective compensation and linearization, different approaches to digital descriptions of sensor characteristic are investigated and
reported, such as two-dimensional rational polynomial description and Chisholm approximants. Evaluation results of sensor response are compared
against reference pressure source and most effective digital temperature compensation is proposed.

Digitalna temperaturna kompenzacija kapacitivnih
senzorjev tlaka

Kjuéne besede: kompenzacija, Padéjev aproksimant, Chisholmov aproksimant, Taylorjeva vrsta, nelinearnost, obdéutljivost, kapacitivni senzor

lzvieéek: V prispevku so predstavijene izbolj$ane metode za digitalno temperaturno kompenzacijo kapacitivnih senzorjev tlaka. Veliko izbolj$av sledi iz
podrocija piezorezistivnih senzorjev tlaka. Analizirane so moznosti kompenzacije senzorskin parametrov kot sta nelinearnost in temperaturna obdutljivost.
Za doseganje ucinkovite temperaturne kompenzacije in linearizacije so predstavijeni razli¢ni pristopi k opisu senzorske karakteristike, kot npr. ulomljena
polinomska aproksimacija in Chisholmovi aproksimanti. Rezultati ovrednotenja s posameznim opisom senzorske karakteristike so primerjani glede na tiak

referenénega tlaCnega izvora. 1z rezultatov primerjave smo izbrali in prediagali najbolj ustrezno metodo temperaturne kompenzacije.

1 Introduction

Sensors that exhibit a change in electrical capacitance as
a response 1o a change in physical stimulus represent an
attractive approach for use in modern sensor systems due
to their extensive range of applications such as humidity,
pressure, position sensors etc. Their broader range of ap-
plications include biomedical, touch & non-touch switch
technology, proximity sensing, fingerprinting, automotive
applications, robotics, materials property, and applications
in motion sensors. This versatile sensor category offers
higher precision and robustness, simpler construction and
lower power consumption than resistive-based alternatives.
However, they traditionally require more complex interfac-
ing circuits, which represented a major disadvantage in
the past. In a capacitive sensor, the physical parameter
being measured by varying one or more of the quantities
in the basic equation of capacitance

el
C-ed (1)

where € is the permittivity of the dielectric, A is the overlap
area of the capacitor plates, and d is the distance between
the plates. For example, humidity sensors typically work
by varying the permittivity €, pressure sensors by varying
distance d and position sensors by varying area A or dis-
tance d. Measurement of the sensor capacitance is gen-
erally achieved by applying an excitation source to the ca-
pacitor electrodes which is used to turn variance in capac-
itance into avariance in voltage, current, frequency or pulse
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width variation. Translation from voltage or current to a dig-
ital word requires an additional analog to digital converter
(ADC).

The expected variance in capacitance is generally in the
order of several pF or less. In many cases the stimulus
capacitance change is much smaller than the parasitic
capacitances present in the measuring circuit, hence rep-
resenting a difficult interfacing task. However, a modifica-
tion of conventional sigma”delta analog to digital convert-
er architecture has been identified as a suitable basis for
monolithic Capacitance to Digital Converter (CDC) /1/.
Circuit itself is parasitic insensitive, and can be configured
to work with both floating (access to both sensor termi-
nals) and grounded configuration sensors (one terminal
grounded).

Precision capacitive sensor interface products are based
on a weli established sigma-delta (ZA) conversion tech-
nology. Converters utilizing ZA principle offer excellent lin-
earity and resolution and are appropriate for most sensor
interfacing applications. A typical ZA converter ADC con-
sists of a switched-capacitor modulator followed by a digit-
al filter. The modulator operation is based on balancing,
over time, an unknown charge with a known reference
charge of variable polarity /1, 2/.

Charge from reference terminal and input terminal are
summed in an integrator. The integrator is inside a feed-
back loop, whose action is to control the polarity of the
reference charge so that the integrator output averages to



M. Mozek, D. Vrtacnik, D. Resnik, B. Pecar, S. Amon:

Digital Temperature Compensation of Capacitive Pressure Sensors

Informacije MIDEM 40(2010)1, str. 38-44

zero. This occurs when the magnitude of the average ref-
erence charge is equal over time to the input charge, hence
the name - charge balancing converter. The reference
charge is derived by charging a known capacitor to a known
(reference) voltage. The polarity of reference voltage is
varied. In a conventional voltage input XA converter, the
unknown charge is derived from charging a fixed capaci-
tor to an unknown input voltage, while in the capacitance
to digital converter (CDC) realization, the voltage is fixed
and the capacitor is variable. Such arrangement provides
the high precision and accuracy that are typical for XA ADCs
/3,4/. Modern implementations enable measurement of
capacitances in atto Farad (aF) range /4, 5/, with effec-
tive noise resolution of 21 bits and corresponding resolu-
tion down to 4 aF. They offer measurements of common-
mode capacitance up to 17 pF on 4 pF range with 4 fF
measurement accuracy. These implementations offer com-
plete sensor solutions, however their application is limited
to indication of temperature and humidity dependence
problem /6/ of capacitive sensors, while not offering an
effective implementation for compensation of these unwant-
ed quantities. In the following work an effective method of
temperature compensation of capacitive pressure sensors
will be presented.

2  Setup and measurements

The layout of designed capacitive sensor measurement
system is depicted in Figure 1. Capacitive sensor with the
CDC AD7746 is shown leftmost. The sensor is connected
via interface module to the [°C - USB converter, which is
used to interface the sensor to the host PC.

Fig. 1: General layout of the capacitive sensor
evaluation module.

A dedicated electronic interface module was designed.
This module enables data transmission and control of CDC
AD7746. The module itself is based on a CY8C 24794 Pro-
grammable System on Chip (PSoC) circuit. The layout of
PSoC interconnection blocks is depicted in the Figure 2.

The hardware is used to directly map the CDC to the con-
trolling PC. Designed PC software performs the functions
of CDC status and data reading. In fact, the controlling
software implements all functions of AD7746: from capac-
itance channel setup to the temperature sensor channel
setup as well as channel excitation, common mode ca-
pacitance setting, offset and gain of capacitance meas-
urement channel.

Fig. 2: PSoC device interconnections.

Measurement range optimization was performed in order
to get maximal span of CDC measurement range. Meas-
ured device, the LTCC capacitive sensor /7/, exhibits neg-
ative slope of sensor characteristic. Therefore, the meas-
urement range optimization must be performed at maxi-
mal pressure readout with minimal pressure applied and
vice versa.

This indicates that the offset compensation must be per-
formed before the gain compensation. Sensor offset re-
sponse is compensated by setting AD7746 registers CAP-
DACA and CAPOFFSET. The register value CAPDACA val-
ue affects coarse setting of offset response and the CA-
POFFSET affects fine setting of sensor response. The pro-
cedure of offset setting is comprised of coarse and fine
offset setting. Because of negative sensor characteristic
slope, the fine offset value is initially set at maximum and
the coarse value is altered from its initial zero value in such
manner, that the raw sensor readout maintains its maximal
value. The setting of CAPDACA register is performed by
successive approximation approach, starting at MSB of
CAPDACA register. The subsequent bits are tested against
raw sensor output. If the sensor output exceeds the maxi-
mal sensor readout (FFFFs) when corresponding bit is
set to 1, then the bit is set to zero and the algorithm ad-
vances towards lower bits. After the coarse register was
set, the CAPOFFSET register is processed in a similar
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manner. The result of this algorithm is a maximal sensor
response value at applied offset pressure.

After successful optimization of offset value, the gain pa-
rameter is set in a similar manner. Minimal sensor response
is set with alteration of CAPGAIN register, which actually
changes the clock rate of front-end of GDC. The proce-
dure starts with minimal setting of CAPGAIN register. The
bits of CAPGAIN register are tested according to described
successive approximation algorithm, just the bit-testing
criteria is now minimal CDC readout. The result of this al-
gorithm is minimal sensor response at maximal applied
pressure. Initial measurements were performed at “Jozef
Stefan Institute” /7 /. The aim of these measurements was
the determination of optimal settings of AD7746 and the
tested LTCC sensor. Results of these measurements are
depicted in Figure 3. Figure 3 shows the results of sensor
characteristic in up and down scan of pressure range. Test-
ed sensor exhibited practically no hysteresis, but the devi-
ation form ideal straight line indicated the necessity for
sensor characteristic linearization. The measurements were
performed at a room temperature.

2200000

2000000

1800000

1600000

—

1400000

ADC readout (counts)

1200000
0 200 400 600 800 1000

Pressure (mbar)

+ Scan down = Scan up;

Fig. 3:  Initial pressure sensor measurements.

Measurements were repeated in HYB d.0.0., Sentjernej.
This time, the scan was performed at three different tem-
peratures. Sensor with interface electronic circuit were
placed in the temperature chamber and measurement of
raw response value was performed at three different tem-
peratures. As the aimed temperature range was set at O
°C ... 70 °C, the temperature calibration points were se-
lected at 0 °C, 35 °C and 70 °C. The measurements have
demonstrated the susceptibility of initial electronic circuit
design to electromagnetic interference. Initially it was be-
lieved that the long integration setting of AD7746 will solve
the problem of 50 Hz hum. As the temperature measure-
ments were performed at temperatures, below room tem-
perature, the chamber compressor switching affected the
sensor readout as depicted in Figure 4.

Figure 4 is showing raw CDC response versus number of
samples. The sample rate was set at two samples per sec-
ond. The left part of Figure 4 is showing disturbed CDC
readout when temperature chamber compressor was
switched. Pressure was increased from offset to full scale
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Fig. 4: Sensor readout at lower temperatures.

in three increments. The right part of Figure 4 is showing
the CDC readout with compressor turned off and again
with three pressure settings, ranging from offset to maxi-
mal pressure. As the temperature was elevated above room
temperature, the CDC readout diminished, as the com-
pressor is not needed for achievement of higher tempera-
tures. Sensor was fitted with additional shielding (tin foil)
and the shielding terminal was grounded in further meas-
urements. Results of raw CDC response stability are shown
in Figure 5 at three different temperatures at 0 °C, 35 °C
and 70 °C.
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Fig. 5:  CDC readout stability.

Sensor responses were evaluated and stabilized CDC raw
response points were obtained at different temperatures.
Results of stabilized raw CDC readouts at different tem-
peratures are depicted in Figure 6. At each temperature
setting, three pressure points were obtained. Acquired sta-
bility results are showing 12 % of sensor response degra-
dation over temperature increase from 0 °C to 35 °C. This
turned our attention to more elaborate temperature analy-
sis of sensor properties.

Acquired sensor characteristics were redisplayed as a func-
tion of temperature. Resulting data is depicted in Figure 7.
This enabled further sensor temperature properties assess-
ment. Analysis from Figure 7 has shown, that tested sen-
sor exhibits a typical pressure span of 1400 counts over
2000 mbar range, which yields approximately an average
sensitivity of -0.7 counts/mbar. The temperature coeffi-
cient of offset was evaluated as a normalized sensor re-
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Fig. 6: Stabilized CDC readouts vs. pressure over
entire temperature range.

sponse over observed temperature range. A large sensor
offset temperature coefficient was found at 0.3% FS/°C,
which results in total 21% change of sensor offset over
temperature range. More encouraging was a low temper-
ature coefficient of sensitivity value, which was estimated
at 0.04% FS/°C.
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Fig. 7:  Stabilized CDC readouts vs. temperature over
entire pressure range.

A fairly consistent 3% change in sensitivity was found over
temperature calibration range. This indicates the simplici-
ty of sensitivity compensation. On the other hand, a large
dependence of sensor offset requires a more complex
offset compensation algorithm.

3 Temperature compensation

As the CDC produces a digital capacitance readout, we
focused our work towards digital implementations of tem-
perature compensations. The CDC features XA approach,
the sample rate is limited to several tenths of samples (90
SPS maximum for AD7748), indicating that the increasing
complexity of digital processing after acquisition of raw
sensor data is not the limiting factor for the entire sensor
signal processing.

Temperature compensation of capacitive sensor requires
an accurate mathematical description of sensor charac-
teristic in two directions. In case of investigated pressure
sensor, the input axes comprise raw pressure and temper-
ature readout and the result is the compensated pressure.
Compensation complexity level is depending on sensor

nonlinearity of temperature and pressure characteristic.
Most adaptable and versatile digital description of sensor
characteristic is achieved by Taylor expansion of sensor
characteristic. Sensor characteristic expansion can be fur-
ther segmetned into intervals by writing an expansion
around interval (DocorrseT , TocOFFSET).

A= P, = Poorrser
AT =T, - T, orrer

o

@)

where the raw pressure readout pyc and raw temperature
readout Ty are offset with corresponding values pocorrser
and TocorrseT respectively. Segmentation using (2) further
reduces the calibration error.

Taylor series description (3) represents a general approach
to sensor characteristic description using segmentation,
recommended by IEEE1541 .2 standard /8/.

Np N,
=X A0y AT/ 3)

i=0 j=0
Where Ap represents an offset corrected raw readout from
capacitive sensor, AT represents the offset corrected raw
readout from temperature sensor residing on sensor sig-
nal conditioner and the Np and Ny represent the order of
Taylor series.

However, such representation requires Np-N7 calibration
points, which is unacceptable. Another major drawback is
the use of floating - point calculation coefficients A; and
involution operator. Although algorithms for fast evaluation
of (3) were presented /9/, time consuming mathematical
operations will reduce the output update rate. On the oth-
er hand, the Taylor expansion provides a reasonable start
point for initial coefficient relevance. coefficients Ay are
obtained by solving a system of linear equations. Howev-
er, this system is resolved by computing a Vandermonde
matrix, which is generally ill conditioned.

In order accommodate abovementioned drawbacks, a two
- dimensional Padé approximant, also named Chisholm ap-
proximant /10/, is evaluated. This evaluation inherently
reduces the number of required calibration points by one.

Ny Nr .
AP T)=3 D a, A" AT/

=0 j=0

B(p,T.)= D3 b[j-Ap".ATj
S .

PP L) = BT where by =1
For effective temperature compensation of capacitive sen-
sor signal conditioner a two-dimensional rational polyno-
mial for pressure calculation is used /11/. This type of dig-
ital temperature compensation enables correction of non-
linearities up to second order.

A HAP+ A AP+ 4, AT + A, - AT?
A+ A AT+ 4, -AT?
Where Ay through As are calibration coefficients of pres-

sure sensor. Pressure sensor characteristic can be de-
scribed with inverse proportion of A4 to sensor sensitivity

(5)
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and the ratio of Ag/A4 in proportion to sensor offset. Ratio
of coefficients Az and As are in direct proportion to linear
dependence of sensor temperature sensitivity, while the
ratio of coefficients Az and As represents the quadratic
dependence of sensor temperature sensitivity. Value of p
corresponds to the normalized pressure output. The value
of p lies within interval /0..1). Value of Ap represents an
offset corrected raw readout from capacitive sensor, while
the value of AT represents the offset corrected raw read-
out from temperature sensor residing on sensor signal con-
ditioner according to equation (2).

Note that in a given formuiations of sensor characteristic
description (3) and (4), the actual temperature and capac-
itance readouts have only indirect significance to final meas-
ured quantity p, since the calculation of sensor character-
istic description does not depend on actual value of ca-
pacitance or temperature.

In case of presented sensor, the pressure dependence of
sensor characteristic can be described with linear relation-
ship, while the temperature dependence can be described
with quadratic relationship. Measurement resolution was
set at 16 bits, maximum obtained resolution of AD7746 for
described measurement setup.

The abovementioned observations result in a simplified
form of temperature compensation principle for capacitive
sensor by setting coefficient Ap in (2) - the quadratic de-
pendence of capacitive pressure sensor to zero, thus re-
ducing the number of calibration points.

The solution for the unknown coefficients Ao...As can be
found by solving a system of linear equations, obtained
from calibration data, depicted in Figure 7. Seven calibra-
tion points are selected and ordered into calibration sce-
nario. Calibration scenario represents a sequence of cali-
bration points, comprised of boundary values, which de-
fine the pressure and temperature calibration interval. Re-
maining calibration poinis are selected at mid - scale of
temperature and pressure range, which result in total nine
calibration point mesh. The excess two calibration points
are used for verification of total calibration error.

4 Resulis

Software for acquisition, analysis and calibration of capac-
itive sensors was designed. Table 1 summarizes the eval-
uation of data depicted in Figure 7. First seven calibration
points were used for evaluation of calibration coefficients.

Additional test points, which were obtained during the ac-
quisition stage of the calibration process, are summarized
in Table 2. The first two test points were a part of acquisi-
tion of the calibration process and the remaining points
were obtained during temperature scan.

Data was first analyzed using a Taylor expansion for coeffi-
cient relevance assessment. This description uses 9 cali-
bration points in order to determine all calibration coeffi-
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Table 1: Input calibration data.

CP# PCAL(mbar) T(OC) Poc TOC
1 0 0 26526 | 16406
2 1000 0 25767 | 16406
3 2000 0 25123 | 16406
4 0 35 26366 | 16524
5 2000 35 25006 | 16524
6 0 70 26245 | 16651
7 2000 70 24902 | 16651
8 1000 35 25630 | 16524
9 1000 70 25522 | 16651

Table 2: Input testpoint data.

