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

Spostovani,

V svojem ve¢ desetletij dolgem obstoju in delovanju smo si prizadevali narediti
drustvo privlacno in koristno vsem ¢lanom.Z delovanjem drustva ste se srecali
tudivi in se odlocili, da se v drutvo vélanite. Zivijenske poti, zaposlitev in strok-
ovno zanimanje pa se z leti spreminjajo, najrazli¢nejsi dogodki, izzivi in odloditve
so vas morda usmerili v povsem druga podrocja in va$ interes za delovanije ali
Clanstvo 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 Case, ki smo jih skupaj preziveli. Spremenili so se tudi naslovi in
nacin komuniciranja.

Ker je seznam c¢lanstva postal dolg, o¢itno pa je, da mnogi nekdaniji ¢lani ni-
majo vec interesa za sodelovanje v druétvu, se je Izvrsilni odbor drustva odlodil,
da stanje Clanstva 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 ¢lanstva. Kot
Clan strokovnega drustva prejemate revijo »Informacije MIDEMc«, povabljeni
ste na strokovne konference, kjer lahko predstavite svoje raziskovalne in raz-
vojne dosezke ali sreCate stare znance in nove, povabljene predavatelje s po-
drocja, kivas zanima. O svojih dosezkih in problemih lahko poroc¢ate v stroko-
vni reviji, ki ima ugleden IMPACT faktor. S svojimi prediogi lahko usmerjate
delovanje drustva.

Vasa obveza je pladilo ¢lanarine 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 2007, brisati iz seznama &lanstva.

Prijavnice posljite na naslov;
MIDEM pri MIKROIKS
Stegne 11

1521 Ljubliana

Liubliana, junij 2007

IzvrSilni odbor drustva
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SPICE-aided Modelling of SiC MESFETs

Janusz Zarebski, Damian Bisewski

Gdynia Maritime University, Department of Marine Electronics, Poland

Key words: SiC MESFETs, modelling, SPICE.

Abstract: In the paper the d.c. characteristics of the SIC MESFET operating in the wide temperature range are investigated. The transistor CRF24010
offered by Cree Inc. is considered. The characteristics obtained from measurements and SPICE simulations performed with the use of Raytheon-Statz

model are compared.

Modeliranje SiC MESFET transistorjev s programom SPICE

Kjuéne besede: SiC MESFET tranzistorji, modeliranje, SPICE

lzvle&ek: V prispevku razis¢emo d.c. karakteristike SiC MESFET tranzistorja v Sirokem obmocju temperatur. Merili smo tranzistor CRF 24010 firme
Cree Inc. in primerjali izmerjene vrednosti s tistimi, ki smo jih dobili s simulacijami s programom SPICE in Raytheon-Statz modeiom.

1. Introduction

MESFETs are very popular high frequency devices (RF tran-
sistors) which have found applications in radiocommuni-
cation circuits, as: amplifiers, mixers, oscillators, etc. Com-
monly used MESFETs made of gallium arsenide {GaAs)
are known since 1968. In 1998 the first MESFET made of
silicon carbide (SiC MESFET) was worked out in Cree
Labs., whereas since 2002 such devices have been com-
mercially available /1/.

Computer-aided design of the circuits mentioned above,
requires the credible, experimentally verified models of the
considered devices, acceptable by proper computer tools,
as e.g. SPICE /2/. The built-in SPICE models of a MES-
FET have been worked out for GaAs devices.

In the paper the usefulness of the built-in Raytheon-Statz
model for describing SiIiC MESFETs is investigated. The
estimation of accuracy of this model is performed by the
comparison of the measured and simulated device char-
acteristics. The transistor CRF24010 offered by Cree Inc.
/3/ was chosen for investigations. In the Raytheon-Statz
based simulations the values of the model parameters were
obtained from measurements.

2. The Raytheon-Statz model

The network form of the Raytheon-Statz model is present-
edin Fig. 1 /2/.

The main device current ip is of the form /2/:
- in the cut-off region (ugs-VTO<0):
Idrain =0 (1)

- in the linear and the saturation regions (ugs-VTO=0):

Idrain = BETA - (1+ LAMBDA -upg ) A (2

where: uags - the gate-source voltage, ups - the drain-
source voltage, VTO - the pinchoff voltage, BETA - the
transconductance coefficient, LAMBDA - the channel-
length modulation coefficient, whereas the parameter Ais
given by /2/:

Kt
1+B-(ugs —VTO)

A=(ugs —VTO)* 3)

where: B - the doping tail extending parameter. In turn,
the parameter K; is given by the formula /2/:

- in the linear region:

0 <upe< 3 (4)
PS™ ALPHA
3
ALPHA
3
- in the saturation region:
3
> -
DS = AT PHA ©
K, =1 (7)

where: ALPHA - the saturation voltage parameter.

DY 4
RD

D,
D
G RG ,
o—{ " H Idrain{¥y |Ups
N
1
Ugs Dy RS

Sl L
Fig. 1. The network form of the Raytheon-Statz mode/

57



Informacije MIDEM 37(2007)2, str. 57-60

J. Zarebski, D. Bisewski:
SPICE-aided Modelling of SiC MESFETs

The currents of the Schottky diodes (D7 and D2 in Fig. 1)
are described by the ideal components only, expressed
as follows /2/:

u

igg = IS oS 11

os [GXP(N~V'£) J ®)
u

igp =IS- S0 1p

1D {EXP(NVJ J ©)

where: IS - the saturation current, N - the emission coef-
ficient, Vt - the thermal potential.

In the model, the parameters: BETA, IS and VTO are de-
pendent on the temperature T. The thermal dependence
of BETA(T) and VTO(T) are given by /2/:

BETA (T) = BETA 1,01 BETATCE-(T-Tnom) (10)

VTO(T) = VIO + VTOTC - (T - Tnom) (11

where: Tnom - the nominal temperature, VTOTC - the pin-
choff voltage temperature coefficient, BETATCE - the
transconductance exponential coefficient.

The thermal dependence of the saturation current I1S(T) is
given by /2/:

T
TNOM ‘ N
N-Vt TNOM (12)

( - 1} EG(T) T XTI
IS(T) =1S-exp

where: XTI - the temperature exponent. The temperature
dependence of the band-gap voltage (barrier height) is
written in the formula /2/:

EG(T) = 1,16 2000702 T (13)
T+1108

As it is seen, in the model under consideration, the tem-
perature dependence of the band-gap energy Eq (13) is
given just for the silicon (Si), therefore in the case of mod-
elling transistors made of other semiconductors, e.g.
gallium arsenide (GaAs), silicon carbide (SiC), Eq (13) is
inaccurate.

3. The investigation results

To verify the Raytheon-Statz model, the current-voltage
characteristics of CRF24010-101 SiC transistor in the wide
temperature range were measured. The catalog admissi-
ble values of the parameters of the investigated device are
givenin Table 1 /3/.
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TABLE 1. The catalog parameter values of
CRF24010-101 transistor

Parameter | Catalog value
Ubs max 120 VDC
Ugs max -20,+3 VDC

Prax 10w
finax 2,7GHz
T max 250°C

The measured and simulated characteristics are shown in
Figs. 2 - 7, where the points joined by the broken lines
and the solid lines denote the measured and calculated
results, respectively. The values of the model parameters
are given in Table 2.

TABLE 2. The Raytheon-Statz model parameter
values of CRF24010-101 transistor

Parameter Value
VTO 9,42V
BETA 0,0136 A/V?
LAMBDA 6,53 V!
ALPHA 0,136 V!
B 0,034 V!
VTOTC -1,16mV/ °C
BETATCE 0,02 %/ °C
IS 7TE-14 A
N 1,25

In Fig.- 2 and 3 the transfer characteristics at Ups=5V in
the temperature range 295+433K (Fig. 2) as well as at
T=295K for two values of the drain-source voltage (Fig. 3)
are presented. As seen, the value of the threshold voltage
decreases with the increase of the temperature and the
drain-source voltage. For ugs<VTO the main current of the
MESFET is of a relatively high value due to the current flow-
ing through the Schottky diodes.

0,15
CRF24010
0,12
370,09 A
S
£ 0,06 A /A
0,03 . a0 g
.f sy VTO (295K,
e o S (295K)
9,7 9,5 93 9,1 -8,9 -8,7
ugs [V]
Fig. 2. The transfer characteristics at Ups=5V
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0,1
CRF24010
0,08 1 T=295K
“n Ups=20V
3—1 0,06
o
=, 0,04 -
0,02 1 w7 yToQwv) VIO (5V)
0 - : ] : .
-10,8 -10,4 -10 -9,6 -9,2 -8,8
ugs [V]
Fig. 3. The transfer characteristics at T=295K

The temperature dependence of the threshold voltage
V1o(T) at two values of the drain-source voltage is present-
edin Fig. 4. As seen, these characteristics are quasi-line-
ar and the temperature coefficients of changing Vo are:
VTOTC=-1,16mV/K at Ups=5V and VTOTC=-0,68mV/K at
Ups=20V.

-9.3 -10,3
CRF24010
94 4™ _VTOTC=—O,68mV/K//? -10,4
>  — Ups=20V
o h . e m
55 e +-10,5
[; VTOTC=-1,16mV/K . Ups=5V
9,6 - L+ -10,6
.
-9,7 ' « -10,7
290 340 390 440
T[X]
Fig. 4. The temperature dependence of the threshold

voltage VTO(T)

In Fig. 5 the output characteristics in the range of the drain-
source voltage up to 45V at the ambient temperature

T=295K for two gate-source voltage values Ugs: -9V and -.

11V are shown. It is visible, that the acceptable agreement
between simulation and measured results is observed at
Uas=-9V only. The value of the drain current corresponding
to the characteristic measured at Ugs=-11V increases strong-
ly, what probably results from influence of the drain-source
voltage on the transistor threshold voltage (see Fig. 3).

10'
CRF24010
1074
— 10 -
= .
£ 10 ]
10 T=295K
10"
10 : , , :
0 10 20 30 40
ups [V]
Fig. 5. The output characteristics at Ugs: -9V and -11V

In turn, in Fig. 6 the qualitative discrepancy between meas-
urements and simulations in the avalanche range of the
investigated device are observed. It should be noted, that
at the point B (Ups=110V) the transistor was damaged, in
spite of that its operation point was inside SOA.

20
CRF24010 —
16 1 T=297K .
< 12 A .
=
=8 Ugs=-20V
4 4 _' Calculations
0 : . ey / .
0 30 60 90 120
upg [V]

Fig. 6. The output characteristics at T=297K

In Fig. 7 the current-voltage characteristics of the Schottky
diode (D+) operating at the forward bias (Fig. 7a) and at
the reverse bias {Fig. 7b), corresponding to five tempera-
ture values are presented.

20 / PE——
CRF24010
16 - 439K] [ [352K
g 12 -
o 84
4 -
0l
04 0,9
a)
10"
T=295K
10724
L_f350K
= 107 1 391K
= 439K}
2 109 508K o
T=295K .
107 | i
100 T T T T
25 20 -1 -10 -5 0
ugs [V]
b)

Fig. 7. The characteristics of the Schottky diode D

As seen, the model fits well to measurements at the for-
ward bias of the diode, whereas unacceptable discrepan-
cies between theoretical and experimental results (differ-
ences higher then even 12 orders) occur at the reverse
bias of the diode.
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4. Conclusion

In the paper the usefulness of the Raytheon-Statz model
for describing the SIC MESFET was estimated for the first
time. The estimation of accuracy of the Raytheon-Statz
model of the SIC MESFET (Cree Inc.) was performed by
comparison of the measured and simulated characteris-
tics in the wide range of the temperature.

The considered model takes into account the thermal de-
pendences of: the pinchoff voltage, the saturation current
and the band-gap energy. On the other hand, as seen from
the investigation results (Figs. 2-7) to get the better agree-
ment between measured and calculated characteristics,
the dependencies: Vro(Ups), Usr(Ugs,T) as well as the
Schottky barrier lowering effect existing in the reverse bi-
ased diodes should be included in the considered model,
which afterward could be implemented to SPICE as a sub-
circuit.
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A NEW MODEL FOR SIX TERMINAL HALL ELEMENT

Aleksander Sesek, Janez Trontel]

Faculty of Electrical Engineering, Ljubljana, Slovenia

Key words: six terminal Hall element model, integrated coil, coil heating modeling, offset voltage modeling

Abstract: A new model for integrated six terminal Hall element is presented in the paper. The model is based on six terminal Hall element patented in
1995. All magnetic field contributions are considered, external magnetic field and inducted field with integrated coil. A new model was developed to
improve the offset modeling and to understand the influence of the integrated coil heating on the Hall element output signal.

Nov model Hallovega elementa s Sestimi prikljucki

Kjuéne besede: Hallov element s Sestimi priklju¢ki, integrirana tuljavica, vpliv segrevanja integrirane tuljavice, vpliv napetosti nicenja

lzvlegek: V &lanku je predstavijen nov model Hallovega elemeta s estimi prikljudki. Temelji na Hallovem elementu s 8estimi prikljucki, ki je bit patentiran
leta 1995. V model so vkljudeni vsi prispevki magnetnih polj, ki vplivajo na odziv elementa. To sta zunanje magnetno polje in notranje magnetno polje,
generirano z integrirano tuljavico. Nov model optimizira simuiacije vpliva ni¢elne napetosti in vpliva segrevanja integrirane tuljavice na izhodni signal

Hallovega elementa.