TP# P(mbar) Poc TOC T(OC)
| 1000 25630 | 16524 | 35
2 1000 25522 | 16651 | 70
3 0 26446 | 16465 | 15
4 1000 25698 | 16465 | 15
5 2000 25064 116465 | 15
6 0 26305 | 16587 | 55
7 1000 25576 | 16587 | 55
8 2000 24954 | 16587 | 55

cients. Calibration coefficients were obtained by solving a
linear system of equations based on Taylor expansion (3).
Resulting calibration coefficients are summarized in Table
3. Taylor expansion coefficients confirm the small nonline-
arity (Ao2) of characterized sensor in pressure direction.
Furthermore, results in Table 3 show that linear and quad-
ratic terms are dominant for successful sensor compensa-
tion, while the small cross “ products between pressure
and temperature direction indicate, that sensor character-
istic evaluation can be simplified.

Table 3: Calculated calibration coefficients of Taylor
expansion.

Ago 1772.47
Ag; -1.35

Apz -1.40E-05
A -3.49

Ay -8.71E-05
Az 7.18E-07
Azo 1.94E-03
Az 1.72E-07
Az -6.66E-10

Evaluation of a Taylor expansion (2) using coefficients list-
ed in Table 3 was performed. Equation (2) was evaluated
at testpoints in Table 2. Results are shown in Table 4, which
lists the calibration error |.

€= PCAL MPEVA_L

-100% ()

Where PcaL represents calibration pressure point, Pryar,
evaluation pressure and FS the output pressure span.
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Results summarized in Table 4 are in fair agreement with
calibration pressure points. A 0.5% discrepancy was found
at the endpoint of temperature calibration range at test-
point 8 (T=70°C).

Table 4: Evaluation of Taylor expansion.

Toc Poc Pey | Pryar (%)
16465 25064 2000 1995.69 -0.22
16465 25698 1000 993.60 -0.32

16465 | 26446 |0 -6.92 -0.35

16587 | 24954 | 2000 | 199548 | -0.23
16587 | 25576 | 1000 | 992.37 -0.38
16587 126305 |0 -9.36 -0.47

Simplification is performed by introduction of Chisholm
approximant for sensor characteristic description. Chisholm
approximant of degree (1,2) would require 11 calibration
coefficients.

This lead to evaluation of a linear Padé (1,1) approximant,
which requires 7 coefficients for evaluation. Calibration
dataset was taken from first seven calibration points in Ta-
ble 1. Resulting coefficients are summarized in Table 5.

Table 5: Resulting Padé (1,1) calibration coefficients.

Apg 1666.67

Aoy -1.47

djo -0.60

aj -3.51E-03
bgo 1

by, 1.68E-03
b 5.48E-04
by -6.28E-07

Equation (4) was evaluated at testpoints in Table 2. Re-
sults are shown in Table 8, which lists the calibration error
€ according to equation (4).

Results in Table 6 are in fair agreement with calibration
pressure points. A rather large 1.5% discrepancy occurs
at the endpoint of temperature calibration range at test-
point 2 (T=70°C).

Table 6: Evaluation error at testpoint data.

TP# | Pcyr(mbar) | Pry(mbar) | le(%)|
1 1000 1000 0.0

2 1000 1030.7 1.53

3 0 -8.7 0.43

4 1000 972.7 1.36

5 2000 1995.84 0.20

6 0 —5.32 0.26

7 1000 1011.6 0.58

8 2000 1996.55 0.17

In order to further improve compensation accuracy, a Padé
(2,2) approximant was analyzed. A full evaluation of Padé
(2,2) approximant would require a set of 17 calibration
points, which is unacceptable for mass production of sen-
sors. The original evaluation was therefore normalized with
coefficient 4/A4 factor and cross products terms of tem-
perature and pressure were neglected. In order to mini-
mize computational errors, coefficients were weighed ac-
cording to:

e 22 APH2 A AP+ A4, 427 4, AT +27'3. 4, - AT?

A+27 A AT 2784, AT?

(7)

Evaluation of system of linear equations based on equa-
tion (7) yields the calibration coefficients summarized in
Table 2.

Table 7: Resulting calibration coefficients.

A() A1 AZ A3 A4 A5 A6
-8192 |-5057 14999 |-1391 |-12931 2147 }-1202

Equation (4) was evaluated at testpoints in Table 3. Re-
sults are shown in Table 8. A maximum 0.4% deviation from
measured data was found at O mbar both at 0 °C and 70
°C, while the compensation remains well in typical indus-
trial sensor applications (0.5% admissible temperature er-
ror over entire temperature calibration range).

Table 8: Evaluation error at testpoint data.

TP# | Pcy(mbar) | Pryy (mbar) | |e(%)]
1 1000 1006 0.3

2 1000 1003 0.15

3 0 -8 0.4

4 1000 998 0.1

5 2000 1997 0.15

6 0 —7 0.35

7 1000 999 0.05

8 2000 1996 0.2

5 Conclusions

Implementation of a digital temperature compensation
method, developed for piezoresistive pressure sensors,
to the field of capacitive sensors was presented. Possibil-
ities for the compensation of sensor parameters such as
sensor nonlinearity and temperature sensitivity were ana-
lyzed. In order to achieve effective compensation and line-
arization, different digital descriptions of sensor character-
istic were investigated and reported, such as two-dimen-
sional rational polynomial description derived from Padé
approximations. Evaluation results of sensor response were
compared against reference pressure source and most
effective digital temperature compensation was proposed.
Proposed digital compensation yields maximum 0.4% FS
error on a compensation range 0 “ 70 °C and enables
integer arithmetic, thus making proposed approach appro-
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priate for use in modern sensor signal conditioning inte-
grated circuits.
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Abstract: An overview of the requirements for weighing instruments is presented and some of the sources of the measurement errors are discussed. Four
types of force sensors, intended for use in small kitchen appliances, with an integrated scale were constructed and evaluated. The sensing elements for
two types were thick-film resistors, and for the other two types they were diffused resistors on silicon dies. In the case of the first two types the substrates
with the thick-film resistors were bonded on to metallic spring elements. The other two types of sensors are based on the so-called force-to-pressure
transformation principle and are known as hydraulic (or hydrostatic) force sensors. The sensitivities of the sensors with silicon sensing elements were
between 10 to 20 times higher than the sensitivities of sensors with thick-film resistors. The offset voltages of the unloaded force sensors were significant-
ly higher for the hydraulic force sensors with silicon sensing elements. Also, the temperature coefficients of the resistivities of thick-film resistors (around
or below 100x10% /K) were much lower than the values for the resistors on silicon dies.

Primerjalna analiza senzorjev za tehtanje majhnih mas za
uporabo v nizko-cenovnih napravah

Kjucne besede: tehtnice, senzorji sile, merilniki mehanskih deformacij, karakterizacija, ob&utljivost

lzvieéek: V zaCetku ¢lanka predstavijamo osnovne zahteve za tehtnice. Opisali smo nekatere vzroke napak pri tehtanju. Konstruirali, izdelali in testirali smo
Stiri tipe senzorjev sile, primernih za vgradnjo v male gospodinjske aparate z vgrajeno tehtnico. Dva tipa senzorjev uporabljata senzorske elemente na
osnovi debeloplastnih uporov, medtem ko pri drugih dveh izkori¢amo pretvorbo sile v tlak (hidraviiéni senzorji sile) in pri tem uporabliamo kot senzorske
elemente difundirane upore na silicijevih tabletkah. Temperaturni koeficienti uporosti debeloplastnih uporov (okrog ali pod 100x10° /K) so za ved kot
velikostni razred manj$i kot temperaturni koeficienti upornosti difundiranih uporov na silicijevih tabletkah. Pri senzorjih sile z debeloplastnimi upori so
keramiCni substrati prileplieni na kovinsko vzmetno telo. Hidraviiéni senzorii sile so napolnjeni s tekoéino (silikonsko olje), ki je medij pri pretvorbi sile v tlak.
Obcutljivost senzorjev s silicijevimi senzorskimi elementi so deset do dvajset krat vedje, kot ob&utljivosti senzorjev z debeloplastnimi upori. Nicelne
napetosti neobremenjenih senzorjev sile so precej visje za hidravlicne senzorje sile.

clared accuracy of the scale cannot usually be realized. in
fact, considerations that are often overlooked can resultin a
significant error, especially with scales that have a higher
accuracy. Some of those concerns are described in /2/.

1. Introduction

Aweighing instrument is a device that determines the mass
of a body by using the action of gravity on this same body.
The instrument may also be used to determine other quan-
tities, magnitudes, parameters or characteristics related
to the determined mass. The accuracy classes for weigh-
ing instruments, their symbols and typical fields of use are
given in Table 1 /1/.

Latitude is the most significant variable in determining the
acceleration due to gravity. This acceleration (g) varies from
9.780 m/s? at the equator to 9.832 m/s? at the poles and
can cause an error of up to 0.53 % in the final result of the
weighing. Altitude also has a great influence, since the grav-
itational attraction to the earth at a particular location var-
ies as the square of the distance from the centre of mass
of the earth. These variations can cause an error of up to
0.26 % over the surface of the earth. Variations in the ac-
celeration due to gravity, because of position and height,
result in a change in the weight of an object by about 0.8 %
over the surface of the earth. Objects being measured dis-
place a volume of air, which has a density of approximately
1.2 kg/m®, and whose density can vary due to weather.
The resulting “upward” force is a function of the object’s
size. For large, low-density objects a failure to correct for

Table 1: Symbols for accuracy classes and typical fields
of use /1/.

Mark Name Typical use

(1D special accuracy  laboratory

(D> high accuracy
{ID medium accuracy  general trading

trading with jewelry

(D ordinary accuracy general use

However, unless precautions are taken to correct for local
gravity, air buoyancy and a number of other factors, the de-

buoyancy may result in an error of 0.5 %, or even more.
Other concerns (i.e., tidal effects, gravitational anomalies,
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electrostatic and magnetic afiractions to nearby objects,
air currents) can be neglected, except in the case of very
precise measurements.

Kitchen scales are intend for personal use and are, there-
fore, not metrologically inspected at the place of use. Usu-
ally, these can be classified in the ordinary accuracy class
(D) according to Table 1. This is why all these scales are
manufactured and adjusted to a standard defined acceler-
ation due to gravity, which is 9.80665 m/s?. However,
since there are for personal use the producer can “freely”
choose the parameters and declare the precision.

The tendency in small kitchen appliances, especially for
kitchen robots and food processors, is to integrate the func-
tion of the scale into the appliance. Usually, four force sen-
sors (load cells) are used and integrated into the bottom of
appliance. In this case, low-cost sensors are preferred. In
such a case the integrated force sensors are loaded with
the mass of the appliance (dead load) as well as with the
mass being weighed. This dead load can be equal or even
greater than the load that will be measured. In such a case,
force sensors for a higher measuring range must be used
and the actual measuring range is only a part of the de-
clared measuring range of the sensor.

The aim of this paper is to benchmark different types of
force sensors that can be used in certain types of small
household appliances for weighing applications. Four types
of force sensors were studied and evaluated.

The first two types of evaluated force sensors are based
on thick-film technology, where the sensing piezoresistive
resistors are screen printed and fired on an alumina sub-
strate. The change in resistance of the resistors under an
applied stress is partly due to the deformation, i.e., chang-
es in the dimensions of the resistor, and partly due to an
alteration in the specific resistivity as a result of microstruc-
tural changes /3, 4/. The gauge factor (GF) of a resistor
is defined as the ratio of the relative change in the resist-
ance (AR/R) and the strain (), defined as (Al/}), and is
described by equation (1).

GF = (AR/R)/ (Al/l)=(AR/R)/e (1

Geometrical factors alone result in gauge factors of 2-2.5.
Higher gauge factor values are due to microstructural
changes, which alter the specific conductivity. The GF val-
ues of thick-film resistors are mostly between 3 and 15,
and are higher than those of metal strain gauges (GF ~2)
and lower than those realized with semiconducting ele-
ments (GF 50-200) /3, 4/. In the first type of force sen-
sor, four thick-film sensing resistors are screen printed and
fired on an alumina substrate, which is bonded to an alu-
minium double bending beam spring element (more de-
tails in Section 2.1). With a special design of this element,
areas with concentrated strain can be achieved. Sensing
resistors, which are connected in a Wheatstone bridge,
are placed at the areas where the highest strain occurs. A
simple planar construction of the spring element is used
for the second type of force sensor. The alumina substrates
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with two screen-printed and fired thick-film resistors are
bonded to the spring element, which is punched out from
a steel plate. Since only two sense resistors are used, two
additional fixed resistors of the same value are needed to
realize half of the Wheatstone bridge circuit.

The third and fourth types of evaluated sensors based on
the so-called force-to-pressure transformation principle are
known as hydraulic (or hydrostatic) force sensors. Such
kinds of force sensors are also generally known as hydraulic
load cells. Hydraulic force sensors are force-balance de-
vices, measuring force as a change in the pressure of an
internal filling fluid. A force acting on aloading head is trans-
ferred to a piston, which in turn compresses a filling fiuid
confined within an elastomeric diaphragm chamber. As the
force increases, the pressure of the hydraulic fluid rises. A
pressure sensor - in these two cases with a small-sized
piezoresistive absolute-pressure sensor chip - measures
the fluid pressure. With such a kind of transformation the
voltage output signal of the pressure sensor is proportion-
al to the force that acts on the loading member of the sen-
sor. Hydraulic force sensors are generally used to meas-
ure relatively large forces (i.e., from 500 N upwards) in
harsh and industrial environments. The output is linear and
relatively unaffected by the amount of filling fluid. With care-
ful design and manufacturing, the accuracy can be within
0.25 % full scale /5/, but in general their accuracy is 0.5
% to 1 % of fuli scale.

The housing of the third type of force sensor is made from
plastic and closed with rubber on one side. The interior is
completely filled with fluid - a silicon oil is used. At the
upper side of the force sensor the absolute silicon pres-
sure sensor chip is bonded onto the ceramic substrate
and through the contact pins connected fo the measuring
system. This type of sensor is described in Section 4 in
more detall.

The forth type of force sensor is made from a copper-based
metallic housing. A hydroformed metallic bellows is used
as the loading member and this is soldered together with
the base housing of the sensor. An absolute silicon pres-
sure sensor is bonded to a hermetically closed TO-5 tran-
sistor header, which is soldered onto the body of the sen-
sor. The details of this hydraulic force sensor are described
in Section 5.

The most important characteristics of force sensors are
non-linearity, hysteresis error, sensitivity and repeatability.
Non-linearity is the deviation from a straight line of the in-
creasing force sensor signal output curve. For this bench-
marking, the linear approximation between the first and last
measured points was taken. The hysteresis error is de-
fined as the difference between the force-sensor readings
for the same applied load: one reading obtained by increas-
ing the load from the minimum load and the other by de-
creasing the load from the maximum load. The sensitivity
is the ratio of the change in the response (output) of a force
sensor to a corresponding change in the stimulus (load
applied). Repeatability is the ability of a force sensor to
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provide successive results that are in agreement when the
same load is applied several times and applied in the same
manner on the force sensor under constant test conditions.

In this paper, measurements of these characteristics of the
evaluated sensors are compared and discussed.

2. Force sensor with double bending
beam with tHick-film strain gauge

21 Design and construction

The double bending beam (also called a binocular form
beam) is often used as a spring element in force sensors.
The key parts of the spring element are the two “weak”
points, with the aim to concentrate the strain induced by
the applied force on the sensing resistors /6/. The double
bending spring element is presented in Fig. 1 and the two
“weak” points are shown in Fig. 2.

- Metal double bending beam
("binocular" form)

Fig. 1:  The double bending spring element.

The strain in the most sensitive part of the beam is de-
scribed by equation (2)

1.5Fa
£ =

Tbd @

where the strain (m/m) is a function of the applied force, F
(N), the Young's moduius, E (Pa), and the dimensions a
(m), b (m) and d (m), as denoted in Fig. 1. The working
principle of the double bending beam is schematically
shown in Fig. 2. The strain is concentrated in two points:
the positive (tensile) strain is concentrated in the first weak
point, and the negative (compressive) strain is concentrat-
ed in the second weak point, marked in Fig. 2 by R+dR
(the increase of resistance) and R-dR (the decrease of re-
sistance), respectively.

In our case the force sensor converts a mechanical quan-
tity (force) into strain, and then translates it into an electri-
cal signal {(voltage) using the resistance change of the thick-
film sensing resistors printed and fired on the alumina sub-

SENSING RESISTORS

/

Fig. 2:  Working principle of the double bending beam.

strate. The thick-film strain gauge, i.e., the ceramic sub-
strate with the thick-film sensing resistors, is shown in Fig.
3. The working principle of the thick-film strain gauge is
piezoresistivity - the property of resistor materials to change
their resistivity under strain. Four thick-film sensing resis-
tors are located on the double bending beam, so that two
are under tensile strain, and two are under compressive
strain. Sensing resistors are placed on the positions of the
maximum tensile and compressive stains on the double
bending beam. These four sensing resistors are electrical-
ly connected in a Wheatstone-bridge configuration and are
excited with a stabilized bridge voitage (Fig. 4). The output
of such a strain gauge is the voltage vs. strain induced by
the applied force.

7.5 17.5
53 5.3

R1 . 3 1 |
[ ] %

R4

RS

Fig. 3: Alumina substrate with thick-film resistors
connected in a Wheatstone bridge.