1 Introduction

Back in 1995 six terminal Hall element was patented /1/.
In the same time simple Hall model with coil was introduced.
Basic model consists of fundamental elements. Four re-
sistors were introduced in the model as replacement for n-
well silicon resistance. As seen from the Figure 1, each
resistor corresponds to one of branches in the layout pic-
ture, using the clover leave shape of the Hall element.

D

Fig. 1: Basic elements in Hall model

The contact terminals of Hall element are labeled as their
orientation; U - Up, R - Right, D - Down and L as Left.

Next parameter which is implemented in basic model and
the most important one is the Hall voltage. For the Hall
voltage calculation the bias current needs to be measured
which is flowing trough the element. Because we can spin
the Hall element, the current must be measured in both
possible directions, U - D and R - L. Then the current
controlled voltage source is used to simulate Hall voltage

on the opposite terminals. Finally the contribution to con-
sider is the magnetic field, generated by the integrated coil.
The solution is presented in Figure 2, which also presents
the basic model for Hall element, introduced in 1995.

Fig. 2: Basic model of six terminal Hall element

In this figure we can see four basic well resistors ru, rr, rd
and rl. Resistors rsl and rsu are the resistors for bias cur-
rent sensing. Voltage drop on those resistors in mV is di-
rectly current value in mA if resistance is setto 1Q. In each
branch there is one closed loop which consists of VCR
element (Voltage Controlled Resistor) and CCCS element
(Current Controlled Current Source). VCR's are gu, gr, gd
and gl elements in SPICE model and are controlled by the
voltage on the current sensing resistor corresponding to
which branch they are positioned. In the model the inte-
grated coil resistance is replaced by resistor rf. Current
trough the coil is in linear relation with magnetic field. With
DC voltage source vs, this current is measured and it con-
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trols all CCCS elements. The pair of VCR and CCCS needs
to be positioned in each branch because VCR element
returns O for negative voltage, as the Hall element can be
spinned this voltage can be negative as well, so the sec-
ond pair of VCR and CCCS takes over for Hall voltage cal-
culation.

Sensitivity of Hall element /3/ and resistance of n-well sil-
icon varies with technologies. We can adjust the variations
for each technology by changing of the coefficients in VCR
and CCCS relations and with changing the values of well
resistors.

At the simulations where offset influence is investigated,
an external resistor between two terminals is used, i.e. if
the current flows from U - D an external resistor between
U and L or U and R is connected. The offset voltage is
mainly caused with the process, nonidealities due to the
tolerances in dimensions, etching, etc. Using the method
of changing resistance between terminals, the offset volt-
age appears at the output, but from this approach we can
not see clearly how big the actual variation of well resist-
ance is. Second difficulty in simulations with external off-
set resistor is long settling time. Resistors values in the
range 100 times larger then the resistance of the Hall ele-
ment branch need to be used, to achieve correct offset
levels. The settling constant is far too long, to simulate the
spinning of the Hall element, where frequencies around
500kHz are used.

In the simple model, there is no external magnetic field
influence element. Simulations with basic Hall model are
done only with the internal coil. We need to add the exter-
nal field and the internal generated field on the same ter-
minal to observe the influence on the output. This approach
does not give as clear separate contributions of each part
of the magnetic field.

Influence of the coil heating is also not included in the ba-
sic model. Current flowing trough the coil causes coil heat-
ing which directly affect the Hall element output voltage.

2 New Hall model

In this section all problems mentioned above are solved by
proposing one compact model of the Hall element. All pa-
rameters are characterized to reach the output response
as close as possible to match the real measurement re-
sults.

Distribution of resistances in the basic model, are done as
in the layout topology, in four separate branches. For the
offset voltage simulation, this is not appropriate. A better
solution is the bridge connection of four resistors, as shown
in Figure 3.

In this case the offset voltage can be easily modeled by
resistor value variations, according to the parameters de-
rived from silicon foundry matching data. Relation between
resistance variations and output offset voltage is linear and
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Fig. 3:  Resistors bridge connection

clear. Small change in resistance can cause a large output
offset voltage, but it does not influence the settling con-
stant. The resistances in the branches are now different
than in the previous model. Total Hall element resistance
is the same and output signal as well. In the Table 1, the
offset voltage Voff simulation results are listed, were Arur
is resistance step value.

Table 1: Offset simulation results

ARur[Q] | VoffmV]
0 0
1 -0,259
2 -0,517
5 -1,292
10 -2,582
20 -5,159
50 -12,859
-1 0,257
-2 0,516
-5 1,292
-10 2,587
-20 5,180
-50 12,990

On Figure 4 graphical result of the offset voltage is shown.

On the figure 5a the modeling of Hall voltage is added to
the bridge model of Hall element. Two separate voltage
sources are included for external and internal field contri-
butions in each of bridge branches. Each voltage source
consists of VCR and CCCS as in the basic mode!. For cur-
rent sensing, two resistors are added in the common Up
and Right branch, ru and rr. Qutside of the bridge, two sub
circuits are added. The first one represents the coil, its
resistance rqo1 and voltage source vs as current sensing
element. The second one replaces the external magnetic
field with a voltage source vm and resistor rp, = 1Q to pro-
vide the current used in CCCS element.



A. Sesek, J. Trontelj:
A New Model for Six Terminal Hall Element

Informacije MIDEM 37(2007)2, str. 61-66

Offset

14,000

12,000 : /

- 10,000 :
> : /
& 8,000 :
€ /
o 6,000 /
> /

4,000 /

2,000 f / ......... o

0,000 -

0 f 2 5 0 0 50

Resistance change

Fig. 4: Offset vs. Arur

Relation for internal magnetic field Bint is given by the equa-
tion k{Bint. Constant k1 is multiplying factor for coil gener-
ated magnetic field, which contains all parameters defined
by the process. This constant is basically the sensitivity of
Hall element for internal field and the constant ko is the
sensitivity of the element for external magnetic field.

Heating of the integrated coil around the Hall element due
to the current flowing trough, causes signal distortion of
Hall element output signal /4/. The detailed analysis of
the output signal provided the parameters for modeling this
phenomenon. It has been determined that relevant distor-
tion harmonic component is the second, due to of relation
between current and heating, which is quadratic (Joule
losses).

In Figure 5b, the full Hall model is presented, including the
heating influence generators. They are positioned in left
and bottom part, to meet the modeling requirements for
the design and layout. Two sub-circuits were used, to pro-

vim

hln

reoil

Fig. ba: Simplified model of Hall element

hout D

Fig. 5b: Full model of Hall element

vide correct function in both positive and negative coil cur-
rent. This is necessary as the negative coil current returns
a zero for VRC in SPICE simulator.

In the time diagram (Figure 8), simulation of Hall element
model is shown. All simulations are done with 0.6um CMOS
technology parameters. In the upper trace the input coil
current hin is presented. The middle trace shows the out-
put signals, in this case R and L, and the bottom trace is
the difference between them. In our simulation we have
10mA of coil current and the Hall element bias current 1TmA.

Y B

Fig. 6:  Simulation result for internally generated
magnetic field by integrated coil current

63



Informacije MIDEM 37(2007)2, str. 61-66

A. Sesek, J. Trontelj:
A New Model for Six Terminal Hall Element

In figure 7 the simulation results of external magnetic field
are shown. The upper trace is input Bin voltage represent-
ing external field, as voltage.1V level corresponds to 10mT
of external field. As in diagram shown in fig. 7 the traces in
the middle are the Hall element outputs R and L, and bot-
tom trace is the difference between both outputs.

\ N\

\\5

i

Fig. 7. Simulation results for external magnetic field

Heating effect, which is modeled by generators, is de-
scribed with kalc? function. Constant ks presents the heat-
ing factor and Ic is the current flowing trough the coil. Fac-
tor ks is a function of coil geometry and resistance. Simu-
lation for thermal influence on the output was done with
internal magnetic field. As shown there are distortions at
peak values of each output in the middle trace on figure 8.

............... /
0 i N A
\\/ N1/ v
NN AN
Y
" AN / \ /
N4 4

i = R

Fig. 8:  Thermal effect of coil current

Differential output signal is shown on the bottom trace of
figure 9. Exact mechanism of distortion effect is caused
by the temperature gradient trough the element. Positive
peaks are flattened and negative are sharpened, because
of the second harmonic component added.

For offset voltage modeling a proposal model does not offer
an user friendly simulation approach so we decided to
modify the model with the offset voltage as parameter which
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Fig. 9:  Differential output signal as result of internal and
external generated magnetic field

o)
hOut (2]

Fig. 10: Final Hall element model

can be derived from matching characteristics of process.
The modified model is shown in figure 10.

We have added a VCR element, controlled by voltage on
roff resistor. Additional pin was added in the model labeled
as Off. A voltage source voff was included in the offset
branch for supervising the current flowing trough roff re-
sistor. Resistor roff is n-well type to take into account the
temperature variations of the offset. Voltage equation ksVioit
describe the offset voltage dependence on voltage on re-
sistor Vroff. The constant k4 is the sum of all process pa-
rameters influencing the offset voltage /2/ and is set to
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achieve a maximal possible offset ~ 10mV at 1V on Off
pin. As the resistor roff is a n-well resistor, we can simulate
temperature dependence of the offset trough voltage. The
simulation shows 0.66%/K temperature coefficient of the
offset voltage around room temperature, and up to 0.9%/
K TC of the offset voltage in the range from -40°C to 140°C.

3 Measurement results

Measurements were done to verify the model coil heating
influence on the output signal. The output voltage of Hall
element was amplified with gain of 94,72.

Fig. 11b:Spectral components at Ic = 5mA

Figure 11a is oscilloscope picture of the output signal
shown on upper trace for coil current Ic = 5mA. For such
current the distortion is not clearly visible, but it is seen in
figure 11b, where the spectrum of the output already shows
a second harmonic component at -38dB, compared to the
first harmonic component.

Fig. 12b:Spectral components at Ic = 10mA

By increasing the coil current to 10mA (figure 12a), the
second harmonic is increased for 12dB (figure 12b), which
is in good accordance to the simulation model.

/ Y

St

(e | £

T M 20 25045
A CR2

Fig. 13a:0scilloscope picture at Ic = 20mA
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Fig. 13b:Spectral components at Ic = 20mA

Further increase of the coil current to 20mA (figure 13a)
increases the second harmonic component for additional
12dB (figure 13b), as expected.

4 Conclusions

New six terminal Hall element model was developed and
described in the paper. In presented model all magnetic
contributions were taken into account including internal
magnetic field, external magnetic field, Hall element offset
voltage and its temperature dependence. In addition a dis-
tortion of the output signal due to the integrated coil heat-
ing was included in model. A measurement on Hall inte-
grated element with coil showed a good compliance with
the proposed model.
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INERTIAL AND MAGNETIC SENSORS:
THE CALIBRATION ASPECT
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Abstract: A powerful procedure to calibrate and align the Micro Electro-Mechanical System inertial sensors and the Anisotropic-MagnetoResistive
magnetic field sensors is presented. The suggested method is cost effective and suitable for the in-field calibration because it is based on techniques that
do not need any complex mechanical platforms for the sensor manipulation.

To evaluate the calibration procedure, a modular Magnetic and Inertial Measurement Unit - consisting of three inertial sensor units, a magnetic sensor unit
and a control unit - has been developed and calibrated according to the proposed method. The obtained results demonstrate accuracy and stability of the

described calibration procedure.

Inercialni in magnetni senzorji: kalibracijski vidik

Kju¢ne besede: inercialna merilna enota, pospeskometer, zZiroskop, elektronski kompas, kalibracija senzorjev

lzvleCek: V prispevku je predstavljena kakovostna metoda za kalibracijo in poravnavo inercialnin MEMS (Mikro Elektro-Mehanski Sistem) in magnetnih
AMR (Anizotropni MagnetoRezistivni) senzarjev. Predstavljena metoda je sestavljena iz kalibracijskih tehnik, ki so primerne za terensko uporabo, saj ne
potrebujejo nikakrénih zapietenih mehanskih naprav za manipulacijo senzorjev.

Z namenom ovrednotenja kalibracijske metode je bila zgrajena modutarna magnetna in inercialna merilna enota (MIMU), ki je sestavljena iz treh inercialnih
senzorskih enot, ene magnetne senzorske enote ter centralne kontroine enote. MIMU je bil uspeéno kalibriran na podiagi predstavijene metode. Rezultati

kalibracije pri sobni temperaturi pa izkazujejo natanénost in stabilnost kalibracijskega postopka.

1. Introduction

Several Integrated Circuit (IC) manufacturers (Analog De-
vices /1/, Freescale /2/, Honeywell /3/, etc.) are pro-
ducing low-cost Micro Electro-Mechanical System (MEMS)
inertial sensors and Anisotropic-MagnetoResistive (AMR)
magnetic sensors that have allowed the full swing of the
Inertial Measurement Unit (IMU) and the electronic com-
pass systems. Low-cost miniature IMUs and electronic
compasses are found in various applications like unmanned
vehicles /4/, navigation devices /5/, human motion track-
ing /6/, virtual reality gadgets /7/ and many more.