The aluminium double bending beam, shown in Fig. 1 (and
described by equation (2)), was designed with the follow-
ing dimensions: a=10.6 mm, b=13mm,c=12mm, d =
1.2 mm, e = 10 mm, and f = 80 mm. The material for the
double bending beam is aluminium, which has a Young's
modulus of 73 GPa, and a thermal expansion coefficient
of 23x10%/K. The thick-film strain gauge shown in Fig. 3
consists of four thick-film resistors printed and fired on the
alumina substrate. Sensing resistors have a resistance of
1300 ohm and have a value for the gauge factor of around
8. The thick-film strain gauge is bonded with glue onto the
aluminium double bending beam. An example of the real-
ized force sensors with the thick-film strain gauge is shown
in Fig. 5.
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’lc

R1 R2

R4 R3

20

Fig. 4: Four sensing resistors connected in a
Wheatstone bridge.

Fig. 5:  The thick-film strain gauge on the alumina
substrate is bonded on a double bending
aluminium spring element.

2.2 Results

The fabricated samples (see Fig. 5) were mechanically fixed
on one side and loaded with different forces (loads) on the
other side. The thick-film strain gauges were excited with a
stabilized bridge voltage of 5 V and the output voltage was
measured. All the test samples were tested at different ap-
plied forces (weighing loads). The range of the applied forc-
es was from O N to 34 N (0-3.4 kg). The output voltage
versus loading force for a typical test sample is presented
in Fig. 6.

The calculated force sensitivity from the measured data is
about 45 V/V/N. Some other characteristics of this type
of force sensor with a thick-film strain gauge are present-
ed in Section 6, Table 2. The non-linearity is 0.2 %, the
hysteresis error is less than 0.2 %, and the offset voltage
of the unloaded sensor is up to £4 mV.
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10

Quiput Voltage (mV)
wr

0 5 10 15 20 25 30 35
Force (N)

Fig. 6: Output characteristics of the force sensor with
a thick-film strain gauge.

3. Thick-film double bending planar
force sensor

3.1 Design and construction

Athick-film double bending planar force sensor was evalu-
ated. The spring element, with outer dimensions of 32 mm
X 29.9 mm, and with an 8-mm-wide and 18.6-mm-long flex-
ure bar, is punched out from a 1.2-mm-thick sheet of
1.4016 ferritic steel. The Young's modulus, the Poisson’s
ratio and the thermal expansion coefficient of this steel are
200 GPa, 0.3 and 12x10°%/K, respectively. The alumina
substrate with screen-printed and fired sensing resistors
is glued onto the flexure bar. The spring element with the
glued alumina substrate on the double bended flexure bar
is presented in Fig. 7.

~

Fig. 72 Main dimensions of the double bending spring
element where the outer arms are marked with
A and the inner arms are marked with B.

The spring element consists of three key parts. Two outer
arms, marked with A, are meant to be on a fixed support.
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Both inner arms, marked by B, are loaded, through a spe-
cial connecting mechanical structure, with the applied
force.

The force is applied equally on both inner arms. The thick-
film strain gauge is realized with two thick-film resistors print-
ed and fired on alumina. The force sensor converts the
mechanical quantity (force) into a strain and translates it
info an electrical signal (voltage) using the resistance
change in two sensing resistors.

Both resistors are trimmed to a resistance value of 10,000
ohm and are electrically connected to half the Wheatstone-
bridge (two additional resistors are needed on the meas-
urement side). The sensing resistor R1 lies on the positive
(tensile) strain, while the sensing resistor R2 lies on the
negative (compressive) strain. The alumina substrate with
two thick-film sensing resistors and the main dimensions
are schematically shown in Fig. 8.

A

v

w

|
|
|

Fig. 8:  Alumina substrate with two thick-film resistors.
The contact pads are marked with 1, 2 and 3.

When a force is applied on the spring element of the force
sensor a typical double bending of the flexure bar occurs.
The deformation of the spring element under applied force
was simulated using the finite-element method /7/. in Fig.
9 the deformation and the normal component of strain,
which is along the axis of the flexure bar, are shown - for
better clarity the deformation is over scaled. Lighter areas
represent the areas under tensile strain and the darker ar-
eas represent the areas under compressive strain.

The strain reaches its peak value at both ends of the flex-
ure bar. The peak values of the positive and negative strains
are almost identical. At the areas of the maximum peaks
there is also a lot of transverse strain. It is well known that
the sensing resistors are also sensitive to transverse strain

/8/.

To minimize the measuring error the influence of the trans-
verse strain must be minimized. To achieve this, the sens-
ing resistors are placed away from the areas of maximum
strain and some sensitivity is sacrificed for a better accura-
cy. In the case of an uneven load to both inner arms a
twisting of the flexure bar occurs. To minimize this effect,
both sensing resistors are placed on a symmetric axis along
the flexure bar.

Fig. 9:  Planar force sensors under an applied force.
The normal component of strain (along the axis
of the flexure bar) and the over-scaled
mechanical deformation.

3.2 Results

The samples were supported under both outer arms and
loaded with different forces (loads) through the mechanical
structure on both inner arms, which are located on the oth-
er side of the flexure bar. The range of the weighting loads
was from 20 N to 32 N, with 20 N of preload (dead load).
The thick-film strain gauges were excited with a stabilized
bridge voltage of 3.3 V and the output voltage was meas-
ured. An additional two resistors of 10 kQ were used to com-
plete the Wheatstone bridge and to achieve more accurate
measurements. The output voltage versus the loading force
for a typical test sample is presented in Fig. 10.

5 -
——tm Load
»»+f} -« Unload |
44
>
E
(] 3
(=]
=
(o]
>
E]
e 2
jod
O
14
¢ . ; i 1
20 22 24 26 28 30 32 34
Force (N)

Fig. 10: Output characteristics - voltage vs. force - of the
planar force sensor with a thick-film strain

gauge.
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The calculated force sensitivity from the measured data is
about 58 lV/V/N. Some other characteristics of this type
of force sensors with a thick-film strain gauge are present-
ed in Section 8, Table 2. The non-linearity is 0.3 %, the
hysteresis error is less than 0.4 %, and the offset voltage
of the no-load sensor is up to +4 mV.

4. Hydraulic force sensor with plastic
housing and rubber meMbrane

4.1 Design and construction

The housing of this hydraulic force sensor is made from
glass-reinforced Nylon (PA66-GF30). EPDM (ethylene-pro-
pylene-diene Monomer) rubber was vulcanized directly
onto the plastic housing on a specially designed and cus-
tom-made moulding tool.

In Fig. 11 the main dimension of the realized force sensor
in cross-section is shown.

N
e
o

¥

AR
v

o

od
d

Fig. 11: Hydraulic force sensor with main dimensions.
The rubber part (denoted by 1) is vulcanized
directly to the plastic body (denoted by 2).

As already mentioned, the plastic housing (denoted by 2)
was made from reinforced nylon. The surfaces that are in
contact with the rubber were treated with a special primer
24 hours before the vulcanization to ensure a reliable junc-
tion between the plastic housing and the rubber part (de-
noted by 1). The rubber part functions as a membrane for
the hydraulic force sensor and also as suction feet on the
other side. After the vulcanization of the rubber to the plas-
tic housing, the cover lid (denoted by 4) with a sensing
element (denoted by 3) is placed onto the plastic body.
The sensing element is an absolute silicon pressure chip
bonded onto the alumina substrate.

Through four contact pins a sensing element is connected
to a measurement system. The interior (denoted by 5) is
filled with fluid - a Wacker AK100 silicon fluid is used. After
the filling process both the filling holes were sealed. In Fig.
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12 afabricated sample of the hydraulic force sensor with a
plastic housing and a rubber membrane is presented.

Fig. 12: Hydraulic force sensor with plastic housing and
integrated vacuum suction feet.

4.2 Results

The fabricated samples (shown in Fig. 12) were loaded
with different forces (loads). The silicon pressure chip was
excited with a stabilized bridge voltage of 3.3 V and the
output voltage was measured. The range of the measured
forces was from 20 N to 32 N, with 20 N of preload (dead
load). The output voltage versus loading force for a typical
test sample is presented in Fig. 13.

75 o

—+——Load

&}

O Unload

70

V)

@
a

Qutput Voltage (m
[=2]
o

55 L

50 t + ;
20 22 24 26 28 30 32 34
Force (N}

¥ T T 1

Fig. 13: A force-to-pressure transformation, sensor
made from plastic and rubber.

The calculated force sensitivity from the measured data is
about 470 uV/V/N. Some other characteristics of this type
of force sensor with a silicon pressure sensor are present-
ed in Section 6, Table 2. The non-inearity is 1.5 %, the
hysteresis error is around 3.5 % and the offset voltage of
the no-load sensor is up to 25 mV.
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5. Hydraulic force sensor with
METALLIC body

5.1 Design and construction

This type of force sensor is made from metallic parts. A
cross-section of such a construction is shown in Fig. 14.
With such a construction, better measurement parameters
of the hydraulic force sensor were expected (based on the
hydraulic force sensor described in Section 4). A copper
cap (denoted by 1) with a 1-mm-thick wall and an 8.2-mm
hole at the bottom is used as the housing for this type of
hydraulic force sensor. A hydroformed metal beliows (de-
noted by 2), which is made from phosphor bronze, is sol-
dered at the other side of the copper cap. The metal bel-
lows with three convolutions of 19.1 mm for the outside
diameter and a 0.1-mm-thick wall is designed for a nomi-
nal pressure of 200 kPa. Since one convolution is soldered
to the housing only two of them are actually active.

205

Fig. 14: Hydraulic force sensor with metallic body and
metal bellows in cross-section.

An absolute silicon pressure chip is placed on the TO-5
transistor header (denoted by 3) and electrically connect-
ed with bonded wires to four connecting pins. The con-
necting pins are insulated with glass and hermetically
sealed. Through these four contact pins a sensing element
is connected to a measurement system. The interior (de-
noted by 4) is filled with fluid - a Wacker AK100 silicon
fluid, like in the case of the hydraulic force sensor with the
plastic housing (see Section 4.1). The realized hydraulic
force sensor with a metallic body is presented in Fig. 15.

5.2 Results

The fabricated samples (shown in Fig. 15) were loaded
with different forces (loads). The silicon pressure chip was
excited with a stabilized bridge voltage of 3.3 V and the
output voltage was measured. The range of the measured

Fig. 15: Hydraulic force sensor realized with metallic
body and metal bellows.

forces was from 20 N to 32 N, with 20 N of preload (dead
load). The output voltage versus loading force for a typical
test sample is presented in Fig. 16.
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Fig. 16: A force-to-pressure transformation made from
the hydroformed bellows.

The calculated force sensitivity from the measured data is
about 1000 uV/V/N. Some other characteristics of this
type of force sensors with a silicon pressure sensor are
presented in Section 6, Table 2. The non-linearity is 0.3
%, the hysteresis error is less than 0.8 %, and the offset
voltage of the no-load sensor is up to 60 mV.

6. Benchmarking and conclusions

The force sensors for weighing small masses in cost-sen-
sitive applications can be realized with different types of
sensing elements. Four types of sensing element were in-
vestigated:
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Table 2: Some characteristics of force sensors realized with different types of sensing elements

Characteristics Type 1 Type 2 Type 3 Type 4
Resistance (Ohm) 1300 10 000 3500 3500
TCR (10°/K) + 100 + 100 ~ 2800 ~2800
Non-linearity error (%) 0.2 0.3 1.5 0.3
Hysteresis error (%) 0.2 0.4 3.5 0.8
Sensitivity (UV/V/N) 45 58 470 1000
Offset (mV) +4 + 4 + 25 +60

Type 1: Force sensor realized with a double bending beam
with a thick-film strain gauge

Type 2: Force sensor realized with a double bending pla-
nar spring element with a thick-film strain gauge

Type 3: Hydraulic force sensor with a plastic housing and
rubber feet as a load-member part.

Type 4: Hydraulic force sensor with a metallic housing and
a metal bellows.

Some characteristics of the realized force sensors with dif-
ferent types of sensing elements are presented in Table 2.
The resistances and temperature coefficient of resistivity
(TCR) are given. The measured and calculated values for
the non-linearity errors, the hysteresis errors, the sensitiv-
ities and the offset voltages (unloaded samples) are pre-
sented.

The TCRs of thick-film resistors (types 1 and 2) are around
100x10°/K and are much lower than the TCRs on silicon
pressure sensor chips, which were used as the sensing
elements for the types 3 and 4 hydraulic force sensors.
The non-linearity errors were similar for the types 1, 2 and
4 force sensors, while for the type 3 force sensor the val-
ues were five times higher. The hysteresis errors were
around 3.5 % for the type 3 - hydraulic sensors with plas-
tic housing, while for the other types the values were be-
low 1 %. The sensitivities of the sensors with silicon sens-
ing elements were between 10 to 20 times higher than the
sensitivities of the sensors with thick-film resistors. On the
other hand, the offset voltages of the unloaded force sen-
sors were significantly higher for the hydraulic force sen-
sors with the silicon sensing elements.
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Abstract: Power and energy management in buildings, be in households, offices or in industry, is becoming increasingly important for cost as well as for
carbon footprint reduction. However, in addition to power and energy management algorithms, high availability and redundancy remain key system
requirements. In this paper we present a novel low cost instrumentation bus for modular system architectures, considering modular units as distributed
sensors and actuators. In particular, as a show case we apply the proposed instrumentation bus for Power and Energy Control (PEC) units, providing
modularity, general connectivity, high availability, scalability and future system upgradeability. Drawing analogy with sensor and actuator networks the
proposed instrumentation bus also guarantees very low protocol overhead and thus maximizes the throughput of the bus.

SIB: Senzorsko instrumentacijsko vodilo za modularno
krmiljenje elektricne moci in energije

Kju¢ne besede: SIB, MAC, MSG, protokol, plast, senzor, mo¢, energija, upravijanje, nadzor, krmiljenje

lzvle¢ek: Upravljanje in nadzor energije v gospodinjstvih, poslovnih objektih in industriji postaja vse pomembneijse, tako z namenom zmanjSevanja strosk-
ov kot tudi emisij CO32. Poleg algoritmov upravijanja z energijo ostajata visoka dostopnost sistema in redundanénost zelo pomembni lastnosti sistema. V
tem Clanku predstavijamo nov koncept instrumentacijskega vodila za modularne arhitekture implementirane v "Power and Energy Control (PEC)” modulih
za upravljanje z mocjo in energijo. PEC moduli tako pridobijo modularnost, skalabilnost, visoko dostopnost, povezliivost z drugimi sistemi in nadgradijivost

ter kompatibilnost z novejsimi (prinodnjimi} modeli.

1. Introduction

World trends of power consumption are continuously in-
creasing, causing high or even excessive power demands
in distribution grids as well as in energy generation. Sever-
al initiatives have been started under the term “Demand
Response” or "Automatic Demand Response”, with the
goal to reduce the total or peak power consumption. Some
of the available solutions for power and energy manage-
ment are based for instance on ZigBee wireless devices /
1/ or Echelon distributed wired devices /2/, while Sie-
mens /3/ and General Electric provide systems based on
Programmable Logic Controllers (PLC's). Entirely distrib-
uted systems, such as ZigBee and Echelon, may have prob-
lems with availability due to unstable communication chan-
nel between control units, which is for instance at 2.4 GHz
for ZigBee not guaranteed. Furthermore, distributed solu-
tions exhibit time delay issues when the number of con-
trolled devices is increasing. PLC based systems, on the
other hand, are costly and are typically used in the indus-
try, where in addition to power and energy management
they are also used to control industrial processes.

Particularly important requirements for power and energy
management systems are their scalability and upgradea-
bility. This is calling for a modular approach, which has
already been introduced by profibus /4/, modbus /5/, ech-
elon /2/, linbus /6/ and others, providing suitable proto-
cols for communication between moduies. Typical weak-
nesses of those protocols are as follows:

- Protocols are in most cases not self-describing, so a
custom application is required in order to be able to
understand, monitor and control module’s parameters.

- Protocols may introduce significant overhead (such
as in the case of widely used Extensible Markup Lan-
guage, XML}, or when compressed, they may only be
manageable by powerful devices.

- Master-slave oriented architecture makes modules
non-autonomous and dependent.

- Static binding of variables limits future upgradability
and compatibility across modules.

In this paper we propose an instrumentation bus with tiny
distributed protocol stack. This protocol is a subset of a
Sensor Standard General Language (SSGL) /7/, a proto-
col stack originally developed for low-power sensor net-
works. We refer to the proposed hardware implementa-
tion of the instrumentation bus and the respective protocol
stack as Sensor Instrumentation Bus (SIB) and consider
modular units attached to the bus as distributed sensors
and actuators. We implemented SIB for interconnection of
Power and Energy Control (PEC) modules, designed to
limit and reduce maximum power demand requirements
within households and industry, and to provide energy sav-
ing functions. PECs follow modular approach and contain
distributed protocol stack with the aim to offer high-availa-
bility, redundancy, future upgradeability and installation sim-

plicity.

The rest of the paper is organised as follows. In Section 2
we briefly describe hardware features and modules of SIB
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instrumentation bus. In Section 3 we provide an overview
of the SIB protocol. Section 4 presents PEC modules as
compact autonomous units implementing the proposed SIB
instrumentation bus and protocol stack, and Section 5
concludes the paper.

2. Sensor Instrumentation Bus

The main purpose of SIB is to provide low cost instrumen-
tation platform that suits applications in households, indus-
trial fields, automated test environment (ATE) and low-power
sensor networks. In the following we provide an overview
of its basic features and structure of its modules.