However, the MEMS and the AMR sensors have one sig-
nificant drawback. The electrical parameters of such sen-
sors are not well defined and usually scatter for as much
as 10%. Additional error sources are caused by the align-
ment problems during the IMU and electronic compass
assembly. Therefore, each manufactured device using such
sensors must be calibrated prior to the use or even re-
calibrated several times during the lifetime.

There are quite a few possible methods to calibrate the
IMU and the electronic compass, but the majority of them
involve complex mechanical platforms for the device ma-
nipulation or even the optical tracking systems /8/. These
procedures are appropriate for the laboratory operation,
but are completely unsuitable for the in-field calibration.

In this paper a new calibration procedure, which is based
on the local Earth’s gravitational and magnetic field, is pre-

sented. The procedure is a combination of calibration tech-
niques which are simple to perform; they do not need any
extra instruments and are convenient for the in-field use.
Above all, the absence of any additional instrumentation
leads to the reduction of the production costs and the final
product price. For this reason, a miniature Magnetic and
Inertial Measurement Unit (MIMU) has been developed
/9/ 1o test and evaluate these calibration procedures.

2. Magnetic and inertial
measurement unit

In order to study different degrees of sensor misalignment
we have developed a modular system, where several de-
tachable sensor units are connected to a central control
unit. The MIMU consists of three inertial sensor units (ISU),
one magnetic sensor unit (MSU) and a control unit (CU)
(see Figure 1) which are enclosed in a cubic plexiglas cas-

ing /9/.

Each ISU contains two MEMS sensors: a single-axis angu-
lar rate gyroscope (ADXRS 150, full-scale range of +150 °/s)
and a two-axis accelerometer (ADXL203, full-scale range
of £1.7 g), both made by Analog Devices. With the orthog-
onal positioning of three 1ISUs a compilete six degrees-of-
freedom (6 DOF) inertial measurement system was ob-
tained. :

MSU comprises two AMR sensors: a single-axis HMC 1001
and a dual-axis HMC 1002 (produced by Honeywell) with
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Cu 1cm

MSU

Fig. 1: Realized MIMU.

the full-scale range of +2-107*- T, forming a complete three-
dimensional electronic compass. MSU also contains a high
current flipping circuit for inverting the sensor's transfer
function, which reduces the cross-axis effects and tem-
perature drift.

During the development process, special attention was paid
to the printed circuit board layout and analogue signal
processing, to prevent coupling of additional noise and
interferences to the sensor's output signals.

3. Sensor model

Prior to the calibration, the sensor model of accelerome-
ter, gyro or magnetic field sensors must be known and the
model parameters should be identified. The sensor model
parameters can be divided in two groups: the electrical
parameters and the mechanical parameters.

Each sensor’s electrical characteristic is specified in its
datasheet. Besides the sensor's sensitivity to the input
physical quantity and the sensor’s bias, there are also oth-
er unwanted effects specified, like the transfer function's
nonlinearity and cross-axis sensitivity. However, these ef-
fects can be easily neglected, since they are suppressed
by means of the system design. Thus it is adequate to de-
termine only the sensitivities and the biases during the cal-
ibration procedure.

The other group members, i.e. the mechanical parame-
ters, result from the fact that usually the three-dimensional
IMU consists of several sensors with one or two sensitivity
axes. These sensitivity axes should be perpendicular to
each other in order to form the orthogonal sensor triplet.
To achieve adequate sensor orthogonality advanced pre-
cise assembly procedures must be employed /10/, but
these procedures are time consuming and above all present
considerable augmentation in production costs. The next
error source is the misalignment of the sensor triplet to the
sensor system casing and the mutual misalignment of var-
ious sensor triplets, which are also critical because they
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cause system errors. These two subjects - the orthogonal-
ization and the misalignment - are also considered in the
sensor model with the intention to be compensated in the
software.

According to the previous sections, we can put down the
sensor model as:

3, =8, T, R, -ii, +b,; k=sensor type (g,a,m) (1)

where the index k represents the type of the sensor triplet
(g, a or m ; gyro, accelerometer or magnetic field sensor,
respectively). The measured physical quantity 77, the sen-

sor triplet bias Ek and the sensor triplet output voltage y,
are arranged in the vectors:

Uy Vie Dy,
ﬁk:uky,j}k:yky,bk:bky‘
Uy Yie by,

On the other hand, the sensors’ sensitivities S, and the
mechanical parameters - the orthogonalization T} and the
misalignment R, - are incorporated in the matrices:

s, 0 0 1 0 0
Si=10 s, 0 T, =| cosq, 1 0
0 0 s, cosP, cosy, 1

Bt Tez Mo

R, = Pear T Tz |

[ Tesr Tesa Tem

Orthogonalization matrix 7, transforms the vector expressed
in the orthogonal sensor reference frame ko into the vec-
tor expressed in the non-orthogonal sensor reference frame
k (see Figure 2).

Zko

Fig. 2: Orthogonalization of the sensor triplet frame k.
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The matrix 7, is constructed using the Gram-Schmidt or-
thogonalization process /11/. The Gram-Schmidt algorithm
takes a finite, linearly independent set of vectors and gen-
erates an orthogonal set that spans the same subspace. If
the angles ¢, 3, and 7y, are close to 90° (which is usually
the case in such systems) some approximations may be
made without any significant loss of the accuracy:

1 0 0
T, =|cost, sino, 0
cosf, cosy, \/1 —cos’ B, —cos’y,

oy By =90°
1 0 0 2)
=| COSOL, 1 0

cosP, cosy, 1

Misalignment matrix R, is an Euler angles parameterized
rotation matrix, which rotates (aligns) the platform reference
frame p to the orthogonal sensor reference frame ko (see
Figure 3):

1 cosd, 0 -—siny,
R, =10 cosd)k smq)k} 1 0
|0 —sing, cos¢, | |sinY, O cosY,
[ cosy, siny, 0 (3)
—siny, cosy, O
.0 0 1

vz,

Fig. 3:  Misalignment of the sensor triplet frame ko,

This sensor model is used for all sensor triplets used in the
MIMU irrespective of the sensor type. When all the 12
parameters (Sy., Sp,, S Dy Ogr By Oy Br Vi Wi 9,
0,) for the each triplet are known, then the estimate z%k for
the observed physical quantity &, is:

ﬁk = Rk_l 'Tk_l 'Sk—l (j}k _Ek)‘ (4)

Mechanical parameters (orthogonalization and misalign-
ment parameters) are assumed to be independent of the
temperature and the time during the normal operation (with-
out any excessive shocks and stresses present). There-
fore they need to be determined only once, e.g. atthe end
of their production phase. Electrical parameters, on the
other hand, must be reestablished from time to time be-
cause they drift with time. The gyro bias has been identi-
fied to be the most critical parameter from this point of view
and it must be measured at every start up (the maximum
driftis £12%- over the entire operating temperature range).
For the outdoor operation, the electrical parameters need
to be determined as a function of the temperature.

4. Accelerometer and magnetic
sensor calibration

For the calibration of the accelerometer triplet and the
magnetic sensor triplet, the scalar field calibration method
is applied /12, 13/. This calibration method is based on
the local Earth's gravity and the local Earth’s magnetic field.
It derives benefit from the fact that the magnitude of the
measured Earth’s gravity acceleration and magnetic field
is independent of the measurement system’s orientation;
the MIMU in our case. The only disadvantage of this meth-
od is that the misalignment parameters cannot be estimat-
ed as they form the rotation matrix with norm +1, which
does not affect the vector magnitude.

The parameters which can be determined with the scalar
field calibration are grouped in the calibration parameter

vector p, '

ﬁkwcalz[ylcc Sy Sk by bky b, o, B Yk]r' (5)

The parameter vector p, ., is established by the minimi-

zation of the objective function O(p). The objective func-
tion is defined as the mean square error between the ref-
erence valueu, . and the corresponding data vector u (D)

O(p) - Z(uref u, (p)) (6)

nl

where N is the number of measured values in the data vec-
tor. The reference value is the normalized value of the lo-
cal gravity acceleration or the Earth’s magnetic field

(Uyer =1in both cases), and it is compared to the gravity

norm estimate (1, (p) = ” “) or the magnetic field norm

estimate (u,(p) = ”}%,,”) for the accelerometer or the mag-

netic sensor, respectively.

The MIMU must be exposed to at least nine different ori-
entations since nine parameters (Eqg. 5) need to be deter-
mined and several data points should be acquired at each
orientation. The precise knowledge of the orientation is
not needed; however it is important that the MIMU is stand-
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still during the data acquisition to minimize the noise in the
sensors’ outputs. The objective function can be minimized
with one of the optimization methods, after the data set
has been acquired. In our case the constrained Newton
optimization method is applied. The initial values of the
parameters and the constraints are set according to the
typical values quoted in the sensors’ datasheets.

The remaining three parameters, the misalignment angles
(Eq. 7) of the accelerometer triplet and electronic compass,
are obtained following the approach presented in /14/.

ﬁk_align Z[Wk ﬁk q)k]T (7)

Ifthe ideally aligned MIMU rotates about the one of its sen-
sitivity axes, then the data of the corresponding acceler-
ometer and magnetic sensor triplet sensitivity axis should
remain constant. But the data are deviated due to the sen-
sor triplet misalignment. The aim of the alignment proce-
dure is to minimize these deviations.

The alignment procedure has two steps. The first step as-
sumes two rotations, one about the roll axis (x-axis) pro-
ceeding with the second rotation about the yaw axis (z-
axis). In the data processing step the deviation of x-axis
data is first minimized by optimizing the heading and eleva-
tion misalignment angle (Y, 1‘},{). With these two parame-
ters defined, the z-axis data can be partially aligned. The
complete alignment is achieved by the minimization of the
partially aligned z-axis data deviation, where the bank mis-
alignment angle (¢,) is optimized. The data deviation is ex-
pressed as the mean square error between the acquired
data vectors (u,(p) = g, , for the accelerometer triplet or

u,(p) = m; , for the magnetic sensor triplet) and their mean

=4, oru,, =m, where i stands for the sensi-

values (u, o

of
tivity axis of interest).

The rotation about the desired axis is performed by putting
the MIMU on the flat surface in the way that the axis of
interest is normal to the surface. The surface should be
placed perpendicularly to the excitation vector (the gravity
or the Earth’'s magnetic field), for the best alignment re-
sults. In such position the current sensitivity axis is maxi-
mally excited in the cross-axis direction and the acquired
data are maximally deviated. Then one revolution about the
surface’s normal is accomplished and the gravity acceler-
ation and the Earth’s magnetic field are acquired in several
steady-state points.

5. Rate gyro calibration

The scalar field calibration is inconvenient for the rate gyro
triplet calibration, since a rotational platform with known
and stable angular rate is required. For this reason the
method based on /15/ was developed. The original meth-
od was upgraded and modified in such manner that it in-
corporates the orthogonalization effects as well.
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First of all, the gyro triplet bias vector bg is measured. The
MIMU is kept in standstill and the bias vectoris determined
as the mean value of the gyros’ data during the data acqui-
sition period.

in order to determine the remaining nine parameters

(SgesSgsSes Oy Byu¥es W, ,9,,0,) another three
measurements must be carried out. Let us assume that
we have a rotational platform with known constant angular
rate. We carry out three rotations, each about the individu-
al sensitivity axis. The data captured during the rotations
are organized in the matrices: the applied angular rates

are arranged on the diagonal of the matrix Wg and the bias

corrected angular rate estimates j, —Eg (Eg. 1) from the

gyro triplet are arranged in the matrix Ve where the ele-
ment ¥, ; represents the /-th gyro’s output when the rota-
tion about the j-th axis is accomplished.

vngg-TgﬂRg-Wg (8)
Foe Tony  Toe w, 0 0
Vg = rg-}’x rgv)’)’ rgxyz , Wg = O Co)’ O
r v ¥ 0 0 o

N

&g,Zx £,zy 8.2z

The necessity for the rotational platform can be suppressed
regarding the fact that the Eq. (8) is linear (the matrices
Sg, T/g and Rg are constant). If the Eq. (8) is integrated
over the observed period of time then the angular rate matrix
Wg is transformed into the angle matrix Ag and the matrix
v, with the bias corrected angular rate estimates is trans-
formed into the angles estimate matrix Y.

Yg:Sg'Tg'Rg'Ag ©)

As the result of the integration in the time domain all the
operations are made in the angles domain, from now on.
Instead of the angular velocity, the angle of rotation must
be accurately defined. Indeed, the measurement of the
rotation angle is much simpler than the measurement of
the angular rate.

The calibration procedure for the rate gyro is therefore as
follows. The MIMU is placed on the flat surface and a full
revolution about the surface normal axis is made. Then
two successive rotations about the remaining axes are
completed. The applied angles of rotation are written in

the matrix Ag and the angle estimates obtained from the
gyro triplet measurements are inserted in the matrix Yg.

The matrices 4, and Y, are composed of the measured
values, while the matrices Sg, Tg , Rg are determined fol-
lowing the Eqg. (10) to Eq. (15), where special facts about
the matrices were relevant: (i) the sensitivity matrix Sg isa
diagonal matrix (it can be also treated as an upper triangu-
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lar matrix), (i) the orthogonalization matrix Tg is a unit low-
er triangular matrix, and (iii) the misalignment matrix Rg is
an orthonormal matrix.