2.1 SIB Basic Features

SIB is based on standard and well established technolo-
gies:
- DIN housing suitable for standard electric cases.

- Low-cost communication Inter-Integrated Circuit 12C
bus.

- Universal Asynchronous Receiver/Transmitter (UART).
- High-speed point-to-point or multi-point Low-Voltage
Differential Signalling (LVDS).

SIB provides decentralised control for a cluster of com-
pletely independent modules, where:

- Each module is autonomous and thus self-sufficient.

- Communication between modules is completely de-
centralised, with no central coordinator nor central
processing module.

- Cluster consists of n modules stacked in an array shar-
ing a global communication channel and having di-
rect communication channels with adjacent modules
to ensure fast communication and short response
fimes.

- Clusters scale via additional isolated communication
channel.

- Each module comprehends self-describing protocol
for autonomous configuration and understandable hu-
man interface.

2.2 SIB Modules

Considering the degree of functionality we define the fol-
lowing classes of modules that can connect via SIB:

- Dependent Modules or Primitive Modules incorporate
the minimum set of functions and layers to co-exist in
a system and require intelligent modules or bridges
for in-system integration. Such modules are typically
accessed via 12C or UART bus.

- Independent Modules or Intelligent Modules incorpo-
rate all necessary layers to be completely independ-
ent. These modules handle communication with oth-
er modules on their own. PEC modules belong to this
class.
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- Bridges provide interfaces to other devices and to
external systems for large scale integration. They take
control over primitive modules for inter-connection with
intelligent modules. Typically a power supply module
may integrate such communication bridge.

- Supporting modules may exceptionally come without
communication interface at all, such as low-cost power
supplies and battery backups.

For its operation a SIB based system requires at least one
module belonging to the intelligent class, a power supply,
and optionally a bridge providing a connection to PC.

SIB specifies hardware minimalistic communication and
power interface for modules, as shown in Figure 1. GLB,
LBR and LBL represent communication channels, marked
as GLBO, GLB1, or GVLOp/GVLOn when paired in differ-
ential mode and using high-speed LVDS. The 12C and
GLBO/UART represent the primary communication inter-
face and multi-master access to each device configura-
tion. Fast communication with adjacent modules is
achieved via local interfaces LBL and LBR. All signal con-
nections on LBL, LBR and GLB are allowed to pass digital
and analogue signals.

POWER up to 24 V and 0 V power signals, up to 3 A
12C 12C based communication interface

GLB/GVB Giobal Bus, where pairs can form a LVDS
link for very high speed communication

LBR/LVR Local Bus to adjacent module on the right,
where pairs can form a LVDS link

LBL/LVL Local Bus to adjacent module on the left,
where pairs can form a LVDS link

SIB
DEVICE

LBL{:1] LBR[Q:1]

GLB[&:7]

- » 12C

- # DOWER

Fig. 1: SIB interface.

3. SIB Protocol Stack

By analogy with Open System Interconnection (OSI) lay-
ered architecture /8/ the protocol stack for the proposed
instrumentation bus consists of PHY layer (SIB-PHY), me-
dium access layer (SIB-MAC) and message layer (SIB-
MSG), the latter encompassing all required functionalities
above MAC layer. The proposed layered structure is de-
picted in Figure 2.
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S3GL Protocol Stack

- ey
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—t |  SIB-MSG

PEC Core ¥
Application
SE-MAC

SIB-PHY

, A

B hmn o d v e

phyiscal bus to neighbouring PEC modules

Fig. 2:  SIB protocol stack implemented in PEC
modules.

3.1 SIB-PHY Layer

SIB-PHY interface implemented in PEC modules only con-
tains five signals that provide connection to left and right
modules via two left and right four-pin connectors. These
signals include:

- Power signal +24 V to left and right modules.
- Return or GND (0 V) to left and right modules.

- Global communication bus GLBO to left and right
modules.

- Local communication bus LBRO to right module only.
- Local communication bus LBLO to left moduie only.

Communication on the global bus needs to be fail-safe.
This means that permanent malfunction of a module should
not terminate communication on GLBO. Communication
is half-duplex and has multi-master topology where up to
32 devices may be attached to a single GLBO bus, this
limitation being a consequence of power constraints and
physical length of the bus.

Physical signalling is based on standard UART interface.
With respect to the UART specifications, frame arbitration
signalling is added to SIB-PHY, defining basic packet frame
or time-slot.

Standard UART low-level framing protocol transfers data
on byte basis (similar to linbus /6/) and is configured in 8
bit data mode with odd parity and one stop bit. SIB-PHY
adds start of frame and end of frame signals making it suit-
able for multi-master environments and automatic data rate
detection. SIB-PHY UART physical framing is shown in Fig-
ure Error! Reference source not found. and consist of:

1. Start of Frame (HIGH state) denoting Bus Request. If
LOW is detect on the bus prior to step 2, bus is lost,

or if HIGH is detected prior asserting logic HIGH, bus
is busy. Start of Frame has length of 10 bits (8 HIGH
bits + HIGH odd parity bit + one stop bit) and implies
the bit rate.

2. Startof Byte (LOW state) begins standard UART trans-
mission of a byte with logic LOW start bit.

3. Individual bits (LOW/HIGH state): the 8 data bits, odd
parity.

4. End of Byte (HIGH state): 1 stop bit. When more bytes
are to be sent, repeat from step 2.

5. End of Frame (LOW state). When more messages
are to be sent, repeat from step 1.

1)

IDLE IDLE

Fig. 3:  SIB-PHY UART signalling.

Such physical framing can be implemented by any UART

interface found in contemporary microcontroliers (MCUs).

The most important properties of such signalling scheme

are as follows:

- Transfer is half-duplex, multi-master with frame arbi-
tration and automatic bit-rate detection.

- Bus collision is detected by monitoring (receiving)
bytes back from GLBO during the transmission and
also by checking the parity bits.

- Frame length error is detected by standard UART
Frame Error Detection mechanism (for instance by
BREAK signal, which is generated in this case).

- Typical UARTs in MCUs support a broad selection of
bit rates in the range from kbit/s up to Mbit/s.

3.2 SIB-MAC Layer

The SIB-MAC layer defines simple but powerful and low-

overhead communication protocol stack. It has been de-

signed to meet requirements of the next generation dis-

tributed communications and data processing devices.

Being based on SSGL, which was originally developed for

sensor networks, its main features include:

- PHY independency at variable data rates.

- Innovative peer-to-peer and broadcast bi-directional
pipe.

- Bandwidth allocation with the first order allocation
predictor.

- Synchronisation mechanism.

- Acknowledged protocol for transfer reliability.

- Support for low power and power down modes.

- Support for self-management and self-healing of de-
vices.
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- Support for redundant systems.
- Ultra-low packet overhead.
- Independency from the device intelligence level.

Fullimplementation of the SSGL-MAC layer supports stand-
ard star and peer-to-peer (full mesh) topologies. It addi-
tionally supports a combination of standard peerto-peer
and broadcast modes, simplifying the architecture of re-
dundant and high-availability systems. The last type of con-
nection is named as SSGL-MAC general pipe. For the op-
eration, network does not require any coordinator, making
the system very robust.

SSGL-MAC introduces the term pipe on the peer level,
which defines transaction between two devices. The SSGL-
MAC pipe enables a device to communicate with one peer,
forming peer-to-peer connection, and at the same time al-
lowing (or not) others to interrogate into their conversa-
tion. More intelligent devices can influence pipe proper-
ties, they can recommend better channel and require re-
duction of the bandwidth. In such a way, pipes can be
managed and controlled by other entities without being
dependent on them.

SIB only requires the most basic implementation of the

SSGL-MAC supporting:

- Totally stripped message header containing only 1D
and CRC.

- One broadcast pipe and one receive pipe.

- Reception of other responses (messages).

- Internally time-driven broadcast pipe in order to limit
maximum bandwidth occupation.

- Data fragmentation to support transfer of long mes-
sages.

The SIB-MAC frame consisting of three fields is shown in
Figure 4. It can be up to 256 Bytes long. The Device ID
field (4 Bytes) uniquely defines the device within the array,
the Data field (O t 250 Bytes) holds data formatted accord-
ing to the SIB-MSG layer specification, and the CRC field
(2 Byte) provides the final checksum.

Device ID | Data CRC
0-250 2

Preamble Ending

start of frame 4 end of frame

Fig. 4: SIB-MAC frame structure.

SIB devices support only two pipes operating at the same

time:

- Broadcast Pipe broadcasts internal information of the
device as declared by internal time-slot timer and is
capable of receiving responses that are sent by other
devices immediately after its transmission. This is the
default pipe opened by every device.

- Receive Pipe selectively receives other broadcast
messages and responds to the same device. This pipe
is opened by the responding device in case there is a

56

message that needs to be transferred only to a spe-
cific device with a given ID.

Low level transaction and framing is defined by SIB-PHY
layer, however, MAC protocol takes care that sufficient time
is left after the broadcast message is sent for safe trans-
mission of responses.

3.3 SIB-MSG Layer

SSGL-MSG layer is designed as a light-weight self-describ-
ing protocol so as to suit to simple and advanced devices
with minimum data and program memory requirements.
Data is carried in the format of a message, which does not
require converting the numbers into strings and can carry
also structured expressions and powerful equations, in-
cluding vectors and matrices. Furthermore, such format
does not require extensive parsing (such as in the case of
XML) by each device as it shifts all the complex arithmetic
and logic to the typically more processing powerful devic-
es which are designated to interpret given information.
Variable-value pair binding requires only basic parsing,
which is manageable also by most simple devices.

The general structure of the SSGL-MSG layer message is
shown in Figure 5. It consists of constant (description) and
dynamic (arguments) parts. Description is transmitted only
upon request, if the message with a given ID is unknown to
the receiver. Most of the time only arguments that are
changing are (re-)transmitted. Fields marked as mandato-
ry are present in every message, while fields marked as
optional are sent on request or upon a change.

DESCRIPTION

TERMINATOR

i

ARGUMENTS

opHonal

mandatory

mandatory

opticnal

i-byles

I-byte: (0x00

2-bytes

a-bytes

Fig. 5: SSGL message structure.

The constant part of the message is formatted in a similar
way as the standard C printf() function. it defines how
message is to be shown or represented along with its ar-
guments to a human using the following formatting syntax:

- Expressions to support high-level math operations in
format {expr}.

- Variable-value pair binding with (tolerance) range and
multi-dimensional unit support {:variable}={expr+-tole-
rancej/unit/.

- Local and global variables, and cross-referencing:
{:*global}, {:local}.

- Data structures and unions: {:struct.substruct.token),
struct{...}.

- Text formatting, headers, tabular environment, enu-
merations, lists and buttons.

Each message is an autonomous cell. Multiple messages
form larger structures and hence complex contents. There-
fore itis required from the MAC to transfer each message as
an autonomous cell even if fragmented to smaller pieces.
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Each device with SSGL-MSG layer mustimplement at least

two messages:

- INIT MSG - Initialization Message, which has assigned
message 1D 0. It defines the initial content of a device
with unique textual description in human understand-
able form. This message is typically transferred only
once.

- STATUS MSG - Status Message, which has assigned
message ID 1. This message describes the current
status of a device. In PEC modules, forinstance, these
include the present power and energy consumption,
and the output states.

With respect to SSGL-MSG layer the SIB-MSG layer im-
plementation as required in PEC units is considerably
stripped down as it only needs to support the following
features for its operation:

- Transmission of constant part of the message.

- Transmission of variable part of the message.

- Handling of local requests for message transmission.

- Handling of remote requests for message transmis-
sion.

- Handling of remote requests for message variable
update.

The term local request refers to operations within MCU,
while the term remote request refers to all operations sent
by other(s) and received via MAC layer.

4. Power and Energy Control Modules

Power and Energy Control modules are compact autono-
mous units that monitor and contro! two power electrical
branches at a time. They are designed to be placed in a
standard (DIN) electric installation housing next to fuses,
thus forming a cluster of distributed sensors and actua-
tors. Connection between modules is achieved using con-
tacts placed on the left and the right side of the module 4-
pin connector. For the operation they require one {(or more
for redundancy) power supply unit(s). Typically power sup-
ply unit also features a bridge circuit to connect clusters
into a larger monitoring and control network. The same
interface also provides the access to the user. PEC mod-
ule as described above is depicted in Figure 6.

A PEC module consists of:

- Isolated current sensor and switch power interface.
- SIB communication interfaces.

- 8-bit Atmel AVR MCU with the SIB protocol stack.

- PEC core application.

In order to prove the concept of SIB instrumentation bus
and protocol stack in PEC units we implemented the fol-
lowing devices:

- SIB Bridge Interface that links a PC with PEC units.

- SIB Device Monitor software package in the form of a

Fig. 6:  PEC module implementation.

browser with Contents Viewer capable of high-level
presentation of PEC messages and data structures
with data input support to write back controllable var-
iables.

Description (or constant part of the message) is typically
transmitted upon remote requests only until it is known to
the receiving device. Description length is typically much
longer than the maximum message size, so data is frag-
mented by SIB-MAC layer into smaller fragments and sent
individually. SIB-MAC layer uses fragment counter and start
and end of fragment bits to correctly assemble received
fragments in the message.

During its operation a PEC unit continuously updates vari-
ables in the data structure, which is directly mapped to the
variable part of the messages. The application can also
issue a local request for (re-)transmission of the message
with D, which has updated variable part of the message.
Only variable part of the message is sent with complete
message length typically equal to 7 bytes.

By gathering all of the message descriptions along with
variables the presentation software builds an HTML page
for the PEC device.

In the same way as variables are transmitted from the de-
vice, they can be sent back to the device as an input. Us-
ing the same 1D and message structure, a message is sent
using a reply mechanism of the MAC layer (using receive
pipe) and received as other response by receiving device.
MAC layer passes valid messages to the Message layer
and validates input argument(s).

The presentation software uses the same equations that
are used in formatting messages into HTML format in re-
verse direction by computing inverse. Presently support-
ed numerical method is 1-dimensional Newton's method
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capable of computing an arbitrary function of a single ar-
gument: x= f7'@).

The graphical user interface of the SIB Device Monitor is

shown in Figure 7. It lists all available devices with the first

two messages: Initialization (INIT MSG) and Status (STA-

TUS MSQG) messages. A mouse click on a device invokes

Contents Viewer as depicted in Figure 8, showing:

- Formatted message contents in HTML format on the
right side of the figure.

- A list of variables with present values on the left side
of the figure. A mouse click on a variable invokes in-
put method for a given type (string, number, list / enu-
meration, etc.).

- Additional views on the left side of the figure are Mes-
sage Contents, showing headings sorted in a tree,
and Raw Messages that can be used as a debugging
tool.

Davica znd Siatius Report

£01712236 { diProt Teeo Chznnsl Intelligent Protections V1 by iskra Zascite
Status Josd ! -Compuder $lalus f-8Suspend

fpadd=Uight sialus2=Suspang

Prasent Power P=0 [W]

Total Energy E=0.01612 [Wh}

15:62:10

$01112235 diProt Two Channg! intelligent Protections V1 by Iskra Zascite
Status f&ﬂd?:(}nmpuler slatgfoSuspend
fondd=LightslalsZ=Suspand

Present Paver F.0 [W}

Total Efiergy £=0.004048 [Wh

15:52:09

WUSN Demo
Temperature Sensor

Fal8.45 O]

HE7975315

15:52:11

Fig. 72 SSGL Device Monitor.

5. Conclusions and future work

In this paper we described the implementation of the inter-

module communication as defined by SIB instrumentation

bus and a simplified protocol stack, which was originally

defined by SSGL specifications for sensor networks. As a

show case we applied the SIB instrumentation bus in pow-

er and energy management system consisting of PEC
modules. Using the proposed SIB architecture two or more

PEC modules can be arranged in an array forming a clus-

ter of instrumentation and control devices with the follow-

ing major benefits:

- Each PEC module {(or SIB module) operates as an
autonomous cell providing independency from other
modules and consequently higher availability of the
entire system compared to centralised architectures.
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- SIB protocol stack supports fault-tolerant, multi-mas-
ter half-duplex communication with collision detection,
implemented using standard UART interface and in-
novative MAC layer broadcast/receiving pipe con-
cepts.

- Being designed as a light-weight protocol it releases
CPU from high processing requirements, which is par-
ticularly important for low-cost 8-bit devices while op-
erating at high communication speed (Mbit/s).

- Self-describing message formats are featuring rich text
formatting and expression post-processing capabili-
ties with (user) feedback input, thus guaranteeing fu-
ture upgradability and compatibility.

- Presentation software generates standard HTML out-
put, viewable in a browser on any PC, handheld or
mobile phone.

- SIB represents a compact solution at low manufac-
turing costs.

While in this paper demonstrated on PEC modules, the
proposed SIB specification can be used for general pur-
pose instrumentation, such as I/0O units, power supplies,
current and voltage meters, etc. In this respect we are plan-
ning to release the SIB specifications for general use and
also provide software support library for data acquisition
and control.

. Teo Channel Intsligent Protections V1 by Iskra Zascite

g, AuiorVides, Wasting, Ober, Cocier,

Unnamed.stotizst = Suspend

Fig. 8: SSGL Device View.