The matrices with the known (measured) data are arranged
on the left side meanwhile the matrices composed of the
unknown gyro triplet calibration parameters are on the right
side of the Eq. (10):

-1
Y, 4, =S, T, R, (10)

The symmetrical matrix is constructed by right multiplying
each side of the Eq. (10) with its transpose:

O, 4" ), 47 V=6, 1,-R)E, 7,8, ): (1

then the misalignment matrix R, is abridged, because of
its orthonormality:

Q/g'Ag_l)@vg'Ag_l)T:(Sg'Tg)(Sg'Tg) g (12)

The symmetric positive-definite matrix Q’g 4, )ng 'Ag")f is
decomposed by the Cholesky decompaosition into a lower
triangular matrix S, -7, and its transpose:

S, T, =chol[ ()’E,‘A;)();-A;)T}T. (13)

The sensitivity and the orthogonalization matrices are re-
trieved by the LU decomposition of the matrix Sg -Tg, where
the 7, is a lower and the S, is an upper triangular matrix:

[7,.s,]1=1U(s,-T,). (14)

Finally, the misalignment matrix R, is obtained by the fol-
lowing matrix manipulation:

R =T8S v 47" (15)

4 g £ g 4

6. Calibration results

The MIMU was calibrated and aligned at the room temper-
ature according to the presented procedure. The data ac-
quisition was done using the LabVIEW, the optimization
algorithm and the matrix calculations are on the other hand
performed using the Matlab programming package. The
results of the series of five calibration sequences are pre-
sented in the Figures 4-6. The y-axis span of the electrical
parameters’ bar charts corresponds to the parameter span
specified in the sensors’ datasheets. From the charts it is
seen that all determined parameters are within the speci-
fied range. The mechanical parameters are also close to
the ideal values: 90° for the orthogonalization and 0° for
the alignment. The time stability and accuracy of the cali-
bration method was demonstrated by performing several
calibration series during a few months period, where all
the calibration results manifested minimum scattering of

the obtained calibration parameters. The parameters scat-
tering is a consequence of the sensor noise as well as the
noise introduced by the analogue to digital conversion.

The calibration was performed at the room temperature;
however if the sensors are used in the temperature varia-
ble environment, then we would require temperature de-
pendent calibration of the sensors’ parameters.

The magnetic sensor triplet calibration should be performed
in magnetically clean environment where Earth's magnetic
field is undisturbed by the various large scale magnetic
disturbances, e.g. major power supply wires, larger elec-
tric equipment, etc. However the high frequency magnet-
ic disturbances and noise is effectively rejected by the
analogue and digital filtering.
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Fig. 4: Determined calibration parameters of the

accelerometer triplet.

7. Conclusion

Complete procedure for the in-field calibration and align-
ment of the accelerometers, magnetic sensors and gyros
was developed and successfully applied to the developed
modular 6 DOF MIMU. With a view to simplify the sensor
description an unified sensor model was used to describe
the accelerometer, gyro and magnetic sensors triplets. The
model considers the sensors' electrical characteristics as
well as the mechanical effects of assembling the sensors
into sensor triplets and enclosing them into the MIMU cas-
ing. Several calibration series were done at the room tem-
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MERILNIK DIFUZNEGA SEVANJA SONCA
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Kjuéne besede: difuzno sevanje sonca, merjenje sonénega sevanja, sistemi za sledenje sonca, sistemi za zajemanje podatkov, senzorji svetlobe.

lzvieéek: V pricujoCem delu je opisana naprava za merjenje difuznega sevanja sonca, ki ima nekatere pomembne dopolnitve obstojecih merilnikov.
Zgrajena je iz standardnih mehanskih, elektronskih in programskih komponent, kar bistveno znizuje ceno naprave, obenem pa poveduje njeno fleksibil-
nost in uporabnost. Merilna naprava obsega lokalno enoto in nadzorni racunalnik. L.okalna enota ima mehansko konstrukcijo za sledenje sonca, pirano-
meter in kontrolni modul za lokalni nadzor delovanja, ter omogoc¢a upravijanje pretoka podatkov in komuniciranje z nadzornim racunalnikom. Difuzno
sevanje sonca meri piranometer, katerega senzor se stalno nahaja v dinamiéni senci sencne krogle. V senéni krogli je tudi senzor direkinega vpada
sonénih zarkov. Ta senzor ima dve funkciji: preverjanje vpada direkinih Zarkov in meritev trajanja obladénosti. Za izbolj$anje to¢nosti meritve je bilo dodano
zadetno pozicioniranje merilne naprave z elekironskim kompasom. Nadzor delovanja lokalne enote izvaja mikropretvornik, ki deluje obenem kot sistem za
zajemanje podatkov. Poleg analogno-digitalne (A/D) pretvorbe senzorskih signalov predprocesira podatke in jin nato posreduje nadzornemu ra¢unalniku.
Virtualni instrument (V) na nadzornem radunalniku omogoca procesiranje, prikaz, shranjevanje in prenos podatkov. Na modularno organiziranem Vi
izberemo parametre prikaza meritev: vzoréevalni ¢as, zaGetni ¢as, koncni Cas, filterske funkcije (nizko ali pasovno sito). Poleg formatov in urejanja podat-
kov lahko v VI izbiramo matemati¢ne transformacije in statisticne izracune: kumulativno sevanje v dolo¢enem casovnem obdobju (integral), minimum in
maksimum sevanja za podano ¢asovno obdobje, histogram sevanja in statisticne parametre. VI ponuja izbiro dveh oblik grafiénih prikazov: traéni ¢asovni
diagram in graf. Za prenos podatkov med lokalno enoto in nadzornim racunalnikom siuzi standardna serijska komunikacije (RS-232) po Zicnem ali

brezzicnem mediju.

Diffuse solar radiation measuring instrument

Key words: diffuse solar radiation, solar radiation measurements, solar tracking systems, data acquisition systems, solar sensors.

Abstract: Measurements of diffuse solar radiation are normally done by pyranometer with a shadowing element to cover the direct solar beam. The
present paper describes an apparatus with some important improvements to existing ones: a shadowing ball (sphere) with a direct beam detector,
automatic positioning with electronic compass, local data acquisition system with microconverter, and virtual instrumentation. The measuring system is
composed of a local unit and a supervisory computer. The local unit contains a mechanical construction of a solar tracking system, a measuring pyranom-
eter and a contro] unit with a microconverter. It performs control, data management and data communication with a supervisory system. The modification
from the conventional shadowing pyranometer comprises three steps: firstly, the shadowing ball combined with direct solar beam sensor is designed. The
usual shadow-band elevation mode pyranometer is replaced with an azimuth-elevation tracking mode instrument. A microconverter acts as standard
microcontroller and a data acquisition system simultaneously. Secondly, an automatic positioning system to align the system to the direction north-south
is used. This facilitates and accelerates the mounting procedure and also increases the measuring precision. Thirdly, a virtual instrument (V1) is built in the
main control computer system. It acts as a control software for data acquisition, data processing, presentation and storage. The Vl is time efficient, easy
to manage and adapted to work at different outdoor locations.

In our design of shadowing the direct light, the shadowing ball is mounted on the top of a thin arc. Unlike a shadow disc, the shadow ball alignment on the
arc is not complicated and time consuming. Direct beam detector is an autonomous unit supervising the right position of the ball and to survey the time of
cloudiness. It is functioning on the differential principle of two pairs of the light sensors, with output signals which are conditioned and converted into
digital form. Local microconverter is capable of making a corresponding response to sensor's imbalance. A proper positioning of the measuring system is
achieved with an electronic compass. It is perfectly suited to outdoor area applications and can be used for quick changes of measuring locations. If
properly mounted, the electronic compass and solar tracker system can operate continuously in a loop. The orientation of the system versus north is

examined prior the start on the initial position.

The purpose of tracking is to retain the solar shadow on the sensor’s surface of the pyranometer. Solar tracking is achieved by two perpendicularly
mounted stepping motors. The azimuth and elevation tracking follow the calculation of the solar position over the solar day. Steps are provided by sending
single digit signals for each step into 1/0 digital bus. Steps are timed through software of the real time clock (RTC).

A supervisory computer contains a LabVIEW programming environment where virtual instrument (VI) is running. A VI for diffuse solar radiation measuring
encloses some important functions: data acquisition, data processing, data visualization, and data storage. There are some main advantages of using
virtual instrumentation. When comparing to the use of text oriented languages it ensures shorter time to build up program application, it provides user-
friendly graphical interface, easy changes of program functions, very extensive signal analysis functions, and standard data communications channels.

Komponento difuznega sevanja (D) lahko tudi izradunamo,
¢e poznamo ostali dve komponenti: direktno (B) in global-
no (G) sevanje ter kot (i), ki ga oklepa trenutna lega sonca

1 Uvod

Ko svetloba potuje skozi atmosfero, se del sevanja absorb-

ira, del sipa in del odbija. Celotno sevanje, ki ne zajema
direkinih sonénih zarkov je difuzno sevanje sonca. Vsota
direktnega in difuznega sevanja je globalno sevanje. She-
matsko so razlicne komponente soncnega sevanja prika-
zane na sliki 1.

z vertikalo na ravnino senzorja. Enacéba, ki po kosinusnem
zakonu povezuje vse tri veli¢ine, je

G=B-cos(i)+D (1

Razli¢ni atmosferski pogoji lahko zmanjsajo direktno seva-
nje za 10%, Ce je dan jasen in suh pa vse do 100%, ¢e je
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Slika 1: Komponenti sonénega sevanja: direktno in
difuzno sevanje.

vreme vilazno in oblaéno.

Podatki o meritvah difuznega sevanja sonca so pomembni
za razlicna podrocja. Difuzno sevanje je bistven element
prinacrtovanju ploscatih kolektorjev /1/. Podatke potrebu-
iejo tudi arhitekti, ker je to vir dnevne svetlobe na mestih,
ki nimajo direktno vidnega sonca (bloki, spodnja nadstrop-
ja stolpnic, stopniséa, kieti, itd.). Velikost difuzne kompo-
nente soncnega sevanja zanima agronome in botanike, ker
jim podaja bistven vir energije biosfere. Difuzna svetioba
vpliva tudi na nekatere ¢&loveske sposobnosti: vidljivost,
razpoznavnost barv in vozne sposobnosti ¢loveka v pro-
metu, itd. Podrodja, kjer uporabljajo podatke o difuznem
sevanju sonca, so:. agronomija (fotosinteza), arhitektura
(naravna svetloba bivalnih prostorov), astronomija (sprem-
injanje izhodnega sevanja sonca), biologija, fotobiologija
(svetloba in Zivljenje), fotovoltaika za direktno pretvorbo
soncne energije v elektri¢no, hidrologija (izhlapevanje in
izparevanje vode), klimatologija (klimatske spremembe na
osnovi energijskega ravnotezja), meteorologija (numeriéno
predvidevanje in napovedovanje viemena), oceanografija,
pasivna solarna energija za osvetlitev in segrevanje bival-
nih prostorov, promet in transport (naravna osvetljenost,
upravljanje vozil in plovil), solarna termic¢na energija (proiz-
vodnja pare za pogon turbin v termoelektrarnah), solarne
tehnologije goriv za pretvarjanje biomase (rastline, pridelki
in les) v goriva in vzporedne produkte, solarno gretie za
segrevanje vode (industrija in gospodinjstva), solarno
razkuzevanje in uni¢evanje nevarnih odpadkov s koncen-
trirano sonéno svetlobo, tehni¢ne vede o materialih (de-
gradacija materialov), zdravje in medicina (vpliv sevanja na
kozo).

Teoreti¢no vrednost difuznega sevanja sonca lahko izradu-
namo na osnovi indeksa Cistosti (clearness index) s po-
mocjo empiriénin enacéb, ki so jih zapisali Liu in Jordan /2/
ter Klein /3/. Za izra¢un difuznega sevanja sonca je bil
zgrajen model, iz katerega je nastal racunalniski program
AML /4/. Osnova za delovanje programa je model, opisan
v delu Kumarja /5/. Program je kompakten in hiter.
Omogoca pa izradun sevanja za najmanj en cel dan in ne
dopusca urne ali manjSe delitve.
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Difuzno sevanje sonca merimo z zasenéenimi piranometri
(shaded pyranometer), ki so opisani v delih Stevilnih avtor-
jev/5/-/9/. Te naprave se razlikujejo med seboj po obliki
in namestitvi senénika (zaslonke), ki preprecuje direktnim
sonénim zarkom dostop do senzorja piranometra. Glavne
izvedbe elementov za sencenje so: senéni obrod, sencni
pas, disk, polkrogla in krogla. Senéni pas je lahko vedji del
obroc¢a ali pa samo trakasti lok krozne oblike /10/. Naj-
veckrat se difuzno sonéno sevanje meri s piranometri s
sencnim obrogem ali sen¢nim pasom (shadow-ring, shad-
ow-band pyranometer). Piranometri s senénim obrodem
ali pasom predstavijajo ceneno in enostavno resitev, kjer
je le ena mehanska nastavitev. Nastavitev sencnega ele-
menta je dnevna ali nekajdnevna. Po toéni geografski ori-
entaciji instrumenta (smer sever-jug) je potrebna nastavitev
obroca v polozaj, pri katerem pade senca obroca na sen-
zor piranometra v treh tockah: ob sonénem vzhodu, opol-
dan in ob soncnem zahodu. Prava lega je doseZena s
spreminjanjem nagiba obroca glede na horizontalno ravni-
no (elevacija). Pri tem nadinu merjenja je potrebna koreke-
ija, ker neaktivni del obroc¢a pokrije def povrsine prostora,
Ki bi sicer prispeval difuzno svetlobo in povedal izmerjeno
vrednost.

Piranometer s senénim diskom je resitev, ki v pretezni meri
izloCa sistematsko napako sencnega obroda. Seveda je ta
izvedba tehnicno bolj zahtevna in tudi precej drazja /11/.
Zahteva namre¢ elektromehanski sistem za sledenje son-
ca (enoosni ali pa dvoosni) in ustrezno programsko opre-
mo.

Na trzis¢u je le majhno $tevilo proizvajalcev standardnih
merilnikov difuznega sevanja sonca. Naprave so izdelane
v zelo majhnih serijah, zato je cena posameznega merilni-
ka visoka. Prvenstveno so merilniki namenjeni za stacion-
arno uporabo v meteorologiji, kar zahteva mehanske, ele-
ktronske in programske prilagoditve pri raziskovalnem delu.
Algoritmi delovanja standardnih merilnikov so nespremen-
ljivi in uporabnik nima moznosti poseganja v elektronski in
programski sistem delovanja. Stega vidika je izdelava cene-
iSe in vsestransko uporabne izvedbe merilne naprave
smiselna, posebno, ker omogoca uporabniku fleksibilno
uporabo in uposteva zahteve in posebnosti raziskovalnega
dela. Najpomembnejse zahteve, ki se pojavljajo pri
raziskavah v zvezi s soncno energijo so: primerno kratek
Cas zacetne nastavitve naprave zaradi pogostega spremi-
njanja geografskega polozaja merilne tocke, sodasno
preverjanje obla¢nosti na senzorju piranometra in senzor-
ju direkinega vpada sonénih Zarkov, brezzi¢en prenos po-
datkov iz lokalne enote na nadzomi racunalnik ter spre-
menljiv nadzorni program v obliki virtualnega instrumenta.
Nastete funkcije morajo biti izvedene s standardno elektron-
sko in mehansko opremo, ki je dosegljiva na trziséu in z
majhnimi mehanskimi prilagoditvami. Nadzorni program v
obliki virtualnega instrumenta mora omogod&ati obdelavo
sprejetih podatkov in spreminjanje nastavitev obdelave,
konfiguriranje komunikacije, izdelavo dokumentacije in ra-
zliéne grafiéne prikaze.
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2 Piranometer s senc¢no kroglo

Piranometer je namenjen merjenju globalnega in difuznega
sevanja. Za merijenje difuznega sevanja mora biti senzor
piranometra v senci. Piranometer s senéno kroglo (shad-
ow ball, sphere) je nadgradnja naprav s sen¢nim diskom
ali sencnim obro¢em. Ogledali si bomo zgrajeni prototip in
delovanje svetlobnega senzorja s celotno konstrukcijo, ki
omogoca kontinuirano sencéenje senzorske povrsine v
dvoosnem koordinatnem sistemu. V konstrukciji je poleg
sencne krogle tudi nadzorni senzorski element, ki prever-
ja direktni vpad sonénega sevanja. Isti element daje tudi
podatek o zakritju sonca z oblakom. Za pravilno in uskla-
jeno delovanje sledilnika sonca je potrebno to¢no zacetno
pozicioniranje v smeri sever-jug, kar je pri standardnih
merilnikin potrebno izvesti roéno. To je dolgotrajen in na-
tanden postopek, ki je bil pri izdelani napravi obéutno sk-
rajsan z uporabo elektronskega kompasa.

2.1 Zgradba naprave

Mehanska konstrukcija lokalne enote meriinika difuznega
sevanja je prikazana na sliki 2. Konstrukcijo naprave ses-
tavljata dve enoti: fiksna in gibljiva. Fiksna enota ima stabil-
no ohisje s podstavkom, v katerem je pritrjen glavni motor
(koracni) za gibanje v horizontalni ravnini {po azimutu). V
ohisju je tudi vecina krmilne in merilne elektronike, razen
senzorjev in vezij za prilagajanje signalov. Na osi glavnega
motorja je pritrjena nosilna plos¢a, ki nosi lok s senéno
kroglo, motor za pomik loka, piranometer in povezovalne
elemente. Poleg nastetih glavnih delov ima naprava Se ele-
mente, ki sluzijo za povedanje zanesljivosti delovanja in
dodatne funkcije (senzor direkinega vpada soncnega
sevanja), za¢etno pozicioniranje in dolocitev izhodisca (el-
ementi za pritrditev laserske tehtnice in elektronskega kom-
pasa) in zasc¢ito (varnostna konéna stikala).

Piranometer, ki je uporabljen v prototipu merilnika, je Kipp
& Zonen Model CM 5/6. Ima primerne merilne lastnosti,
ki ga uvr§¢ajo med sekundarne standarde. Posebno
pomembni lastnosti sta temperaturni koeficient in ¢asovna
stabilnost. Piranometer CM 5/6 ustreza specifikacijam za
najboljsi izmed treh razredov, kot so definiraniv delu /12/.

2.2 Sencnakrogla

Ena izmed bistvenih komponent merilne naprave je sené-
na krogla. Prostorsko gibanje sencéne krogle upravija
mikrokontroler sledilnega sistema, ki je del lokalne enote.
Pri uporabi sencne krogle je pomembno, da je senca, ki
pada na senzor, malo vedja od aktivne povrsine senzotja.
Projekcija krogle na senzorsko ploskev je elipsa, katere
manjs$a os je za varnostni rob vedja od povrsine senzorja.
Pri postavitvi krogle na nosilni lok je pomembna tocna nas-
tavitev sencila na sredino loka. Med sledenjem sonca je
presecna ravnina senéne krogle vedno krog, ki ustvari sen-
€O na ravnini senzorja. Razmere so prikazane na sliki 3.

Na sliki 3 je prikazana projekcija sonénih Zarkov na senzor
v Casu, ko je elevacija manjda od 90°. Projekcija sence, ki

3 4
/
= = Lo ls
1
Legends: 1 - ohigje

2 - nosilna plodéa

3 - horizontaino justiranje

4 — koradnt motor azimuta

& « koracnt motor dekliinacije
6 — nosilni lok

7 — piranometer

8 - gendna krogla

Slika 2: Mehanska konstrukcija merilnika difuznega
sevanja.

direkini Zarki

projekcija sendne
krogle na senzor

varnostni

senéna krogla pas sence

s8NIor

Slika 3: Projekcija direktnih sonénih Zarkov prek senéne
krogle na horizontalni senzor.

jo povzroCa na senzorju senéna krogla, je krog le, ko je
sonce to¢no v zenitu (opoldan) in so zarki pravokotni na
ravnino senzorja. To je dosegljivo le v obmodju ekvatorial-
negapasu (+ 23,6° Nin 8). Vvseh drugih legah ima senca
obliko elipse. Elipsa ustvarja varnostni pas, ki obsega
ploskev med zunanjim robom sence in povréino senzorja
piranometra. Za prakti¢no uporabo je varnostni pas sence
Sirok 5 mm. Ta pas tudi preprecuje veckratne odboje na
prozorni zascitni kupoli senzorja.
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Sredisce sencne krogle je geometrijsko centrirano na nosil-
ni lok in oddaljeno 50 cm od sredi$¢a senzorja piranome-
tra. Oddaljenost sredis¢a senzorja piranometra in sredis-
Ca sencne krogle ustreza standardni razdalji, ki znasa de-
setkratno vrednost premera sencne krogle /13/.

Le v posebnih primerih in pogojih delovanja (npr. meritve
difuznega sevanja sonca med dezjem) je potrebna kom-
pletna zunanja zascita (stekleni ali plasti¢ni zvon). V senéni
krogli je namescen senzor direktnega vpada sonénih zark-
ov, ki stalno preverja polozaj sencila.

2.3 Senzor direktnega vpada zarkov

Senzor direkinega vpada sonénih zarkov je dodatni sen-
zor, ki ima dve funkciji: preverjanje natanéne nastavitve
pozicije sistema s senc¢no kroglo in meritev ¢asa zakritja
sonca, ko pade svetlobni tok za ve¢ kot 50%. Senzor di-
rektnega vpada je izveden s krozno odprtino v cevi in ima
&tirl senzorske elemente na ravnem dnu cevi. Zarek vpada
skozi odprtino na senzorske elemente, ki so prek vezja za
prilagajanje signalov povezani z vhodno stopnjo elekiron-
skega sistema za zajemanje podatkov (lokalni mikro-
pretvornik). Zgradba senzorja je prikazana na sliki 4.

vpadnl
svetlobni
tok N

sané’:ni
obrod

prilagajanje > '
signalov

Slika 4: Senzor direktnega vpada sonénih Zarkov.

Sistem deluje diferencialno: po dve in dve nasprotni sen-
zorski diodi sta vezani na tokovno-napetostni (I/V)
pretvornik, s katerega vodimo napetost na analogno-digital-
ni (A/D) pretvornik. Ko je osvetlitev nasproti lezedih diod
enaka, sta toka diod enaka in senzorski sistem je v
ravnotezju. Vsak izmik iz smeri direktnih sonénih Zarkov
predstavija neravnotezje tokov senzorskih diod, kar ima za
posledico reakcijo mikrokontrolerja in korekcijo pozicije.
Sistem ima vgrajeno histerezo, da ne pride do nestabil-
nosti delovanja.

Ko svetlobna jakost na vseh $tirih senzorskih diodah pade
pod vnaprej doloceno vrednost (50%), je oblacno.
Mikrokontroler lokalne enote izvede primerjavo meritve
osvetlitve senzorja direktnega vpada sonénih zarkov in
meritve senzorja piranometra. Ce sta izmerjeni spremem-
bi usklajeni, sledi potrditev obladnosti. Cas zakritja sonca
v 6asu son¢nega dne se registrira posebej in je informac-
ija o ¢asovnem poteku obla¢nosti nad obmodjem merje-
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nja. Meritev trajanja oblac¢nosti ima seveda prakticen pomen
le pri izvajanju meritev prek daljSega ¢asovnega obdobja
(vec dni, tednov, mesecev).

2.4 Avtomatsko pozicioniranje in
elektronski kompas

Merilni sistem zahteva za delovanje tridimenzionalno pozi-
cioniranje, ki ga razdelimo na dva koraka. Najprej postavi-
mo senzorsko nosilno plos¢o v horizontalno lego, v drugem
koraku pa usmerimo sistem proti severu (jugu). Za natanéno
horizontalno nastavitev uporabimo lasersko vodno tehtni-
co, ki omogoca toénost nastavitve +0,5°. Naprava ima za
to nastavitev na ohisju predvidene ustrezne justirne vijake.
Usmeritev naprave v smer sever-jug je v prvem koraku le
priblizna.

Klasi¢no pozicioniranje naprave je zamudno, procedura
pa natan¢na. Da bi se izognili subjektivnim napakam, smo
instrument opremili z avtomatskim pozicionirnim sistemom.
Jedro pozicionirnega sistema predstavija elektronski kom-
pas, ki je bil zgrajen z integriranim magnetnim senzorjem
KMZ52 (Philips). Senzor je zelo obd&utljivo magnetno
mosticno vezje, ki deluje s pomodjo dveh tuljav v pravoko-
tnem sistemu. Principielna blok shema vezja KMZ52 je
prikazana na sliki 5.
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Slika 5: Principielna zgradba elektronskega kompasa.

V vezju je oscilator, ki napaja pravokotno namesdeni tuljavi
LF in LC. V mosti¢u detektirani signal se nato ojadi in fil-
trira, temu pa sledi sinhroni detektor. Izhodni analogni sig-
nal je sorazmeren odklonu usmerjenosti vezja glede na
magnetno os Zemlje sever-jug. Toénost meritve je izboljsa-
naz izvedbo kompenzacije zacetne napake postavitve vezja
(offset). Napaka v sledenju sonca je odvisna od to&nosti
usmerjenosti proti severu in ujetja pravokotnosti sistema.
Pri roni nastavitvi standardnih merilnikov je napaka pri
postavitvi velika (do £ 10°) in je bila z uporabo elektronske-
ga kompasa na opisovani merilni napravi zmanjéanana +1°.

Elektronski kompas je izveden kot integriran elektronski
modul, Ki je povezan s portom mikropretvornika. Procesor
mikropretvornika spremlja lego sistema v skladu z izvajan-
jem nadzornega programa delovanja. Ker je elektronski
kompas dvoosni, spremljamo lego vezja v ravninskem koor-
dinatnem sistemu. Lega merilne naprave se preverja ob
vsakem vklopu naprave in pri prehodu naprave v aktivni
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nacin delovanja (po bujenju mikropretvornika). Procedura
je del samotestiranja (self-test) merilnega sistema. Ob
vsakem samotestiranju se izvede meritev polozaja (geograf-
ske koordinate) in pomik sen¢nega elementa v izhodis¢no
lego.