On the other hand, PEC modules can be integrated in a
telemetry and telecontrol system for efficient and reliable
remote management of an electric power distribution sys-
tem, possibly making use of professional wireless commu-
nications technology such as TETRA (TErrestrial Trunked
RAdio) /9, 10/.
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MAGNETIC MICROSYSTEMS FOR POSITION MEASUREMENT
Blaz Smid
University of Ljubljana, Faculty of electrical Engineering, Ljubljana, Slovenia

Key words: magnetic microsystem, Hall sensor, angle measurement, linearization algorithm, distance measurement

Abstract: Position measuring devices are used in numerous fields in everyday life. Automobile industry uses them for detecting the throttle position,
steering wheel position, clutch position, ignition key position, etc. Home appliances like washing machines use them for measuring the rotation and axis
displacement of the drum. Basically every movement in a device that determines its operation needs to be measured more or less accurately.

Magnetic microsystems that measure position are a good alternative to older mechanical solutions. A magnetic microsystem usually consists only of an
ASIC (application specific integrated circuit) and a permanent magnet. The setup is simple and requires no mechanical contacts or switches. The whole
setup is usually relatively small and cheap.

In the paper several solutions for measuring the position with magnetic microsystems are presented. The mathematical model is built for each. Some
solutions are already integrated in ASICs that are used in the industry.

Magnetni mikrosistemi za merjenje absolutne pozicije

Kjuéne besede: magnetni mikrosistem, Hall-ov senzor, merjenje kota, algoritem linearizacije, merjenje razdalje

izvleCek: Naprave za merjenje pozicije se uporabljajo v vsakdanjem Zivijenju na razli¢nih podrodjih. Avtomobilska industrija jin uporablja pri dolocanju
polozaja stopalke za plin, sklopke, pri doloc¢anju kota krmila in zagonskega kljuc¢a, itd. V gospodinjskih aparatih, na primer v prainem stroju, so merilne
naprave uporabliene za merjenje obratov in gibanja bobna. V bistvu vsak premik, ki dolo¢a delovanje naprave, mora biti izmerjen bolj ali manj to¢no.

Magnetni mikrosistemi za merjenje pozicije so lahko dobra alternativa starejsim mehanskim resitvam. Magnetni mikrosistem ponavadi sestavljata in-
tegrirano vezje in trajni magnet. Sestav je enostaven in ne zahteva mehanskih kontaktov ali stikal. Je razmeroma majhen in poceni.

V prispevku je prikazanih nekaj resitev za merjenje pozicije z magnetnimi mikrosistemi. Za vsako resitev je razvit matematiéni mode! in nekatere so ze

vgrajene v integrirana vezja in uporabljene v industriji.

1. Introduction

The basic function of magnetic microsystems is to meas-
ure magnetic field. The magnetic field is generated by a
permanent magnet that is located in the proximity of an
integrated circuit (ASIC). That means that the microsystem
consists only of an integrated circuit and permanent mag-
net. In some setups more magnets are used.

The permanent magnets are of different shapes and sizes.
Also the magnetization direction and strength varies from
one type of position measuring magnetic microsystem to
another. The magnet changes its position relative to the
integrated circuit which means that the magnetic field
strength changes at the position of the integrated circuit.

The position can be measured absolutely or relatively. If
the magnetic field is generated by multiple permanent
magnets and is periodic over a certain span of distance,
the position is measured relatively. That means that the
given information from the ASIC about the distance is rela-
tive. If the magnetic field is not a periodic function and the
position is measured absolutely, one value of the magnet-
ic field strength in the position of the ASIC corresponds to
only one value at the output. In practice the difference
between these two cases is that when the position is meas-
ured relatively, the reference position has to be known or it
may not be relevant at all.
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The integrated circuits embedded in the magnetic microsys-
tems measure the magnetic field with integrated Hall ele-
ment (elements). Many different approaches for integrat-
ed Hall element signal processing are published in /3/
and /4/, providing a solid basis for different algorithm im-
plementation. Hall element senses only the perpendicuiar
component of the magnetic field strength vector which
means that only one dimension of permanent magnet move-
ment can be measured. In some cases it is beneficial to
use more Hall elements that are positioned perpendicular
to each other. That way two or three components of the
magnetic field strength vector are measured. This gives
more information about the magnetic field. One compo-
nent of the magnetic field strength can determine the po-
sition over one part of the measuring range and the other
component can determine the position over the other part
of the measuring range, and that can increase the meas-
uring resolution or increase the position measuring range.
Also more components of the magnetic field strength vec-
tor mean that position can be measured in two or three
dimensions.

In the paper three different magnetic microsystems are
described:

- magnetic microsystem for absolute angle measure-
ment

- magnetic microsystem for absolute distance measure-
ment
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- magnetic microsystem for accurate position measure-
ment

Each of them is comprised of a permanent magnet and
the ASIC. All measure one dimension of permanent mag-
net movement relative to the integrated circuit. The first
microsystem gives information about the rotation of the
permanent magnet, second about the distance between
the permanent magnet and the ASIC and the third meas-
ures the position of the permanent magnet that moves par-
allel to the ASIC. For all three systems signal processing
ASICs are designed with methodologies for mixed signal
design /1/, /8/ and optimization technologies /7/.

2. Absolute angle measurement
magnetic microsystem

The microsystem is comprised of the permanent magnet
and the ASIC (Figure 1). The permanent magnet is diamet-
rically magnetized. The ASIC measures the perpendicular
component of the magnetic field strength vector and gives
the information about the absolute rotational angle of the
permanent magnet above the ASIC.

Fig. 1: Magnetic microsystem for absolute angle
measurement

2.1 Angle measurement principle

There are sixty four Hall elements integrated in the ASIC.
They are positioned in a circle. The axis of the circle coin-
cides with the rotational axis of the permanent magnet.
For clearer principle presentation only eight Hall elements

are shown in Figure 2. This can be easily generalized into
the case with sixty four Hall elements.
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Fig. 2:  Eight Hall elements placed in a circle

By rotating the permanent magnet above the ASIC, the
perpendicular component of the magnetic field strength
to every Hall element describes a sine shaped signal. That
means that eight (sixty four) sine signals are the result of
one permanent magnet turn. The ASIC has two output sig-
nals. A sine signal and a cosine signal. They are a deriva-
tive of all eight (sixty four) sine signals that come directly
from the Hall elements and are calculated as shown in (1)
and (2).

sine = §1 4§24 534 54 = 55 o §6 o §7 = 55 (1)
cosing = §3 4544 554 56—~ 57 ~ 8~ 5t~ 52 (2)
The angle is calculated as shown in (3).

sin g
o = grotan —
COS o

(3)

The used principle is very beneficial and robust. Any exter-
nal homogenous magnetic field that is added to the mag-
netic field generated by the permanent magnet is eliminat-
ed. This comes from (1) and (2). Also the sensitivity of Hall
element is a process parameter. if the sensitivity changes
from one ASIC fo the other the sensitivity changes for all
Hall elements on one ASIC and sine and cosine signals
are amplified. According to (3) the angle remains un-
changed.

2.2 Microsystem characterization

The principle is implemented in the integrated circuit. Spe-
cial care was paid to front end signal processing design /
2/, low noise input amplifier /5/ and to Hall element mod-
eling /6/. The microsystem is composed of a permanent
magnet sized 3-6mm x 3-6mm and diametrically magnet-
ized and the ASIC in one of the standard packages. The
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distance between the magnet and the ASIC is variable from
0.5mm to 5mm.

2.2.1 Angle error

The setup allows an accurate absolute angle setting. The
angle is set from-21°to 21° with astep of 1°. The angle is
calculated from output sine and cosine voltage. The error
is then calculated as the difference between manually set
angle and calculated angle from output sine and cosine
voltage. Figure 3 shows the angle error in angular degrees
which is approximately +0.04 degrees.

Angle Brror

S RN IW.VAY S W A
f oot i RN
feep MU YUY

Set Angle [°}

Fig. 3:  Angle error

2.2.2 Noise

The resolution of the measurement is limited by the noise.
One thousand samples are measured at a randomly set
angle. Figure 4 shows the noise in angular degrees. The
peak to peak angle noise is 0.015 degrees, the RMS val-
ue is 0.065 degrees, and standard deviation is 0.0021
degrees.

0,01

Naise [}

.¢.002 ]

-G,008

Reoasuremant sample Neo.

Fig. 4: Noise measurements

2.2.3 Angie depending on the temperature

The angle calculated from sine and cosine voltage is meas-
ured at temperatures from -40°C to 100°C with a step of
10°C. A random angle is set. Figure 5 shows the angle
depending on the temperature which is approximately
0.001 angular degrees per Kelvin.
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Fig. 5:  Angle depending on the temperature

3. Magnetic microsystem for absolute
distance measurement

The main idea of accurately measuring the distance is to
measure the magnetic field strength in the position of the
ASIC which is caused by a permanent magnet placed close
to the ASIC (Figure 8). The distance between the ASIC
and the permanent magnet varies and it is limited to the
maximum distance which depends on signal to noise ra-
tio, offset and sensitivity of the ASIC. While the magnetic
field strength is inversely proportional to the distance and
is nonlinear with distance, the output of the ASIC should
be linear. To solve the problem of nonlinearity a lineariza-
tion algorithm is developed using the piecewise linear ap-
proach.

dm a%

Fig. 6: Magnetic microsystem for absolute distance
measurement

3.1 Linearization algorithm

The perpendicular (to the ASIC) component of the mag-
netic field strength vector is measured with Hall sensor at
distances between permanent magnet and the probe var-
ying from 22 to 12 millimeters. The correlation between
magnetic field and the output voltage of the ideal Hall ele-
ment is linear.
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For the analysis the maximum distance is selected as a
reference point since the magnetic field at maximum dis-
tance is the weakest. Figure 7 shows the measured (scaled)
values and the ideal linear output voltage.
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Fig. 7:  Input (scaled) and output voltage

The distance range is divided into 20 segments called lin-
earization points. At each linearization point the gain de-
creases so the signal at that point becomes equal to the
desired output voltage. The result is a saw-tooth shaped
signal with large error. The saw-tooth shaped signal and
the ideal output voltage is shown in Figure 8.
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Fig. 8: Saw-tooth shaped and ideal cutput voltage

The resulting signal still has a large error. Additional smooth-
ing procedure is implemented in the linearization algorithm.
The gain between linearization points is calculated as a
linear interpolation of two neighboring linearization points.

Theoretically the magnetic field strength is inversely pro-
portional to the distance (1/x). The relation between mag-
netic field strength and output voltage of the Hall element
is linear and the gain at linearization points can be adjust-
ed infinitely accurate. In this case the overall error after
linearization is zero. In the real environment the Hall ele-
ment is not linear, the data are measured and the gain can-
not be accurately set because only finite gain steps are
available. These factors contribute to the resulting linear-
ized output voltage with an error. The linearized output sig-
nal error in percentage is shown in Figure 9.
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Fig. 9:  Output error

3.2 Microsystem linearization
characterization

The linearization algorithm and Hall element with corre-
sponding electronics is implemented in the integrated cir-
cuit. The distance from ASIC to permanent magnet varied
from 22 to 12 millimeters. The input nonlinear voltage curve
is linearized from 0.35 Vto 3.5V. Also 20 linearization points
are used, the same as in the mathematical linearization.
Figure 10 shows the linearized output voltage and Figure
11 shows the overall error in percentage.
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Fig. 10: Measured linearized output voltage
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Fig. 11: Overall linearization error of the measured
linearized output voltage
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4. Magnetic microsystem for accurate
position measurement

The magnetic microsystem is composed of a permanent
magnet and two integrated circuits. The main integrated
circuit contains all the circuitry including the algorithm re-
alization and Hall sensor. The additional integrated circuit
is simpler since it contains only a Hall sensor and some
elements needed by Hall sensor, such as amplifiers, etc.

In Figure 12 the setup is shown. The Hall sensor of the

main integrated circuit is positioned in the centre of the

Cartesian coordinate system. The additional integrated cir-

cuit is positioned away from the main integrated circuit so

the Hali sensor is at the point with coordinates x=0mm,
=-Tmm and z=3mm.

The Hall sensor in the main circuit is set horizontally, there-
fore it is sensitive to vertical component (By) of the vector
of magnetic field density. In contrast the Hall sensor in the
additional integrated circuit is set vertically and is sensitive
to the horizontal component (Bx) of the vector of magnetic
field density.

Y.

-16mm -+ 16mm

Pl

Fig. 12: Magnetic microsystem setup

In order to perform further analysis and linearization, both
vertical and horizontal components are measured from x=0
millimetres to the position of x=16 millimetres. Since the
measured components are symmetrical over the y axis the
other half of measurements are not necessary. The meas-
urements are presented in Figure 13. The full line presents
the vertical component of magnetic field density vector and
the dashed line presents the horizontal component of the
magnetic field density.
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Fig. 13: Vertical and horizontal component
measurement

4.1 Idea of electronic realization of
linearization

Before the algorithm is designed, some basics need to be
known concerning the electronic realization.

in Figure 14 the idea of electronic realization of the algo-
rithm is presented. With properly calculated resistors, the
coefficients are set and the comparators are switching lin-
early according to the position. The linearization is there-
fore discrete and there are as many steps as the number
of comparators.

in1 o .
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](*‘““ “—“‘“E\i,i\i;}wwmo outd
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N e ] @5} - out3
i% T Eom\p/> ~~~~~~~~~~~~~~ —o out2
R2
:}E ........... A i"j’f’> ...... o outt
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Fig. 14: The idea of electronic realization

The requirement of such realization is that the input signal
on the resistor chain needs to have higher voltage values
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than the signal on the comparators otherwise the switch-
ing would not occur.

Ancther requirement is that the ratio between the signal
on the resistor chain and the signal on the comparators
must be a rising or a falling function or in other words the
derivative of the ratio must not change its sign. Therefore
the signal from the vertical Hall sensor is inverted from the
point where it reaches its minimum.

The signals are divided into three distance regions. One
distance region is from the position O millimetres to the
position where the two signals meet. Second region is from
the end of the first region to the point where the lower
signal reaches its minimum. The third region is from the
end of the second region to the 16 millimetres. Figure 15
shows the two signals prepared for the linearization algo-
rithm.
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Fig. 15: Signals divided into three regions

4.2 Linearization results of mathematical
model

The two signals are divided into three distance regions that
are further divided into more segments. 45 segments are
selected for all three distance regions together. At every
segment the output changes it value for one step. The ra-
tios of two signals are calculated at segments and also the
resistor values are calculated which are later used in elec-
tronic realization. If the ratios are calculated correctly, the
output is changing its value linearly versus the position of
the magnet.

Figure 16 shows the results. A step function is the output
of the aigorithm and the linear function is a linear interpola-
tion of the output function so the linearity of the output is
more evident. The y axis shows the output level number
and as the figure shows there are 45 steps for a range of
16 millimetres.

4.3 Electronic realization of the algorithm
and simulation results

According to the idea of the electronic realization and re-
sistors values calculated mathematically, an electronic re-
alization of the algorithm is designed.

Three separate resistor chains with comparators are

0 2 4 [ 8w 2 14 1%
Position [mm]

Fig. 16: The output of the mathematical algorithm

formed. First block has 5 comparators, thus it covers 5
steps of the first of three segments of a whole position
range. Second block has 17 comparator and the third block
has 23 comparators, all together 45 comparators.

On each out of 45 segments one comparator changes its
state from O to 5 volts (the supply voltage) and enables the
transistor switch. The transistor then adds current to the
output resistor and the voltage on the resistor rises.

Figure 17 shows the first block with resistor chain, compa-
rators, etc. There is some additional logic added so the
first block functions only in the first segment. That is from
the O millimetre to the position where the signals meet.
The outputs are then connected to the cell with transistor
switches which add the current to the output resistor.

b gt S g

1
!
Ei
15{ f
}

Fig. 17: First linearization block

The other two blocks used for second and third segment
are similar to the first block. All three blocks together cov-
er only half of the position span, that is O millimetre to 16
millimetre.

The goal is to cover 32 millimetre span, from -16 millime-
tres to 16 millimetres according to Fig. 12. Since the hor-
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izontal component of the magnetic field strength is sym-
metrical and vertical component is inversely symmetrical,
only the vertical component has to be inverted for the oth-
er half of the position span. Also the output is inverted in
the other half of the position.

Simuiation resuits are shown in Figure 18. The upper part
of the Figure shows two inputs and the bottom part shows
the output of the algorithm.

Fig. 18: Simulation results

5. Conclusion

Three different magnetic microsystems are presented in
the paper. One is for absolute angle measurement, sec-
ond for absolute distance measurement and the third for
absolute position measurement. All of them are verified with
mathematical analysis; the ASICs for all three are designed
and verified with accurate simulations tools. Two of them
are realized, fully characterized and released to produc-
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tion. Some of the characterization results are presented in
the paper.
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ON THE FUNCTIONALIZATION OF POLYPROPYLENE
WITH CF4 PLASMA CREATED IN CAPACITIVELY COUPLED
RF DISCHARGE

A. Vesel, M. Mozetic

Plasma Laboratory, Jozef Stefan Institute, Ljubljana, Slovenia
Key words: Plasma, tetraflourmethane, plasma functionalization, sputtering, aluminum

Abstract: Hydrophobisation of polypropylene was performed using low pressure weakly ionized plasma of tetrafluormethane at pressure of 1.0 Pa.
Plasma was created in an aluminum discharge chamber by capacitively coupled RF generator at 13.56 MHz and the forward power of 100 W. The
powered electrode was made from aluminum and its area was much smaller than the grounded chamber. The plasma density was about 1x10'%m™ and
the electron temperature about 3 eV. Samples of polypropylene discs were exposed to plasma for 10 minutes. Before and after the treatment they were
analyzed by high-resolution XPS. Apart from the appearance of F-rich functional groups, a few at.% of aluminum was detected on the sample surface after
the plasma treatment. The XPS results were explained by weakly etching of the powered electrode during plasma treatment and deposition of sputtered
material onto the polymer samples.