3 Sledenje in izra¢un koordinat

3.1 Sledilni sistem

Naprave, katerih delovanje je vezano na sledenje sonca,
uporabljajo samostojne ali pa integrirane sledilne sisteme.
Merilnik difuznega sevanja sonca, ki ga opisujemo, upora-
blja integrirani sledilni sistem. Sistem sledenja temelji na
koordinatnem sistemu, ki ima v svojem sredis¢u opazoval-
ca v to¢ki na povrsini Zemlje. Sredisée koordinatnega sis-
tema je v srediSéu senzorja piranometra. Koordinati (kota
azimuta in elevacije), ki se nanadata na navidezno potovanje
sonca po nebu od sonénega vzhoda do son¢nega zahoda,
dolo&ata polozaj sencila /13/. Sledilni sistem mora zago-
toviti, da pada projekcija sen¢ne krogle stalno na senzor,
kot je bilo prikazano na sliki 3.

3.2 Izracdun koordinat

Za izracun gibanja sledilnika sonca je bila objavljena
mnozica ¢lankov, algoritem pa opisuje tudi knjiga /15/.
Nekateri algoritmi so omejeni na dolo¢ena ¢asovna obdo-
bja /16/, drugi poudarjajo natan¢nost (merilna negotov-
ost +0.0003° do leta 2004) /17/. Posebno pomembna
je toCnost nastavitve pri velikih kotih med normalo na pov-
r$ino senzorja in vpadnim sevanjem (kosinusni zakon).

Poleg izraCuna lokalnih koordinat za gibanje sledilnega sis-
tema je za avtonomijo sistema potrebno tudi vsakodnevno
dolog¢anje sonénega dne. Scnéni dan vsebuje izradun
soncnega vzhoda in zahoda ter njuno korekcijo glede na
izbrano to¢ko opazovanja. Za izraCune smo uporabili em-
piricne izraze, ki jih vsebuje delo Harrigana in Stineja /18/
in zagotavljajo natan&nost nastavitve obeh koordinatnih osi
pod = 1°, kar je ustrezno glede na mehansko izvedbo
naprave in korak korac¢nih motorjev.

Trenutni polozaj senéila za sencenje direktnega sonénega
sevanja v lokalnem koordinatnem sistemu je doloc¢en z
dvema kotoma: azimutom in elevacijo. Koordinatni sistem
za izrac¢un polozaja sendila je prikazan na sliki 6.

Elevacija je kot med horizontalno ravnino v opazovani tocki
(sredisce senzorja) in smerjo sonc¢nega Zarka. Imenovan
je tudi visina opazovanega objekta. Elevacija obsega kote
od 0° do 90°.

Azimut je v sledilnem sistemu kot, ki ga tvori projekcija di-
rektnega soncnega zarka na horizontalno ravnino z vektor-
jem med tocko opazovanja (senzorjem) in pravim severnim
(ali juznim) polom. Pozitivna smer tega kota je v smeri uri-
nega kazalca glede na severni pol, kot je prikazano na sliki
6. Azimut lahko obsega kote od 0° do 360°.

SONCe  haynigne

elevacia
s !

sever

Slika 6: Koordinatni sistem za izradun poloZaja sendéila

Elevacija in azimut se izracunavata stalno na osnovi ure
realnega ¢asa. Vsako sekundo se izraduna polozaj sredis-
¢a sencne krogle v polarnem koordinatnem sistemu. Ker
je razdalja srediséa sencne krogle glede na sredidce sen-
zorja piranometra konstantna, se spreminjata samo dva
kota: azimut in elevacija. Vsak izmed teh dveh kotov zav-
zame doloceno stevilo korakov koragnega motorja. Ob tem
je potrebno upostevati tudi prestavno razmerje reduktoria,
ki je zaradi razlicnih motorjev in prenosov za vsako koordi-
natno os razli¢no.

Sistem je v aktivnem stanju med sonénim vzhodom in za-
hodom. Oba ¢asovna trenutka se izracunata, da se sistem
zbudi iz spalnega nacina ob sonénem vzhodu in gre v spal-
ni nacin delovanja (sleep mode) po sonénem zahodu. Ob
son¢nem zahodu se sistem parkira {(motor za pomik po
azimutu zavzame polozaj 0° - smer vzhod, motor za ele-
vacijo pa 0° glede na horizontalno ravnino). V tem stanju
naprava ¢aka na bujenje naslednjega dne.

4  Virtualni instrument nadzornega
sistema

Virtualni instrument (V1) je program, ki deluje v graficnem
okolju. Napisan je v G-jeziku, ki namesto programskih stav-
kov izvaja programske funkgcije v obliki grafié¢nih simbolov.
Vlima ¢elno ploséo, blok diagrama in ikone (konektorja).
Celna ploséa je uporabnigki vmesnik, ki vsebuje kontrole
in indikatorje. Za merilnik difuznega sevanja sonca je bil
razvit VI, ki omogoca zajemanje podatkov, procesiranje,
prikaz in shranjevanje.

Celna plogda Vi za merjenje difuznega sevanja sonca vse-
buje kontrole in indikatorje za upravijanje podatkov. Uprav-
ljanje podatkov je razdeljeno na stiri enote: 1. zajemanje,
2. procesiranje, 3. prikazin 4. shranjevanje. Za vsako enoto
je izdelan posebni del uporabniskega vmesnika.

Zajemanje obsega vzpostavitev komunikacije med lokalno
enoto in nadzornim racunalnikom, prenos podatkov in za-
¢asno shranjevanje. Komunikacija je standardna serijska
(RS-232), komunikacijski medij pa je fizicni vodnik ali pa
radijska zveza. Na &elni plosci so privzeti komunikacijski
parametri (baudna hitrost, Stevilo podatkovnih bitov, par-
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nost, stevilo stop bitov), ki se lahko v meniju spreminjajo.
Definiran je zacetek in konec prenosa ali kontinuiran prenos
do zaustavitve. Pred shranjevanjem podatkov v zacasno
datoteko se ime datoteke dologi v menijskem oknu.

Procesiranje zajetih podatkov je lahko v realnem cCasu za
podatke, ki prihajajo, ali pa postprocesiranje, ko so ze vsi
podatki shranjeni v datoteki. V realnem ¢asu je procesiran-
je pocasno, ker so vzorcevalni ¢asi dolgi od 1 s do 1 ure.
Obicajno se procesirajo podatki, ki so v zacasni datoteki.
VI ponuja izbiro ¢asovnega intervala opazovanja, meritve
karakteristi¢nih vrednosti casovne funkcije (minimum, mak-
simum, srednja vrednost, efektivha vrednost, najvedja strmi-
na), kumulativno sevanje (doloCen integral) za doloéni dan
in trajanje oblaénosti.

Prikaz podatkov je na XY grafu, ki je uporabljen kot traéni
diagram za prihajajo¢e podatke (kontinuiran prenos po
komunikacijskem kanalu) ali kot graf za postprocesiranje.
Resitev za traéni diagram je izvedena s posebnim virtual-
nim podinstrumentom (subVI). XY graf se lahko izbere samo
za prikaz podatkov iz zaCasne datoteke, ker morajo biti
podatki obeh koordinatnih osi na razpolago pred zadetkom
risanja. Za prikaz podatkov so na ¢elni plosci nastavitve, s
katerimi uporabnik izbere asovni interval in nacine filtriranja
podatkov.

Shranjevanje podatkov je avtomatsko v za¢asno datoteko
na disku nadzornega rac¢unalnika. Na ¢elni plosci se lahko
izbira med tremi formati shranjevanja: ASCII, datalog in bi-
narni. ASCII format je v VI privzet format, ker ga lahko
neposredno pregledujemo in spreminjamo, zasede pa
najve¢ pomnilniskega prostora. Podatki se lahko filtrirajo
in shranjujejo v kompaktni obliki. Po zakljucku shranjevan-
ja se datoteka avtomatsko zapre. Pri sledecih shranjevan-
jih je v VI na voljo moznost za dodajanje podatkov v Zze ob-
stojeco datoteko.

5 Rezultati delovanja

Zgrajen je bil prototip merilnika difuznega sevanja sonca. Za
sestavne dele so bili izbrani standardni materiali in moduli, ki
so natrzis¢u. Za nadzorni sistem je bil uporabljen LabVIEW,
ki je v zgrajeni napravi omogodal enostavnost preverjanja
delovanja ter dodajanja in spreminjanja funkcij.

ZacCetna nastavitev koordinat je bila izvedena z elektron-
skim kompasom, ki je omogocil mnogo hitrejSo nastavitev,
kot jo imajo drugi merilniki difuznega sevanja na trziscu.

Senca na senzorju je dobljena s premikajoco se kroglo.
Krogla se nahaja na polkroznem loku. Premik krogle po
azimutu in elevaciji poganjata koraéna motorja.

Tako kot pri drugih izvedbah merilnikov difuznega sevanja
se je pojavil tudi v razvitem prototipu problem mrtvega hoda
zobnikov med nosilcem pomiéne krogle in kora¢nima mo-
torjema. Pri sledenju sonca se pojavija mrtvi hod dvakrat:
v zaCetnem poloZaju (ni¢elna lega), ko sistem ob sonénem
vzhodu zacCenja sledenje in opoldan, ko se zaéne elevacija
zmanjsevati. Zaradi lastne teze se dopoldan mrivi hod po-
javi samo v izhodis¢u, nato pa na prencse deluje stalna
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sila teze loka in sencila. Ko gre sendilo prek ravnine
lokalnega poldnevnika (opoldan), se pojavi mrtvi hod, ki
ima obratno smer glede na silo teZe nosilnega loka in sendi-
la. Algoritem krmiljenja kora¢nih motorjev je zagotovil
priblizevanje izracunani vrednosti polozaja sendila vedno
iz smeri, ki je nasprotna smeri sile teze. S tem je mrtvi hod
zobniskih prenosov izlocen, nastavitev lege sendila pa tra-
ja le nekaj sekund.

Merilni sistem zaCne vsak dan sledenje sonca iz istega
zacetnega polozaja: to je ni¢elna lega sistema. Nahaja se
na elevaciji 0° in azimutu 90° {(smer vzhod). Sistem se zjutraj
iz te tocke premakne, ko dobi podatek o soncnem vzhodu
in se vanjo vrne zvecer, ko dobi podatek o sonénem za-
hodu. V nicelni legi sistem ostane prek nodi (spalni nadin
delovanja).

Za preizkus delovanja je bila uporabljena brezzi¢na komu-
nikacija za prenos podatkov. Komunikacija je radiofrekvend-
na (RF), serijska, kompatibilna z RS-232 standardom in
deluje na ISM podrocju 433 MHz.

Primer izmerjenega Casovnega poteka difuznega sevanja v
obdobju enega soncnega dne (12 ur za datum 14 marec
2006 na lokaciji 46° 03'N, 13° 14'E) je prikazan na sliki 7.
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Slika 7: Casovni potek difuznega sevanja sonca.

izmerjeni rezultati difuznega sevanja sonca, ki jih prikazuje
slika 7, so bili preneseni iz VI v preglednico (Excel).

Pri meritvi obstaja tudi sistematska napaka zaradi pokritja
dela zgornjega polprostora koordinatnega sistema z me-
hanskim nosilcem in senéno kroglo. Velikost te napake smo
izracunaliin je v velikostnem razredu pod 1% merjene vred-
nosti.

Nadzoni program prototipa merilne naprave je VI, ki pote-
ka na nadzornem racunalniku kot grafi¢ni program v Lab-
VIEW okolju. VI je sestavijen iz podinstrumentov (subVl),
kjer so realizirane posamezne podprogramske funkcije. V
oknu ¢elne plosCe je prikazana izbira komunikacijskih par-
ametrov za sprejem podatkov prek standardnega serijske-
ga kanala (RS-232) in nacin prikaza podatkov. Podatki se
lahko pregledujejo tako kot prihajajo v traénem diagramu
(v realnem ¢asu). Po zapisu v datoteko se lahko pregledu-
jejo v grafu po konéanem zajemaniju (v virtuainem dasu). V
oknu Gelne plosce so na voljo $e drugi kriteriji prikaza in
izracuni: minimalna in maksimalna vrednost meritve, ku-
mulativho difuzno sevanje in kumulativni &as zakritja z ob-
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laki za dolo¢en asovni interval, ¢as najhitrejSe spremembe
sevanja. Za prenos podatkov v preglednice so na voljo
nekateri standardni formati: ASCII, Excel, itd.

6 Sklep

Meritev difuznega sevanja sonca predstavlja tehnicni prob-
lem, ki ga proizvajalci merilne opreme, kot tudi uporabniki
redujejo na razlicne nacéine. Najenostavnejsa je seveda re-
Sitev z vrhunsko merilno opremo, ki pa predstavija moznost
le za najbogatejse. Vendar ni niti taka oprema brez poman-
kljivosti in ne zagotavlja absolutne tocnosti. V kolikor razpo-
lagamo z vitalnimi deli merilnega sistema, lahko izvedemo
zelo kvalitetne meritve tudi z mnogo cenejSo napravo, kivse-
buje novosti in prednosti pred podobnimi merilniki in je
primerna za uporabo tudi pri raziskovalnem delu.

Merjenje difuzne svetlobe je izvedeno s piranometrom, ki
je zasencen s senéno kroglo. Gibanje senéne krogle
doloc¢a algoritem mikropretvornika. Ustvarjanje sence na
senzorju piranometra je primarna naloga sencne krogle.
Obenem pa sencna krogla opravija tudi meritev Casa ob-
lacnosti, ker je v njej integriran senzor direkinega vpada
sonénih zarkov.

Elektronski kompas z mikropretvornikom postavija napra-
vo v druzino avtomatskih ali inteligentnih senzorjev. Upo-
rabniku prihrani precej truda in poizkusov to¢ne orientaci-
je glede na geografske smeri neba. lzvedba elektronske-
ga kompasa je prilagojena mikroprocesorsko zasnovanemu
sistemu in daje dober rezultat glede na razmeroma ma-
jhen finanéni vlozek, ki je za izdelavo vezja potreben.

Nadzorni sistem je namenjen upravljanju podatkov (data
management). Izdelan je kot virtualni instrument (V1) s pri-
padajodimi virtualnimi podinstrumenti. Vi ima grafi¢ni vmes-
nik za postavitev potrebnih upravijalskih funkeij in dostop
do podatkov v numeriéni in graficni obliki. Program, ki je
sestavljen v okolju LabVIEW, je fleksibilen in omogoca hi-
tre spremembe konfiguracije sistema in procesiranja po-
datkov. VI omogoca tudi shranjevanje podatkov, preverja-
nje njihove konsistence glede na konfiguracijo in zahteve
uporabnika in posredovanje podatkov drugim sistemom po
standardnih komunikacijskih poteh.

Merilnik difuznega sevanja sonca je bil izdelan iz standard-
nih mehanskih in elektronskih komponent, ki so doseg-
ljiive na trziséu. Mehanske komponente (prenosi, reduktor,
nosilna plosca, lok, senénik) so bile prilagojene in pove-
zane v funkcionalno celoto. Uporabljene elektronske kom-
ponente so velikoserijska integrirana vezja in pasivhe kom-
ponente s poznanimi karakteristikami. Za elekironiko
lokalne enote je bila uporabljena nezahtevna tehnologija
tiskanih vezij (dvoplastna) in povezovaini elementi za zu-

nanjo uporabo.
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DEVELOPMENT AND CHARACTERIZATION OF A LOW-
FREQUENCY NOISE MEASUREMENT SYSTEM FOR
OPTOELECTRONIC DEVICES

Marko Jankovec, Marko Topic

Faculty of Electrical Engineering, University of Ljubljana, Ljubljana, Slovenia
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Abstract: A noise spectral density measurement system for low-frequency current noise was built and thoroughly characterized from dynamic and noise
point of view. The system uses the SR570 transconductance amplifier and the SR780 FFT spectrum analyzer. The built in battery power supply in the
SR570 together with an effective double shielding arrangement enables good low frequency interference protection in noisy environments. Results of
dynamic and noise analyses and a resulting comprehensive noise model of the SR570 are presented. Besides other noise parameters also 1/f noise
components of noise sources in the SR670 are identified. Further, the influence of DUT impedance to the overall system noise properties is shown. The
noise measurement system performance utilizing the developed noise model is demonstrated by the low-frequency noise measurement of 2-Si:H pin

diode.

Razvoj in karakterizacija nizkofrekvenénega Sumnega
merilnega sistema za optoelektronske elemente

Kjuéne besede: sumne meritve, FFT spekiralni analizator, transkonduktanéni ojacevalnik, 1/f sum

lzvleCek: Zgradili smo Sumni merilni sistem za meritev gostote mocnostnega spektra tokovnega suma pri nizkih frekvencah in ga natancno okarakterizirali
iz dinami¢nega in Sumnega vidika, V merilnem sistemu sta uporabljena transkonduktanéni ojacevalnik SR570 in FFT spektralni analizator SR780. Vgra-
4eno bateriisko napajanje v SR570 skupaj z ucinkovitim dvojnim oklopom omogoda visoko odpornost proti nizkofrekvendnim motnjam v §umnem laborator-
ijskem okolju. V &lanku predstavijamo rezultate dinamiéne in Sumne analize merilnega sistema ter celotnega Sumnega modela ojadevalnika SR570. Poleg
kataloskih umnih parametrov smo ovrednotili tudi 1/f spekiralne komponente dumnih virov ojadevalnika SR570. Nadalje je pokazan vplivimpedance
merjenca na sumne lastnosti celotnega merilnega sistema. Delovanje Sumnega merilnega sistema in uporabo Sumnega modela smo prikazali na primeru
meritve nizkofrekvencnega suma a-Si:H pin diode.

1. Introduction readout requirements, its quantitative determination is nec-
essary for device characterization and optimization of the
Noise performance of any kind of photodetection system readout electronics.

is basically determined by noise of photodetector and noise
of readout electronics /1/. The upper limit of signal-to-
noise ratio and dynamic range of the whole system are
initially determined by the noise of the detector. In the case
of a photodiode, the useful signal is usually superimposed
by a random component, which is a consequence of con-
centration and mobility fluctuations of free charge carri-
ers. This random signal can be expressed as a superposi-
tion of shot, 1/f (flicker) and thermal noise sources /2/.
While the physical backgrounds of thermal and shot noise
are well known, the origin of 1/f noise is still a matter of

We have built-up a low frequency current noise spectral
density measurement setup for two-terminal devices, which
is mainly intended for low-frequency noise spectral densi-
ty measurements of optoelectronic detectors. Prior to any
device characterization a comprehensive test of the meas-
urement setup was performed since various internal and
external noise sources contribute to the total system noise
and have to be evaluated and separated from the signal
that originates from the Device Under Test (DUT). Further-
more, the influence of the impedance of the DUT to the
research /3/ noise properties of the measurement system was investi-

' gated. Finally, the obtained noise model of the measure-
ment system was applied for noise measurement of an

If a photodetector operates in a charge storage mode, when
«~Si:H pin diode.

its (DC) current signal is integrated in a storage capaci-
tance and read out after certain integration time, the 1/f

noise becomes important /4/. Additionally, the 1/f noise 2. Measurement system

investigation of low-quality material devices, such as a-Si:H

TFTs or pin diodes, gives deeper insight into the device The noise measurement setup is presented in fig. 1. It con-
physics providing potential for improvements /5, 6/. Since sists of a double shielded measurement box, a battery
the 1/f noise of a photodetector is an important parame- powered Low-Noise Amplifier (LNA) and a Fast-Fourier
ter, especially at low radiation intensities and high speed Transform (FFT) spectrum analyzer. Temperature of the
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Fig. 1:

inner measurement box is monitored by a PT100 tempera-
ture sensor, whose resistance is acquired by an Agilent
34401A digital multimeter. Both digital instruments are
controlled by personal computer (PC) via General Purpose
Instrument Bus (GPIB).

Conventional spectrum analyzers which are based on a
heterodyne principle have limited lower frequency range
(arround 10 Hz) making them less suitable for 1/f noise
measurement. On the contrary, FFT spectrum analyzers
have fundamental upper frequency limit due to limited cal-
culation capabilities, while their lower frequency limitis only
determined by the available measurement time, since they
can sample the signal over arbitrarily long period and per-
form the FFT transform to calculate the spectral density.
For our system we chose the SR780 FFT spectrum ana-
lyzer made by Stanford Research System /7/. It features
a wide range of frequency spans from 102.4 kHz down to
195.3 mHz with maximum resolution of 800 points thus
enabling noise spectral density measurements resolution
up to 244 mHz. Further, the built in 18-bit A/D converter
together with low noise input amplifier stage offers high
dynamic range useful for measuring low amplitude signal
superimposed to higher DC bias.

The choice of LNA as a critical system component depends
on the expected type of DUTs and the desired measure-
ment quantities. Since the output of a photodetector is
usually a current signal, we looked for atransconductance
amplifier for current noise measurements. For its proper
operation, the transconductance has to be lower than the
DUT admittance, which might be a problem in the case of
low resistive or high capacitive DUTs, due to input voltage
noise amplification. Considering all these facts we chose
SR570 /8/ as the most appropriate LNA. It features low
input current and voltage noise, and its transconductance
can be set from 1 mA/V down to 1 pA/V, where it uses
one of two different input preamplifiers, each for its own
sensitivity range. For extremely low signal measurements,
the built in lead-acid rechargeable batteries for off-line
powering minimize power-line interference noise problems.
External interference with the connections of DUT and bias
source at the input of the SR570 is suppressed by a care-
ful coaxial cabling, which is additionally reduced by a high-

Noise measurement setup with variable voltage bias (Upias) and offset (Uor) sources, temperature monitoring
and double shielding from external interference.

permeability mumetal box. The mumetal box is together
with the SR570 enclosed in a bigger aluminum box.

Although the SR570 is equipped with current offset and
voltage bias sources that can be useful in some cases, it
turned out that they generate too much additional noise to
be useful for our design rules. Thus, we had to introduce
two external variable voltage sources Upias and Uosr (Fig. 1)
for biasing DUTs and for canceling a consecutive output
voltage offset, respectively. Both are made of a sealed lead-
acid battery and a variable wire wound resistor divider,
which features the lowest intrinsic noise. The eguivalent
resistance of divider is approximately 500 Q with negligi-
ble effect to the noise of the whole system. The chosen
battery capacity is high enough to sustain a fixed DC volt-
age for 12 hours. All noise measurements were taken at
room temperature in an air-conditioned room with well de-
fined temperature stabilization (25 £ 0.5 °C).

3. Results

Prior to noise measurement of any DUT a detailed charac-
terization of the measurement system has to be performed.
Due to wide dynamic range of the SR780, the overall noise
of the measurement system is determined solely by the
LNA, which will be investigated further in detail. The sim-
plified scheme of the transconductance amplifier SR570
is presented in fig. 2.

G 4
=5
R J———4 2!
! in ﬁlﬂ - ’
L 41@0 b' © uout
+ + 7
Uoﬂ 71" Ubias 7]"

Fig. 2:  The simplified scheme of a transconductance

amplifier SR570.
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It basically consists of an ultra low-noise operational am-
plifier with feedback resistance Ry. The value Ryis equal to
the inverse value of the transconductance down to 100
pA/V for decade values, while below 100 pA/V the sensi-
tivity is increased by a second stage voltage amplifier As.
Although not desired in some cases, the added variable
feedback capacitance can lower the bandwidth of pream-
plifier to compensate the voltage noise enhancement in
the case of high capacitive input termination. For that rea-
son an input resistance Rj, is included, which is set ac-
cording to the value of Ry in order to limit the voltage gain
of the ampilifier in the case of low impedance of the DUT.

3.1. Small signhal model of SR570

Fig. 3 presents the small signal model of the amplifier. The
feedback impedance Zr (Cr | | Ry is transformed to the in-
putas a Millerimpedance Zmr according to the open loop
gain of the front stage A(®), which is modeled as a DC
gain Ag with two poles w1 and wz . For the second stage a
constant voltage gain Ao in the investigated frequency range
is assumed. Thus the voltage drop on Zimi caused by the
input current /i, is amplified by both gain stages A1(w) and
As(Eq. 3).

R R
T 4 (o 0
+ + L +
‘L‘jg .%n __Z_jn"‘" Z ) y_oul
— _ =fmit _
O

Fig. 3:  The small signal model of the SR570 ampilifier.

)= 4,
4 () (I+jo/w)(1+jw/w,)

(1)

1 R,
Z — .
Z i (@)= 1+A 1+4l[1+ijp/.J (2)

(@)= 4,4,Z gL, (3)

aul & fmil Zin

In order to determine small signal parameters of the ampli-
fier, the internal and external transfer characteristics from
DC to 100 kHz have been measured.

Z
H ()= 2ot = g g, -0 @
Qin R +ijz[
Z,.
w —ou/ _ = fmil
_.eu( ) _1 2R +R -I-Z,”, (5)

By comparing the dynamic model output to the measured
data (fig. 4 and fig. 5), we have obtained small signal pa-
rameters of the model, which are listed in tabie 1. The ex-
perimentally determined values are denoted in bold, all
other are taken from the SR570 datasheet. The differenc-
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es in Ao and w4 values are due to the usage of two differ-
ent input preamplifiers.
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Fig. 4:  Measured frequency characteristics of the
SR570 voltage gain (symbols) at different
sensitivities, compared with the small signal
model results (lines).
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Fig. 6:  Measured frequency characteristics of the
SR570 external voltage gain (symbols) at
different sensitivities, compared with the small
signal model results (lines).

Table 1: Parameters of the SR570 small signal model at
different transconductance settings.

Transconductance | R, R Ry Biw C Ay wof2n w)n
[AV] (2] [ (@] [Hz) [pF] {V/V] [Hz] ([Hz]

10° 10 10° 1 1-10° 110 410° 110 2-10°

10+ 10° 10 Io510° 110 410° 110 2-10°

107 10° 10° 100 2:10° 6.0 410° 110 2-10°

10° 10° 105 100 210° 6.0 410° 1.0 2-10°

107 107 107 10t 2100 48 4105 110 210°
""""""""" 10°] 96107 10° 10' 200 4z 10° 0.5 210°
1071 2.610° 10° 10 15 42 10 055 210°

10| 2.6.10° 10" 10 10 42 10° 055 210°

1ot | 2.610° 10" 10f 10 42 10 055 210°

107 2610° 107 10° 10 42 10° 055 210°
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3.2. Noise model of SR570

The noise model of the SR570 is shown in fig. 6 (dashed
box) together with the noise model of the DUT.

SDUT

Fig. 6:  The SR570 noise model with the DUT’s
impedance (Zpyt) and current noise source

(Sipur).