Funkcionalizacija polipropilena s CF4 plazmo ustvarjeni v
kapacitivno sklopljeni RF razelektritvi

Kjuéne besede: Plazma, tetrafluorometan, plazemska funkcionalizacija, razpréevanje, aluminij.

lzvle€ek: Hidrofobizacijo polipropilena smo izvedli v nizkotla¢ni Sibko ionizirani plazmi iz tetrafluorometana (GF 4) pri tlaku 1,0 Pa. Plazma je bila proizvede-
na v razelektritveni komori iz aluminija s kapacitivno skiopljenim RF generatorjem pri frekvenci 13,56 MHz in mo&i 100 W. Elekiroda je bila narejena iz
aluminija. Njena povrsina je bila veliko manj$a kot povrsina ozemliene komore. Gostota plazme je bila priblizno 1x10"®m?in temperatura elektronov okoli
3 eV. Vzorci polipropilena so bili izpostavlieni CF4 plazmi za 10 minut. Pred in po izpostavi so bili analizirani z visoko logljivim XPS. Poleg fluorovih
funkcionalnih skupin smo na povréini plazemsko obdelanih vzorcih opazili tudi nekaj at.% aluminija. XPS rezultate smo raziozili s Sibkim jedkanjem napa-

jane elektrode med plazemsko obdelavo in depozicijo tanke plastni razpréenega materiala (Al) na vzorcih polimera.

1. Introduction

Plasma treatment is a popular method for modification of
surface properties of different polymers. Surface energy
of polymers can be increased using oxygen or nitrogen
plasma, or plasma created in a mixture of argon and resid-
ual atmosphere (water vapor usually predominates) /1-6/.
The surface energy can be decreased, on the other hand,
using fluorine-rich plasma. For safety reasons, pure fluo-
rine is often avoided and many researchers apply plasma
created in tetraflourmethane instead. In any case, the sur-
face energy is decreased by formation of a thin film of CFy
functional groups on the polymer surface /7-11/. The func-
tional groups are extremely non-polar so the polymer treat-
ed by fluorine plasma becomes highly hydrophobic.

Different discharges are used for creation plasma suitable
for hydrophobization of organic materials. They include the
RF /12-14/ and MW /15-16/ discharges. The RF discharg-
es can be used in two different modes: i) capacitively cou-
pled and ii) inductively coupled. In capacitively coupled
(CC) discharge, plasma is created between two parallel
metal electrodes, while in inductively coupled (IC) dis-
charge it is usually created within a coil wounded around a
tube made from an insulator. The tube is usually cylindrical
and made from a glass. Pyrex, quartz and borosilicate glass-
es are all popular. The coil assures formation of an oscillat-

ing magnetic field inside the tube, which induces an elec-
tric field. The electric field is always parallel to the tube, it
oscillates with the same frequency as the RF generator,
and is rather uniform along the tube, except at the edges
of the coil. The induced electric field is 0 at the axes and
increases toward the coit as U = const. r°. The coil is tight-
ly wounded around the discharge tube in order to make
use of almost all magnetic field. The acceleration of ions in
the oscillating induced electric field is neglected at the fre-
quency above, say, 1 MHz due to a large ion mass /17/.
The electrons, on the other hand, are well accelerated in
the electric field. They transfer a part of their kinetic ener-
gy to gaseous molecules at inelastic collisions. Since there
is no electrode in IC plasma, no DC biasing occurs. The
plasma is slightly positive against the glass wall in order to
equalize the fluxes of fast electrons and slow positive ions
onto the surface. The plasma potential in IC discharge is
estimated as

V=V, =~ Zlein T (1

2e, 2m

Where Vs is the space potential, Vi is the floating potential,

k is the Boltzmann constant, T. is electron temperature,

eg is the elementary charge, m- is the ion mass and m. is

the electron mass. Typical order of magnitude of plasma
potential in IC discharges is 10 V.

e
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2. Capacitively coupled plasma

The discharge chamber of our plasma reactor is shown in
Fig. 1. The housing is grounded and made from stainless
steel while the powered electrode is made from aluminum.
Plasma is created in the entire volume of the discharge
chamber. The powered electrode is connected to a RF
generator via a matching network. The RF generator oper-
ates at the standard frequency of 13.56 MHz, and the out-
put power of 100 W. The RF peak - to - peak voltage is
about 450 V. Plasma is created in the oscillating electric
field between the powered electrode and the ground. At
the CF4 pressure of 1 Pa, the entire volume of the dis-
charge chamber is filled with luminous plasma. Plasma
density and electron temperature were estimated with a
simple single Langmuir probe mounted into the centre of
the plasma reactor. At our discharge parameters the plas-
ma density is about 1x10'® m™ and the electron tempera-
ture is about 3 eV. The Debye length is

fs kT
)\/ — 0 e
P Neé @)

Here, ip is the influence constant, N is the plasma density,
while the other symbols were already defined. Taking into
account the measured values of plasma density and elec-
tron temperature, the Debye length in our plasma is about
1.3x10* m. The Debye length depends on N and Te as a
square root, so even if the experimental error was a factor
of 2, the Deby length would change for only 40%.

Fig. 1 Discharge chamber

Electrodes in capacitively coupled plasmas acquire a neg-
ative potential. The sheath thickness is often said to be “of
the order of Debye length”. The thickness is difficult to
define since the boundary between the sheath and the
unperturbed plasma is not sharp, but it is reasonable to
say that it is few times the Debye length. At our conditions
the sheath thickness is thus estimated to about 1 mm. The
potential is oscillating with the generator frequency. Due
to the requirement to equalize the fluxes of fast electrons
and slow positive ions from unperturbed plasma onto the
boundary of the sheath, the average (let us call it DC) elec-
trode potential is negative against plasma.

The potential in the sheaths appears both at powered and
grounded electrode, and depends on the area of the elec-
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trodes. Smaller electrodes acquire larger potential sheaths.
In the classical work, Chapman /18/ assumes that the
sheath voltages vary as Vi/Va = (A2/A+)*. This assumption
is based on the work performed by Koenig et al /19-20/.
A 10 -times smaller electrode would thus acquire a 10000
- times larger potential sheath. This effect is used in the
conventional RF sputtering systems: the target is always
much smaller than the rest of the discharge system. Best
results in terms of thin film deposition by RF sputtering are
obtained if the mean free path is smaller than the distance
between the powered electrode and the substrate holder.
In such cases, the sputtered atoms reach the substrate
without a collision in the gas phase.

Our experimental system is not at all intended for sputter
deposition of thin films, but the basic concepts still apply.
Practically all the generator voltage appears as the sheath
voltage next to the powered electrode. The sheath voltage
oscillates with the generator frequency and so do positive
ions appearing in the sheath. The maximum energy of os-
cillating ions is

2 2 2
W= }—mv,fm =lm(~€§—) = E2 (3)
2 2 \mo 2mm

and the amplitude is

eE
xmax = 2 (4)

m
As argued above, almost entire RF voltage drop appears
across the sheath next to the powered electrode. The DC
self bias is thus little less than half of the peak - to - peak
voltage of the RF generator, i.e. about 200V. Assuming
the thickness of our sheath is Tmm, and a constant elec-
tric field across the sheath (which is definitely not true, but
serves as a nice simplification), the oscillating electric field
is about 400 V/mm. The ion oscillation amplitude is calcu-
lated from equation (4) and is about 6x10° m for F* ions,
while the maximum energy is calculated from equation (3)
and is about 12 eV for the same ions. Lighter ions would
gain more energy and would have larger oscillation ampli-
tude, while heavier ions (such as F2' and CFx") would gain
less energy and would have smaller oscillation amplitude.

Simple calculations performed by equations (3) and (4) give
important results. The ions are too heavy to obtain sub-
stantial energy at oscillations so the sheath actually acts
as a simple DC potential fall across the sheath, i.e. be-
tween the unperturbed plasma and the electrode. If the
sheath is collisionless (i. e. the sheath thickness is much
smaller than the mean free path), the ions are unlikely to
loose their kinetic energy within the sheath and bombard
the electrode with the kinetic energy of Wi+ = eV, where e
is the ion charge (often ep) and V is the DC potential self
bias. In our case, as estimated above, the kinetic energy
of ions bombarding the powered electrode is about 200
eV.

The ions thus transfer their energy to the powered elec-
trode. Since their kinetic energy is much larger than the
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binding energy of surface and subsurface atoms, they
cause the so called radiation damage. Most ion energy is
spent for a collision cascade and thus displacement of
surface and subsurface atoms. The atoms tend to rear-
range so the net effect is heating of the powered elec-
trode. A small part of the ion energy is used for kicking out
free electrons from the powered electrode. The electrons
are accelerated across the sheath and reach unperturbed
plasma with a high energy. In the case of collisioniess
sheath, the average electron kinetic energy is about 200
eV. Once in unperturbed plasma, the fast electrons are
quickly thermallized at elastic collisions with rather slow
plasma electrons and contribute to the heating of electrons
in plasma.

A small part of the ion kinetic energy is also used for kick-
ing out atoms from the surface of the powered electrode.
The effect is called sputtering and is often expressed in
the terms of the sputtering coefficient which has been
defined as the number of sputtered atoms leaving the elec-
trode per incident ion. Sputtering coefficients have been
determined experimentally for a variety of incident ions,
kinetic energy, impact angle, surface finish and target
materials. For a quick estimation of the sputtering coeffi-
cient many authors apply SRIM software package /21-23/.
Although the computer simulation may not give extremely
accurate results, it is easy to use and represents a quick
method for determination of recombination coefficients.
The sputtering coefficients for F* and C* ions on oxidized
aluminum electrode are shown in Fig. 2.
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Fig. 2 Sputtering yields for aluminum oxide sputtered
by F" and C* jons

3. Experimental

3.1. Experimental setup

Experiments have been performed in plasma created in
the discharge chamber shown in Fig. 1. The chamber is
made from aluminum and has inner dimensions
28.5x13.8x 23.5 cm®. There is a flat rectangular pow-
ered electrode in the upper part of the chamber as shown
in Fig. 1. The dimensions of this electrode are 21x11%x2.5

cm?®. The area of the chamber wall is thus 2800 cm? while
the area of the powered electrode is 600 cm?.

The electrode is powered by a RF generator via a match-
ing network. The RF generator operates at the industrial
frequency of 13.56 MHz and the output power of 100 W.
The discharge chamber is an integral part of the experi-
mental system schematically shown in Fig. 3. The system
is pumped with a turbomolecular pump with the pumping
speed of 250 |/s backed by a two stage oil rotary pump
with the nominal pumping speed of 25 m3h™". The turbo-
molecular pump is mounted about 10 cm apart from the
discharge chamber and is connected to the discharge
chamber with a stainless steel bellow with the inner diam-
eter of 4.5 cm The effective pumping speed at the en-
trance to the discharge chamber at the pressure of 1 Pais
therefore not far from the nominal pumping speed of the
turbomolecular pump. Pressure is measured with a bara-
tron attached to the discharge chamber. The ultimate pres-
sure in the system is about 0.01 Pa. Gases are leaked
through flowmeters. At current experiments, only one flow-
meter that was calibrated for tetrafluormethane was used.

to RF generator

powered

4electrode
l

chamber

Fig. 3  Experimental set-up: 1 - two-stage rotary pump,
2- turbomolecular pump, 3 - discharge
chamber, 4 - flowmeter, 5 - reduction valve,
6 - CF,4 bottle, 7 - pressure gauge

The experiments on the plasma treatment of the polypro-
pylene samples were performed as follows: The discharge
chamber was first open to mount a sample onto the bot-
tom of the chamber. The chamber was thus exposed to
{humid) air. The chamber was then closed and pumped by
the rotary pump to obtain the pressure of few Pa. The tur-
bomolecular pump was turned on and the pressure
dropped significantly until after, say half an hour, reached
the value of about 0.01 Pa. Tetrafluormethane was then
introduced into the discharge chamber to obtain the pres-
sure of 1.0 Pa. The RF generator was turned on for the
desired period (in our case the treatment time was 10 min-
utes).

69



Informacije MIDEM 40(2010)1, str. 67-73

A. Vesel, M. Mozetic:

On the functionalization of polypropylene with CF4 plasma created ...

3.2. XPS analyses

The surface of the samples was analyzed with an XPS in-
strument TFA XPS Physical Electronics. The base pres-
sure in the XPS analysis chamber was about 6x10® Pa.
The samples were excited with X-rays over a 400-um spot
area with a monochromatic Al Kyy,2 radiation at 1486.6
eV. The photoelectrons were detected with a hemispheri-
cal analyzer positioned at an angle of 45° with respect to
the normal to the sample surface. The energy resolution
was about 0.5 eV. Survey-scan spectra were made at a
pass energy of 187.85 eV, while the individual high-resolu-
tion spectra were taken at a pass energy of 23.5eVand a
0.1 eV energy step. Since the samples are insulators, we
used an additional electron gun to allow for surface neu-
tralization during the measurements. All spectra were ref-
erenced to the main C 1s peak of the carbon atoms which
was assigned a value of 284.8 eV. The spectra were ana-
lyzed by using MultiPak v7.3.1 software from Physical Elec-
tronics, which was supplied with the spectrometer.

4. Results

XPS survey spectrum for an untreated polypropylene (PP)
disc is shown in Fig. 4. As expected form the chemical
composition of the virgin PP, carbon predominates. The
small concentration of oxygen on the untreated sample is
probably due to water adsorption. The high resolution C1s
peak for an untreated sample is shown in Fig. 5. The peak
is rather uniform - no subpeaks due to carbon bonding
with atoms other than C or H are observed. The composi-
tion of the surface layer of untreated samples is shown in
Table 1. The XPS analyses were performed on 3 samples
in order to have some statistics. As expected, no F or any-
thing else was detected on unireated samples, except
perhaps some Si whose origin is unknown.

Table 1 Surface composition of the untreated
polypropylene sample (three measurements)

Sample C 0 Si
PP untreated (1%) 974 23 03
PP untreated (2") 989 09 02
PP untreated (3") 984 13 03

XPS survey spectrum for polypropylene (PP) disc treated
by CF4 plasma is shown in Fig. 6. Apart from the small
concentration of O and N, one can observe F in a sub-
stantial amount too. The high resolution C1s peak for plas-
ma treated sampile is shown in Fig. 7. The peak now con-
tains several subpeaks due to carbon bonding with F {(as
well as O and N) atoms, what is an expected feature. More
surprising is an appearance of the Al peak which is clearly
distinguished from the background. The composition of
the surface layer of plasma treated samples is shown in
Table 2. Again, the XPS analyses were performed on 3
samples in order to have some statistics.
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Fig. 5 High-resolution XPS spectrum of C 1s peak of
the untreated polypropylene sample

Table 2 Surface composition of the polypropylene
sample treated in CF4 (three measurements)

Sample C 0 N s F A
PPireatedin CF, (I%) 451 70 26 / 368 86
PPireatedin CF, (2) 434 64 20 30 385 67
PPtreatedin CF, (3% 431 55 24 22 390 76

5. Discussion

The appearance of the F-rich functional groups on the sur-
face of samples treated by CF4 plasma is expected. Name-
ly, as shown by numerous authors /24-26/, the result of
the plasma treatment is a formation of F-rich functional
groups on the surface of the PP polymer. Any discussion
on the composition, let alone the structure of the surface
film, is beyond the scope of this paper.

More interesting is the appearance of aluminum on the sur-
face of plasma treated samples. This is important from both
scientific and applied view. Namely, while F-rich functional
groups cause a decrease of surface energy and thus the



A. Vesel, M. Mozetic:

On the functionalization of polypropylene with CF4 plasma created ...

Informacije MIDEM 40(2010)1, str. 67-73

35000

Fis

30000 -

A
B 25000
a
c
3
8 20000+
g 15000 FHLL 2
2 } | o
& 1]
= 10000 A o I 9
e - /\// VL/‘A g I :
| Oy
so00 4 T I £
(“M“\’me‘vl ch’)
e Fidn

Q-
T T T T H T T ¥ T T T
11001000 900 800 700 600 500 400 300 200 100 ©O

Binding energy {eV}

Fig. 6  XPS survey spectrum of the polypropylene
sample treated in CF4 plasma

1750

C1s

1500
- N
a i
@ 1250+ i \
2 [
i i
3 ! 1
8 1000+ / |
L
S ) \
= /
® 750 - /o
s / {
= |
= 500

250 4 /\ \
i _

¥ T H ¥ ¥ H H T
298 296 204 292 290 288 286 284 282 280

Binding energy (eV)

Fig. 7 High-resolution XPS spectrum of C 1s peak of
the polypropylene sample treated in CF4 plasma

decrease of the wettability, aluminum definitely has the op-
posite effect: metals always have high surface energy and
should contribute to an increase of the surface energy.

The appearance of a thin film of aluminum on the sample
surface is explained by sputtering of the powered elec-
trode. As already mentioned, almost entire DC self bias
occurs at the powered electrode. Let us first consider the
type of ions bombarding the powered electrode. The elec-
tron temperature is only a few eV. Average electrons are
therefore likely to excite CF4 molecules to a variety of vi-
brational and rotational states but cannot dissociate or ion-
ize the molecules. Only the fastest electrons are capable
of dissociation and ionization. The lowest dissociation en-
ergy of about 12.5 eV is found for the reaction CF4 — CF3
+ F. Since the electron temperature in our plasma is rather
low, this reaction probably prevails. Apart from it, dissocia-
tion like CF3 — CF» + F seems quite possible, but is def-
initely less probable. The final concentrations of CFy mole-
cules should decrease in the following way: CF4, CF3, CFy,
CF, C. The concentration of F atoms should be a bit higher
than the concentration of CFz molecules if F atoms are not
fost by some mechanisms. The gas phase loss can be
neglected at the pressure of 1 Pa, while there are some

possible mechanisms of the F loss on the surfaces facing
plasma. They include heterogeneous surface recombination
of F atoms on the walls of the discharge chamber and the
powered electrode (reaction F + F — F») and substitution of
the H atoms on the surface of polypropylene with F atoms
{reaction CxHy + F — CyHy-1)F). The recombination coeffi-
cient for the first reaction is unknown. Namely, to the best of
our efforts we could not find literature reporting the recombi-
nation coefficient for F atoms on the surface of (surface oxi-
dized) stainless steel or aluminum. However, we can estimate
the loss by the other mechanism. Let us estimate a 1% disso-
ciation fraction of CF4. The partial pressure of F atoms in our
plasma is then 0.01 Pa and the corresponding density of F
atoms is n = p, /kT =2.4x10"m>. The resultant flux of F
atoms on the PP sample is then j = Y%n(»). Assuming the
average random velocity of F atoms of 500 m/s the flux is
then j = 3x10%° m?s™. Taking into account the number of
atoms on the surface of solid materials, which is roughly
1x10" m™ one can clearly see that the loss of F atoms due
to substitution of H from polypropylene is negligible.

Let us now estimate the type of ions bombarding our pow-
ered electrode. The relevant literature does not report CF4*
jons so the first candidates are CF3" ions appearing at the
reaction CF4 + e — CF3' + F + e or at simple ionization of
the CF3 radical. Since the density of CF4 molecules is
much larger than the density of CFz molecules and F at-
oms (let alone CF2 and CF molecules), we can expect that
the CF3" ions will prevail. These ions are accelerated in
the DC sheath and bombard the powered electrode with
the kinetic energy of about 200 eV. As soon as an ionized
molecule reaches the electrode surface it is dissociated
to atoms. On the average, each atom takes about a fourth
of the CF3" ion kinetic energy, i.e. about 50 eV. This is
thus the available kinetic energy of each particular atom.
As we already mentioned, most of the energy is spent for
the electrode heating and a smaller fraction is spent for
sputtering. The sputtering coefficients for F and C atoms
{or ions) versus the kinetic energy are shown in Fig. 2. At
the kinetic energy of 50 eV, the sputtering coefficient for
oxidized aluminum is about 0.08. For F* ions with the ki-
netic energy of 200 eV the coefficient is much larger at
around 0.2, but as argued above, the density of F* ions in
plasma is much smaller then the density of CF3" ions so
the contribution of F* ions from plasma to the electrode
sputtering is easily neglected.

Let us now estimate the etching rate of the powered elec-
trode. If the ion density in unperturbed plasma is 1x10"mS
the resultant flux of CF3" ions onto the electrode surface
is about 1x10"® m?s™. Tanking into account the sputter-
ing coefficient of 0.08 and the fact that there are 4 atoms
in the CF3 molecule, the powered electrode is etched at

the rate of
di_ S
a N 5)

b3

where j is the ion flux, S is the sputtering coefficient and
N is the atom density in the solid material. Taking into ac-
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count the numerical vaiues, i.e. j = 1x10® m2 s, § =
0.08 and N = 1x10"® m™, the etching rate is about 10
monolayers of oxidized aluminum per second. The sam-
ples are exposed to plasma for 10 minutes, i.e. 600 s. In
this period, the powered electrode is etched for about 2.5
monolayers. The sputtered atoms leave the powered elec-
trode with a small kinetic energy and are deposited on the
chamber walls as well as on the surface of the polypropyl-
ene samples. Since the area of the samples mounted op-
posite the powered electrode is much smallerthan the area
of the powered electrode, we can assume a homogene-
ous flow of sputtered atoms on the surface of the substrate.
The powered electrode is made from aluminum but ex-
posed 1o air prior to any plasma experiment, so a thin film
of oxide is formed on its surface. According to the litera-
ture /27-28/ the thickness of this native oxide film is sev-
eral nm, so much more than the thickness of the etched
film during our experiments. Since the Al atomic concen-
tration in alumina is 40% the expected thickness of the Al
film on the polypropylene surface is 2.5x0.4 = 1 monolay-
er. This should be true if the mean free path of the sput-
tered atoms is larger or close to the distance between the
electrode and the sample.

At the pressure of 1 Pa, the mean free path of molecules
and atoms is close to 1 cm. The distance between the
powered electrode and the samples is about 10 cm. The
sputtered atoms are therefore unlikely to go directly towards
the sample, but they rather diffuse in the space between
the powered electrode and the sample. Since a sample
has a much smaller area than the powered electrode, the
diffusion should not influence the thickness of the depos-
ited Al film on polypropylene.

Another effect, however, should be addressed before con-
cluding the thickness of the Al film on our samples. The
system is pumped by the turbomolecular pump and CF4 is
continuously leaked into the chamber. There is obviously a
drift of gas from the entrance port toward the pump. If the
geometry of our discharge vessel was cylindrical with the
length much longer than the diameter and if the initial gas
drift velocity was low, one would be able to calculate the
drift velocity of the gas between the electrode and the sam-
ples. In our case, however, the discharge vessel has other
geometry, and the drift velocity of gas entering the dis-
charge chamber is far from being low. Namely, the gas is
leaked into the system through the flowmeter, i.e. an ex-
tremely narrow tube. At the exit of the flowmeter, the gas
drift velocity is close to the sound velocity, i.e. around 300
m/s. The gas jet expands into the discharge chamber and
the drift velocity between the powered electrode and the
samples is much smaller than at the entrance, but definite-
ly large enough to push sputtered atoms toward the pump,
i.e. away from the samples. For this reason, the thickness
of the Al film on the polypropylene is definitely smalter than
2.4 nm, which was calculated ignoring the gas drift. The
thickness could be calculated taking into account both the
diffusion and the gas drift, but the calculation is definitely
beyond the scope of this paper. We can only conclude
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that the expected thickness of the Al film on the polypro-
pylene samples is of the order of 0.1 monolayers, or per-
haps close to a monolayer.

The upper considerations are sound with the measured
XPS survey spectra (Fig. 7). The Al concentration on the
sample surface, as calculated from the XPS survey spec-
trum, is about 7 at.%. If the XPS would measure the com-
position of the uppermost atomic layer, this would mean
that the thickness would be only 0.07 monolayers, i.e.
several times smaller than the estimated value, which
should be several 0.1 monolayers. This discrepancy is
explained by the simple fact that XPS does not measure
the concentration of elements in the uppermost layer only,
but gives some average over a thicker film, say up to the
equivalent of about 10 nomolayers. It is clear that the up-
permost layer contributes more to the XPS spectrum than
the subsurface layers, but it is difficult to calculate the ex-
act thickness of the Al film on the PP samples. Not only the
escape depths of photoelectrons, but the surface morphol-
ogy would have 1o be taken into account as well.

Let us finally explain the fact that the O concentration on
the surface of plasma treated samples is several times larg-
er than on the untreated samples. The most probable ex-
planation for this effect is oxidation of aluminum. Freshly
sputter deposited Al is likely to bond oxygen. There are
some sources of oxygen atoms (or molecules) in the dis-
charge chamber. The first one is sputtering of the oxidized
aluminum, but due to a poor sputtering rate it is easily ne-
glected. The major source of oxygen is a virtual leak origi-
nating from desorption of water molecules from the walis
of the discharge chamber. The ultimate pressure in our
system is about 0.01 Pa. Since the system is never baked
prior to ptasma experiments, the majority of the residual
atmosphere is water vapor. The number of molecules leav-
ing the surface in unit time is estimated using the data on
the ultimate pressure and the effective pumping speed:
dN S5

il o 8
a D r ©)

where po is the ultimate pressure, Sef is the effective pump-
ing speed, k is Boltzmann constant, T is the gas tempera-
ture. Taking into account the numerical values, one can
estimate the number of molecules leaving the surface in
unit time to dN/dt = 1x10%° ¢, This value is orders of
magnitude larger than the number of oxygen atoms enter-
ing the discharge volume due to sputtering of the powered
electrode (Al»O3). The water molecules are oxidative
enough, but they also dissociate to H and OH in plasma so
they are effective oxidizers.

6. Conclusion

Polypropylene samples were treated by CF4 plasma creat-
ed in a capacitively coupled RF discharge. As expected, a
thin film of CFx functional groups appeared on the sample
surface during plasma treatment. The concentration of flu-
orine on plasma treated samples was estimated by XPS
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analyses, and it was close to 40 atomic %. Apart from flu-
orine, a thin film of aluminum was formed on the sample
surface as well. The appearance of the Al was explained
by sputtering of the powered electrode. The thickness of
the Al film on the PP samples was estimated to several 0.1
monolayers from the XPS results. This value was explained
taking into account gas phase and surface phenomena.
Although the calculations include several simplifications as
well as uncertain data, the theoretical calculation is sound
with the experimental results.
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Abstract: A capacitive pressure sensor, fabricated using low-temperature cofired ceramic (LTCC) materials and technology was considered for an appli-
cation in a wireless sensor system. LTCC technology is inherently efficient for 3D structuring and exhibits good dimensional definition and stability,
appropriate material flexibility (higher than the commonly used alumina), good chemical resistance, and low moisture absorption, which makes it appropri-
ate for a wide range of sensor applications, even in some extreme conditions and harsh environments. However, very often in such applications, remote
control and operation in a low power-consumption mode are required. In order to meet such demands, electronics for signal processing and power
managing, based on a capacitance-to-digital conversion, were realised by using an Analog Devices AD7746. A sensor characterization system with the
corresponding software for an evaluation of the sensor's nonlinearity and temperature sensitivity is presented. The typical characteristics of the capacitive
sensing elements were as follows: a sensitivity of 1.7 fF/mbar, a temperature dependence of 9 fF/°C and a temperature dependence of the sensitivity of
less than 2 aF/mbar/°C. The digital temperature compensation was performed with a two-dimensional rational polynomial approximation, resulting in a
less than 0.4% FS temperature error in the compensation range 10 °C to 75 °C.

Kapacitivni senzor tlaka z digitalnim izhodom izdelan
v LTCC tehnologiji

Kjuéne besede: senzor tlaka, 3-D LTCC struktura, kapacitivni senzor, kapacitivno digitaina pretvorba, nizka poraba.

lzvieéek: V prispevku so prikazani rezultati studije kapacitivhega kerami¢nega senzorja tlaka za uporabo v brezZiénem senzorskem sistemu. Senzor je
izdelan z uporabo keramike z nizko temperaturo zganja (LTCC - low temperature cofired ceramic) in z ustreznimi novimi tehnoloskimi postopki. LTCC
materiali in tehnologija so primerni za oblikovanje tri-dimenzionalnih keramicnih struktur. Poleg tega imajo LTCC materiali priblizno trikrat nizji Youngov
modul elasti¢nosti v primerjavi z najpogosteje uporabljano korundno keramiko, kar omogodéa doseganje vedje tlaéne ob&utljivosti senzorja. Zahvaljujod Se
nekaterim drugim lastnostim, kot so kemicna stabilnost in nizka absorpcija vlage, je LTCC keramika zelo primerna za uporabo v razliénih medijih in celo v
nekaterih ekstremnih pogoijih. Pogosto je pri tovrstni uporabi potrebno zagotoviti tudi prenos in obdelavo merilnih rezultatov v oddaljeni enoti ob energijsko
varcnem delovanju. V ta namen smo tudi izbrali kapacitivni senzorski princip, ki je Ze v osnovi energiisko varéen. Pretvorba in procesiranje senzorskega
signala je izvedena z uporabo kapacitivno-digitainega pretvornika AD7746. Predstavijen je merilni sitem z ustrezno programsko podporo za evaluacijo
temperaturne kompenzacije senzorske karakteristike. Tipicne karakteristike izmerjenih prototipov so naslednje: tlaéna obdutljivost je 1.7 fF/mbar, temper-
aturna odvisnost ni¢elne kapacitivnosti je 9 fF/°C in temperaturna odvisnost ob¢utljivosti je manjsa od 2 aF/mbar/°C. Z digitalno kompenzacijo temper-
aturne odvisnosti odziva smo dosegli napako manjso od 0,4% FS na kalibracijskem temperaturnem podrodju 10 °C do 75 °C.

appropriate electronics for the sensors’ signal processing

1. Introduction
can be realised directly on the ceramic structure, i.e., the

Thick-film ceramic pressure sensors have been used for
many years in a variety of special applications /1, 2/. One
advantage of such ceramic sensors is that they can be
employed in severe environments: such as high tempera-
tures, magnetic fields, harsh atmospheres and in some
aggressive liquids. Realised with the use of Low Tempera-
ture Cofired Ceramic (LTCC) materials and technology and
offering advantageous features for 3D structuring /3/
(structures with cavities and channels, and buried elec-
tronic components, such as conductors, resistors or oth-
er functional layers) they have the potential to be an alter-
native to micro-machined sensors in silicon /6-9/. The most
common application is a diaphragm-type ceramic pressure
sensor. Depending on the sensing principle, the pressure-
induced deformation of the thin ceramic diaphragm is con-
verted into an electrical signal, which is proportional to the
changes of the characteristics of the thick-film sensing
structure on it (thick-film piezoresistors, thick-film piezoe-
lectric structures or a capacitive sensing structure). The
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3D ceramic structure can be used as a package substrate
at the same time.

In order to ensure low power consumption, the capacitive
sensing principle is one of the most appropriate methods
/4-5/. In addition, the ceramic capacitive sensors have
further advantages: a very high sensitivity and, according-
ly, a potentially high resolution, robustness, good stability,
and drift-free measurement capability. However, they tra-
ditionally require more complex interfacing circuits, which
represented a major disadvantage in the past. Generally,
the capagcitive sensing utilises the deformation-induced ca-
pacitance change to convert the information of the applied
pressure into the electrical signal, such as changes of the
oscillation frequency, time, charge, and voltage. The trans-
lation from voltage or current to a digital word requires an
additional analogue-to-digital converter (ADC). The expect-
ed variance in capacitance is generally of the order of sev-
eral pF or less. In many cases the signal capacitance is
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much smaller than the parasitic capacitances present in
the measuring circuit, which represents a difficult interfac-
ing task. However, a modification of the conventional sig-
ma delta ADC architecture has been identified as a suita-
ble basis for a monolithic Capacitance to Digital Converter
(CDC) /12/. The circuit is parasitic insensitive, and can be
configured to work with both a floating and a grounded
configuration /16/.

Precision capacitive-sensor interface products are based
on a well-established sigma-delta (ZA) conversion technol-
ogy. Converters utilizing the ZA principle offer excellent
linearity and very high resolution, and are ideal for most
sensor-interfacing applications. In a conventional voltage
input ZA converter, the unknown charge is derived from
charging a fixed capacitor to an unknown input voltage,
while in the CDC realization, the voltage is fixed and the
capacitor is variable. Such an arrangement maintains the
high precision and accuracy that is typical for ZA ADCs
/13/. Modern implementations enable the measurement
of capacitances in the atto Farad (aF) range /15, 16/, with
an effective noise resolution of 21 bits and a correspond-
ing resolution down to 4aF. They offer measurements of
common-mode capacitance up to 17pF on the 4pF range
with a 4fF measurement accuracy. These implementations
offer complete sensor solutions; however, their applica-
tion is limited to an indication of temperature and by the
humidity dependence problem /17, 18/ of capacitive sen-
sors, while not offering an effective implementation for the
compensation of these unwanted quantities.

This work reports on the results of a case study of a thick-
film capacitive pressure-sensor module made with LTCC
technology. The electronics for the signal processing and
power managing, based on a capacitance-to-digital con-
version, were realised with the use of an Analog Devices
AD7746, which was placed directly on the ceramic struc-
ture, close to the sensing capacitor electrodes. The sen-
sor is connected via an interface module to the 1°C - USB
converter, which is used to interface the sensor to the host
computer (PC). The prototype sensors were characterised
in the pressure range 0-1 bar. The stability and the tem-
perature dependence of the sensors’ characteristics were
discussed and an effective method for temperature com-
pensation is presented. The sensor nonlinearity and tem-
perature sensitivity were analyzed. In order to achieve the
compensation and linearization, an effective method of
temperature compensation based on a two-dimensional
rational polynomial description of the sensor characteris-
tic was employed.

2 Ceramic capacitive pressure
sensors

2.1 Theory of capacitive sensing

The construction of the LTCC-based capacitive pressure
sensor consists of a circular, edge-clamped deformable

diaphragm that is bonded to a rigid ring and the base sub-
strate. One electrode deposited on the rigid substrate and
one electrode deposited on the deformable diaphragm
form a paraliel-plate air-gap capacitor. The operation of the
capacitive pressure sensor is based on changing the air
gap between the electrodes as a result of the applied pres-
sure (Figure 1).

Diaphragm —

Cavity *\ \

"= Electrodes

Deflection y(r=0,p)
FrPEE 2/1; Frr

\— Reference pressure
(Ambient air)

Fig. 1: The construction of the capacitive pressure
sensor (above). The deflection of the diaphragm
under the measuring pressure applied to the
exterior surface of the diaphragm (below).

The capacitance between the electrodes on the deflected
diaphragm and the rigid substrate can be expressed with
equation (1)

2w r-dr

Dy-y (. p)
where & and & are the dielectric permittivity of free space
and the relative dielectric permittivity of the dielectric, Re
is the radius of the electrode, r is the distance from the
centre of the electrode/diaphragm, Dg is the distance be-
tween the electrodes at zero pressure, p is the measuring
pressure and y(r,p) is the deflection of the diaphragm when
the pressure is applied. For a clamped circular diaphragm
y(r,p) can be calculated from (2)

y(r,p):w (2)

16Ef

R,
C(p)=gy-€,- | (1)
[

where t and Ry are the thickness and the radius of the
diaphragm, E is the Young's modulus and n is the Pois-
son's ratio of the diaphragm. Substituting equation (2) into
(1) allows preliminary calculations of the sensitivity in the
sensor’s design phase. Notice that depending on how the
pressure is applied, i.e., on the exterior surface of the dia-
phragm or in the interior of the cavity (or equivalently, if the
pressure or an under-pressure is applied), y(r,p) with a
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positive or negative sign should be considered. However,
the sensors sensitivity to the applied pressure depends
on the area of the electrodes and the initial distance be-
tween them. Accordingly, the realization of a very small
distance between the electrodes is essential if we are to
achieve a high resolution.

2.2 LTCC-based capacitive sensing
structure

In a typical capacitive pressure-sensor construction the
thick-film ceramic pressure sensor consists of a ceramic
capsule, i.e., a cylindrical cavity (air gap), closed with a
thin flexible ceramic diaphragm parallel to a rigid reference
substrate. The thick-film electrodes of the sensing capac-
itor were made on the diaphragm and the substrate plane
inside the cavity in co-processing with the LTCC structure.
The cross-section of the LTCC-based capacitive pressure
sensor considered in this case study is schematically pre-
sented in Figure 2. The important dimensions of the proto-
type sensors were as follows: a diaphragm diameter of 9
mm and a thickness of 200 mm, an electrode diameter of
8.5 mm, and air gap between the electrodes of 50-70 um.
Such a sensor provides a total capacitance change of ap-
proximately 1.5 pF for an applied pressure in the range of
0-1 bar. A detail of the parallel-plate air-gap capacitor (cross-
section of the LTCC-based sensor structure) is shown in
Figure 3. Figure 4 shows the prototype of the LTCC-based
capacitive pressure-sensor module with AD7746/45. In
order to minimise the stray capacitances that adversely
influence the sensitivity to the pressure loads the CDC was
placed on the same ceramic substrate, as close as possi-
ble to the capacitor electrodes. In this realisation the top
surface of the diaphragm is covered with a 3-um-thick Au
film with the same dimensions as the electrode inside the
ceramic capsule.

Vol o (¢12103]

/* Diaphragm

P

Electrode 1 /

Electrode 2 —/

Ceramic
body

Metal tube ————

Fig. 2: Schematic representation of the cross-section
of the sensor structure (not to scale)

3. Capacitive sensor characterization
systems

The generalized layout of the capacitive-sensor measure-
ment system is depicted in Figure 5. The sensor is con-
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Fig. 3: A detail of the cross-section of the LTCC
structure with the air gap between the cofired
thick-film electrodes on the diaphragm and the
rigid base.

Fig. 4: Prototype of the capacitive ceramic pressure
sensor with the AD7745.

nected via the interface module to the 1°C - USB convert-
er, which is used to interface the sensor to the host PC. A
dedicated electronic interface module was designed. This
module enables data transmission and the control of the
CDCAD7746. The module itself is based on a CY8C24794
Programmable System on Chip (PSoC) circuit.

Fig. &6: Capacitive sensor evaluation module
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The hardware is used to directly map the CDC to the con-
trolling PC. The corresponding PC software performs the
functions of CDC status and data reading. In fact, the con-
trolling software implements all the functions of the
AD7746: from the capacitance channel setup to the tem-
perature sensor channel setup, as well as the channel ex-
citation, the common mode capacitance setting, the off-
set and the gain of the capacitive measurement channel.

The measurement-range optimization was performed in
order to obtain the maximum span of the CDC measure-
ment range. The measured device, the LTCC capacitive
sensor /18/, exhibits a negative slope for the sensor char-
acteristic. Therefore, the measurement-range optimization
must be performed at the maximum pressure readout with
a minimum pressure applied and vice versa. This also im-
poses the order of the compensation algorithms, i.e., the
offset compensation is performed before the gain com-
pensation. The sensor offset response is compensated
by setting the AD7746 registers CAPDACA and CAPOFF-
SET. The register value CAPDACA value affects the coarse
setting of the offset response and the CAPOFFSET affects
the fine setting of the sensor response. The procedure of
offset setting is composed of the coarse and fine offset
settings. Because of the negative sensor characteristic
slope, the fine offset value is initially set at maximum and
the coarse value is altered from its initial zero value in such
manner that the sensor response is maintained at its max-
imum value. The setting of the CAPDACA register is per-
formed by a successive approximation approach, starting
at the MSB of the CAPDACA register. The subsequent bits
are tested against the raw sensor output. If the sensor out-
put exceeds the maximum sensor readout (FFFF ) when
the corresponding bit is set to 1, then the bit is set to zero
and the algorithm advances towards the lower bits.

After the coarse register was set, the CAPOFFSET regis-
ter is processed in a similar manner. The result of this algo-
rithm is a maximum sensor response value at the applied
offset pressure.

After a successful optimization of the offset value, the gain
parameter is set in a similar manner. The minimum sensor
response is set with an alteration of the CAPGAIN register,
which actually changes the clock rate of the front-end of
the CDC. The procedure starts with the minimum setting
of the CAPGAIN register. The bits of the CAPGAIN register
are tested according to the described successive approx-
imation algorithm, just that the bit-testing criterion is now
the minimum CDC readout. The result of this algorithm is a
minimum sensor response at the maximum applied pres-
sure.

From the capacitive channel output data, where the
Ox000000 code represents the zero scale (O pF), and the
OxFFFFFF code represents the full scale (+4.096 pF), the
capacitance can be calculated using the following expres-
sions:

Csens = Co + Corrser + Cs (3)

_ Code
0= 128 17pF (4)
Code
offset —m'lp (5)
Cs = (Code-/OxFFFFFF)Cref (6)

where the Code is the corresponding CDC readout and
Cref iS 4096 pF

Forthe temperature sensor on a chip, the temperature can
be calculated from the code (readout of the temperature
channel) using the following equation /16/:

Temperature (°C) = (Code/2048) 4096. (7)

3.1. Characterisation of the ceramic
capacitive-sensing structure

Initially, the measurements of the prototype sensor were
performed for a determination of the optimal settings of
the AD7746 and the tested LTCC capacitive sensing struc-
ture. The typical sensor characteristic, obtained in an up
and down scan of the pressure range 0-700 mbar, at room
temperature (25°C £ 0.5 °C) is presented in Figure 6. In
order to assess the repeatability the up and down scans
were repeated several times. It is evident from Figure 7
that the repeatability was very good and that the tested
sensor exhibits practically no hysteresis. For the pressure
loads up to 300 mbar the characteristic is almost linear
(R%=0.9998), and only for a wider pressure range, over 1
bar, does the deviation from an ideal straight line indicate
the necessity for sensor characteristic linearization.

From the CDC readouts the capacitance was calculated
using formula (3). As a result, the variation of the capaci-
tance over the pressure range was assessed, which
showed a typical sensitivity of 1.8 fF/mbar.

17.0
3 Scan up-1
16.5 A Scan down-1
—~ & Scan up-2
< ]
=] X Scan down-2
% 16.0 - ‘
2 -
3 ]
L 155 - B
3 "
g &
g 15.0 4 @
o -
=
14.5
]
-]
14.0 T :
0 200 400 600 800

Pressure (mbar)

Fig. 6: Initial measurements of the randomly selected
test sensor characteristics

In the following, the resolution and the temperature de-
pendence of the sensor’s characteristics were measured.
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The sensor and the interface electronic circuit were placed
in the temperature chamber and the measurement of the
raw response was repeated at different temperatures for
the temperature range 10-75 °C and for a relative humidity
of the air of 30 %. A minimum temperature of 10 °C was
selected for the initial measurements in order to avoid po-
tential problems with the humidity control and freezing at
the lower temperatures, and to limit affecting the sensors
characteristics due to the temperature and humidity de-
pendence of the permittivity of air. These measurements
also revealed the susceptibility of the initial electronic cir-
cuit design to electromagnetic interference and pointed
out the necessity for further improvement of the design in
future. During the measurements at the stabilized temper-
atures in the temperature chamber, switching of the cham-
ber compressor affected the sensor readout and impaired
the signal-to-noise ratio.

Figure 7 shows the readouts from the CDC for continuous
measurements of the unloaded sensor (Cop), and the ambi-
ent temperature, obtained from the on-chip temperature
sensor by using relation (7), for the compressor switched
ON and OFF. According to Figure 7, the peak-to-peak noise
of the sensors signal measured for the compressor
switched on was almost two times higher than in the case
when the compressor was switched off. Being aware of
this effect we continued the characterisation of the capac-
itive sensing element for its temperature compensation for
the stabilised readouts.

The stabilized raw CDC readouts obtained at the different
temperatures for different pressure loads are presented in
Figure 8. Figure 9 shows the temperature dependence of
the sensor with no pressure applied.

The typical characteristics obtained from measurements
of several sensing elements (expressed in terms of the
capacitance changes) were as follows: the average sensi-
tivity was 1.7 fF/mbar, the temperature dependence of the
sensor with no pressure applied, Co, was 9 fF/°C and the
temperature dependence of the sensitivity was less than 2
aF/mbar/°C. The sensors exhibited practically no hyster-
esis. However, the deviation from an ideal straight line for
the wider pressure range and the temperature depend-
ence of the sensor's characteristic indicated the necessity
for characteristic linearization.

3.2 Temperature compensation

As the CDC produces a digital capacitance readout, we
focused our work on digital implementations of the tem-
perature compensations. In the case of the investigated
pressure sensor the temperature compensation requires
an accurate mathematical description of the sensor’s char-
acteristic pressure and temperature axis. The most adapt-
able and versatile digital description of the sensor charac-
teristic is achieved with a Taylor expansion, recommend-
ed by the IEEE1541.2 standard /19/. lts major drawback
is the use of floating-point calculation coefficients and an
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orthogonal mesh of calibration points. The degree of ap-
proximating the polynomial defines the size of the calibra-
tion point mesh.
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Fig. 9: The temperature characteristic of the sensor

output with no pressure applied (Cp) measured
in the temperature range -25°C to 75°C.

In orderto accommodate the above-mentioned drawbacks,
the temperature variations of a typical sensor characteris-
tic can be described by means of a rational polynomial
description (8), where Ap through Ag are the calibration
coefficients of the pressure sensor, which effectively cov-
ers the sensor nonlinearity in the pressure and tempera-
ture direction to the second order.

A +AP+ A AP’ + A, - AT + 4, -AT?

N A+ A AT+ 4, - AT?
Note that in a given formulation of the characteristic de-
scription, the actual temperature and capacitance read-
outs have only an indirect significance on the final meas-
ured quantity p, since the calculation of (8) does not de-
pend on the actual value of the capacitance or tempera-
fure.

(8)

Pressure and temperature measurements are represent-
ed by an offset-corrected raw pressure and temperature
value. The Ap represents an offset-corrected raw readout
from the capacitive sensor, AT represents the offset-cor-
rected raw readout from the temperature sensor residing
on the sensor signal conditioner. In order to minimize the
calibration error, the raw pressure readout poc and the raw
temperature readout Ty are offset according to equation
(9) by the corresponding values pocorrser and TocorrseT
respectively.

AP = Do = Pocorrser
AT=T -T

oc ocOFFSET
The solution for the unknown coefficients Aq...Ag can be
found by solving a system of linear equations, obtained
from the calibration data. The calibration points for a given
sensor are ordered into a seven-point calibration scenar-
io. The calibration scenario represents a sequence of cal-
ibration points, comprised of boundary values that define
the pressure and temperature calibration interval. The sce-
nario is constructed by setting three temperature points,

9)

and pressure points at the endpoints of the corresponding
calibration interval. In the case of the presented sensor,
the following calibration points were obtained with the pres-
sure-sensor characterization system.

3.2.1 Temperature-compensation evaluation

Software for the acquisition, analysis and calibration of the
capacitive sensors was designed. Table 1 summarizes the
evaluation of the experimental data depicted in Figure 6.
Seven calibration points were used for the evaluation of
the calibration coefficients.

Table 1: Input calibration data.

CP# | PCAL (mbar)| T(°C) pPOC Toc
1 0 10 32746 | 16424
2 1000 10 25858 | 16424
3 0 50 30995 | 16584
4 500 50 27512 | 16584
5 1000 50 24492 | 16584
6 0 75 30405 | 16684
7 1000 75 24037 | 16684

Additional test points were obtained during the acquisition
stage of the calibration process. Test points were obtained
at 10 °C, 25 °C, 50 °C and 75 °C in the interval from O
mbar to 1000 mbar in 50 mbar steps, resulting in a set of
175 test points, which were used in the evaluation proc-
ess for an assessment of the temperature error.

The calibration dataset was taken from the calibration points
in Table 1 and the coefficients were determined. Equation
(9) was evaluated at the test points in Table 2. The calibra-
tion error, |, was calculated using the expression

P

cAL

PE VAL

£ = -100% (10)

where Pca; represents the calibration pressure point, Pe
vaL represents the evaluation pressure and FS represents
the output pressure span. The evaluation of the system of
linear equations based on equation (10} vields the calibra-
tion coefficients summarized in Table 2.

Table 2: Calculated calibration coefficients.

Ag A1 A2 A3 A4 As Ag
-6547 | -1703 | 5148 | -4246 | -29413 |-1307 | 1990

Equation (9) was evaluated at 175 test-points gathered dur-
ing the acquisition process using the calibration coefficients
in Table 2. The pressure and temperature offset values pocorr
ser and Tocorrser were selected at 30000 and 16500 re-
spectively. The results are summarized in Figure 10, which
shows the calibration error & calculated using equation (10).
Figure 3 also shows the upper and lower admissible calibra-
tion temperature error band for a typical sensor application.
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Fig. 10: Evaluation error at the test-point data.

An implementation of a digital temperature compensation
method, developed for piezoresistive pressure sensors,
to the field of capacitive sensors was presented in order to
achieve an effective compensation and linearization based
on a two-dimensional rational polynomial description. The
evaluation results of the sensor response were compared
against a reference pressure source and the most effec-
tive digital temperature compensation was proposed. The
proposed digital compensation yields a maximum 0.4% FS
error on the compensation range 10 °Cto 75 °C and ena-
bles 16-bit integer arithmetic, thus making the proposed
approach appropriate for use in modern sensor signal con-
ditioner integrated circuits.

3.4 Power consumption

The power consumption was measured at different CDC
settings. The supply current was obtained from measure-
ments of the voltage drop in a 100-ohms serial resistor by
using a LeCroy 9310C oscilloscope. The results obtained
for the idle system and for two different sampling rates,
i.e., 90 samples per second (SPS) and 9 SPS, are pre-
sented in Figure 11.

It was shown that the power consumption of the idle sys-
tem of typically 2 mW at the supply voltage of 5V increased
for a higher sample rate and did not exceed 5 mW in any
case. A further reduction of the power consumption, gen-
erally attributed to the very lower clock frequency of the
CDC, can be achieved only by turning off the CDC during
inactive operation intervals.

4. Conclusions

A capacitive pressure sensor aimed at applications in a
wireless sensor system was made using LTCC materials
and technology. The tested prototype sensors proved to
meet the functional demands imposed by the targeted
application on a laboratory scale.
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Fig. 11: The current measured for an idle CDC and for
two different sampling rates

The typical characteristics of the capacitive sensing ele-
ments were as follows: a sensitivity of 1.7 fF/mbar, a tem-
perature dependence of 9 fF/°C and a temperature de-
pendence of the sensitivity of less than 2 aF/mbar/°C.
The electronics for the sensor’s signal processing, based
on the capacitance-to-digital conversion, was realised by
use of an Analog Devices AD7746. The sensor character-
ization system with the corresponding software for evalua-
tion of the sensor’s nonlinearity and the temperature sen-
sitivity was built and tested. Digital temperature compen-
sation, performed with a two-dimensional rational polyno-
mial approximation, resulted in a typical temperature error
of less than 0.4% FS on the compensation range 10 °C to
75 °C. This enables 16-bit integer arithmetic, making the
proposed approach appropriate for use in modern sensor
signal conditioner integrated circuits. The power consump-
tion, estimated at the supply voltage of 5V, did not exceed
5 mWw.

With smart power management, a significant reduction of
the power consumption level and better power efficiency
could be achieved in a continuation of this work.
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