The DUT model is represented by the impedance Zpyr and
a current noise source S;pyr In the SR570 small signal
model additional current and voltage noise sources are

added, where only the voltage noise source S,z » which

represents the thermal noise of the input resistance Rin,
can be analytically expressed:

S, n =4kTR, . (6)

u R,

Other noise sources (equivalent input voltage and current
noise sources Sy jpand S;jp and input voltage noise of the
second stage Suinz) can only be determined by the noise
measurement of the amplifier at certain input conditions,
at which only one of the noise sources prevails over oth-
ers. The output noise Soyut is @ consequence of all noise
sources

’ 2
Sou/ (Cl)): (Sin (w)IZﬁnil‘éll + Su inz>A22v (7)
where the equivalent input noise §;, can be expressed as:

CU) *ZDUT+Rmt +5, por (w iZDU1| +5, (a))

|ZDUT + R + mell

Sl,”( )_ lm

(8)
At open circuitinput conditions | Z ,,,,] — oo we can assume

Si(w)=38,, (w), (9)

SiDUT (CU)'—)O =

and consequently becomes

Sout (a)): (Siin (a))’zﬁniléltz + Su iny )’4’22 (10)

The output noise can be transferred to the input

in (CO) o (CU)-}- umz S[ . ( )+ u in,

2] iz,

where at lower frequencies the input current noise Sij,
dominates, while towards higher frequencies the second
stage voltage noise prevails due to drop of feedback im-
pedance Zr. In fig. 7 the measured and calculated current
noise density spectra transferred to the input at open

circuitinput conditions of SR570 are presented, from which
the parameters of the equivalent input current noise source
Siin and second stage voltage noise source Sy in2 are de-
termined. The input noise current source is described as
a sum of flat spectrum and 1/f component in a form of .

S=S,+4,/f (12)

The square roots values of parameters So, Ay, v and Sy jn2
at different transconductance settings are listed in table 2.

107 A B S A BN B NLARLL LAY AL A
— NN 3
& 08 R E

£ ST Transconductance [V/A)
2 10% kb RNy
. §5\ N 3
R e U S ——
3 \:\:~ B SR
= :
2 101 e %‘Q':\\ 10 .
3 2f \\:\\. 107 SN 107 227
= 10 >~ T e 7S
o F SO T T T T T T T T
5 b o 108 10 e
8 10“3%% RN Pr- e
o e y ‘\\1\ "*;‘-«nw-_————“—‘ =
2 tomk 100 r\k:“‘%m»—_,_w-‘w—————-~“// .
E 45: 1071, 1o Measurement -
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[3 1016 e e el el
103 107 107t 10° 10! 102 10 104 10
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Fig. 7:  Measured (full line) and calculated (dashed line)

current noise density spectra of the SR570
transferred to the input at open circuit
conditions.

Table 2: The list of parameters of the equivalent input
current noise source S;jn and second stage voltage noise
source Sy inz.

S =Syt A f7 Sying
Transconductan
ce [A/V] VE [aNEE) A [a/VTE y 5o [
107 9.3:10™" 43-10" 166 0
10 4.1.10™ 1910 1.82 0
107 9.9-10°8 42:10"* 170 0
10°¢ 5.4-10 1810 1.76 2.2:107
107 4.010™ 4410 1.64 3.2:107
10°® 3.0-10 2310M  1.64 8.4-107
107 7.1.10°8 L1107 164 1.7:10°
10 75107 L1107 1.44 1.7:10°
10! 7.5:10™° LETOY 144 1.7-10°
10712 7.5:10° 11105 1.44 1.7:10°

The remaining noise parameter of SR570 that has to be
determined is equivalent input voltage noise Sy, which
can be determined by output noise measurement at short-
circuit input termination |Z .| — 0. Under this condition
Eqg. 10 simplifies into

S | +8,, +5S,

' iin in win
in . (13)
'R + mel/l

In order to avoid possible saturation of SR570 due to input
offset voltage, we have measured noise density spectra at
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all transconductance settings at standard 50 Q BNC input
termination. Considering already determined parameters
of noise sources, we extracted the input voltage noise from
measurement. Each of two distinct spectra, shown in fig.
8, can be attributed to one of the two preamplifiers used
for two transconductance ranges. They can also be mod-
eled as a sum of flat and 1/f components , as shown in
table 3.

10

/VHz]

10° |

uin

Transconductane

10°®

Measurement ’ i

——— Model

Voltage noise spectral density V3 [V,

10 . . . . .
107 10 10! 10° 10! 10? 10° 10¢ 10°

SHz]
Fig. 8: Noise power density spectra of the equivalent

input noise voltage source of SR570 at different
sensitivities, extracted at 50 Qinput termination.

Table 3: The SR570 equivalent input noise voltage
source parameters.

Transconductance S0 =Syt A
range [A/V]
J5, [N 4, [V ] y
107 ... 107 2.9:10% 1910% 164
10° . 10" 3.510% 17109 1.74

Using the obtained noise model we can investigate the in-
fluence of external factors to the overall noise of the SR570.
The most direct one is the influence of the DUT imped-
ance (Zpuy), which will be shown separately for resistive
and capacitive part, since most semiconductor photonic
sensors exhibits capacitive nature. The influence of DUT
resistance Rpyr on the system noise is presented for
transconductance of 107 A/V in fig. 9. It is clearly seen,
that the voltage noise increases while decreasing the Rpur
and would supersede other noise sources, if there wasn't
input resistance R, which saturates the whole system
noise. But unfortunately the current divider of Rin and Rpur
causes the decrease of the measured DUT current noise
which further diminishes in the noise of Ri,. Therefore for
each transconductance setting there is a range of allowed
DUT resistances that can give valid results. In the case of
transconductance of 107 A/V this range spans approxi-
mately from 10% to 107 Q.
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Fig. 9: Influence of the DUT resistance on the SR570
noise properties at f = 100 Hz. The usable Rpur
range is marked in gray.

To show the role of DUT capacitance (fig. 10) we chose
the transconductance of 10°® A/V, where the effect is more
pronounced due to higher equivalent input noise voltage.
At low frequencies the noise floor is limited by input cur-
rent noise, while the influence of input voltage noise in-
creases with frequency due to the decrease of DUT im-
pedance. The DUT capacitance together with the induc-
tive nature of input impedance forms a resonant peak,
which can significantly raise the noise floor in case of high
capacitive DUTs.

IO-H

Transconductance = 10 A/V

@T‘

1042 L
2
)
5;‘ 10713 L
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5 10 L
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total noise
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10 10° 10! 10? 10 104 10
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Fig. 10: Effect of the DUT capacitance on the SR570
noise performance.

3.3. Noise measurement of a-Si:H pin
diode

In order to demonstrate the usefulness of the developed
and characterized noise measurement setup results of
noise measurement of an amorphous silicon (a-Si:H) pin
diode are presented. The diode area was 1 mm? and the
p, i, nlayer thicknesses were 10, 400 and 20 nm, respec-
tively. Since the noise model of our measurement system
also requires known DUT impedance, we initially meas-
ured dynamic properties of the diode /9/.

From acquired system noise density spectra the part that
originates from the diode is extracted using previously de-
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" “in

Fig. 11: Noise model of measurement system including a-Si:H pin diode, bias circuit, coaxial cable connection and

SR5&70 transconductance amplifier.

scribed noise model of measurement system considering
additional factors (voltage bias resistance thermal noise
(Su Rbias), coaxial cable capacitance Ceoax and the noise
model of the a-Si:H pin diode) as presented in fig. 11. The
noise of offset voltage source Uqsr and the input noise of
the SR780 FFT spectrum analyzer are neglected.

The noise model of the a-Si:H pin diode was formed on
the basis of previously used noise models of similar devic-
es /10, 11/. All dynamic parameters of the diode except

4

series resistance Rs are combined in the impedance me .

The total noise of the a-Si:H pin diode is composed of
three independent current noise sources: shot noise S; spot,
thermal noise of shunt resistance S; shunt and 1/f noise S; 1.
In addition, a voltage thermal noise source of series resist-
ance Sy ps is present. All noise sources except 1/f noise
can be calculated from known diode parameters. The miss-
ing 1/f noise component is extracted from the measure-
ment results accounting contributions of all other known
noise components. Fig. 12 presents measured noise den-
sity spectra of aSi:H pin diode at forward bias of 420 nA at
the output of SR570. Noise system components from noise
model of the SR570 (Fig. 11) are shown as well. The influ-
ence of the voltage noise Syin, particularly at lower fre-
quencies, determines the system noise, which is a conse-
quence of low diode impedance at forward bias. Meas-
ured noise spectrum prevails system noise almost in the
whole frequency range and is approaching to the calculat-
ed noise spectrum of the measured diode at higher fre-
guencies. The excess noise at frequencies below 100 Hz
can be attributed to 1/f noise of the measured diode, but
it diminishes in the system noise below 10 mHz, due to
different slopes of spectra.

According to measured spectra, transferred to the input of
SR570 (fig. 13), at frequencies above 100 Hz, shot noise
of the diode (Sishor) is dominant, while below 100 Hz the
1/fnoise prevails. Thermal noises of series (Sy rs) and shunt
(Sishunt) resistance are negligible. By subtracting the sys-
tem, shot and thermal noise components from the meas-
ured noise, the excess noise spectrum can be extracted.
It exhibits typical 1/f dependence and can be modeled by
an empirical expression
A
Sir :7{7, (14)

Tmnscolllduclancc =l10'7 AV
measurcment 1
system noise components
system noise

calculated noise of pin-diode -
sum of all known noise sources |

Voltage noise spectral density [ V/VHz]

1o Lt v vl bl )
1073 10?2 10! 10° 10! 10% 10° 10*

Fig. 12: Noise voltage density spectrum, measured at
the SR570 output, of the a-Si:H pin diode at
forward current bias of 420 nA. The contribution
of individual noise sources of the measurement
system and the known noise components of
the pin diode are added for comparison. The
observed excess noise is 1/f noise component
of the pin diode.

where Aris power density at f = 1 Hz and ydetermines the
slope of the spectrum. The 1/f shape of the spectrum with
slope y=1.00 can be observed from f = 0.01 Hz (where it
prevails system noise) up to 100 Hz, where it diminishes
into the flat part of the spectrum. The noise current densi-

ty of 1/f component at 1 Hzis ,/4,=1.0- lO“le/\/Hz.

4. Discussion

The presented noise measurement system was success-
fully applied for the current noise measurement of a-Si:H
pin diodes at low frequency range from 10 mHz up to 10
kHz. Below 10 mHz the high slope of the low-frequency
system noise component makes the measurement uncer-
tain, while the upper limit is determined mainly by the band-
width of the LNA. One of the important outcomes of the
presented study is that besides input current noise also
input voltage noise of the transconductance amplifier is
important. Its contribution is directly correlated to the im-
pedance of the applied DUT, which also has to be known
prior to actual noise measurement. In the case of low im-
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Fig. 13: Noise current density spectrum, transferred to
the SR570 input, of the a-Si:H pin diode at
forward current bias of 420 nA. The contribution
of individual known noise sources of the pin
diode and the total noise of the measurement
system are added for comparison. The excess
noise is subtracted from the calculated overall
noise of the system, which yields 1/f noise
component of the pin diode.

pedance or high capacitive DUTs the input voltage noise
can mainly determine the total system noise performance.
Thus, only by knowing all the parameters that influence
the noise performance of the system, one can determine
the part of the noise that originates from the DUT itself.

This is especially important in the case of noise measure-
ments of high capacitive devices, such as large area aSi:H
pin diodes with thin layers that exhibit high capacitance
and very low intrinsic noise. In our case we could suc-
cessfully measure only the smallest area diodes (1 mm?)
where the capacitance was sufficiently low thus keeping
the input voltage noise below the critical values.

The problem of external low-frequency electric and mag-
netic interference was successfully eliminated by an ar-
rangement of aluminum and mumetal shielding combina-
tion. The remaining external interference problems were
mechanical vibrations that cause microphone effects in the
input coaxial cable connections. This was partially solved
by putting the system in the corner close to concrete walls
and avoiding any movements near it as much as possible.
Fortunately, the mechanical vibrations appear in the spec-
trum only at a certain frequencies and can be easily no-
ticed. In such cases the measurement had to be repeat-
ed.

5. Conclusions

The low-frequency noise measurement system based on
transconductance amplifier SR570 and a FFT spectrum
analyzer SR780 was built. Dynamic and noise properties
ofthe SR570 were thoroughly analyzed resulting in a com-
prehensive noise model of the complete measurement
system. Besides other noise sources also 1/f noise com-
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ponents of the SR570 was identified. The influence of DUT
impedance to the overall system noise properties was dem-
onstrated. The noise measurement system utilizing the
obtained noise model was used for low-frequency noise
measurement of a-Si:H pin diodes. 1/ noise with the ide-
al slope (y=1.00) and noise density of

[4,=1.0-10"AAHz at 1 Hz was identified to be dom-

inant below 10 Hz, while above 10 Hz the diode’s shot
noise prevails.
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Abstract: This paper describes the review and short tutorial on design techniques for low-power SRAM, focusing on the design of a 1-Mb CMOS SRAM
on CMOS 0.25-um process. The building blocks of the SRAM are individually discussed and various techniques are described, with the most appropriate
one chosen for the block. SRAM power saving techniques are also described and implemented in the 1-Mb memory. The designed SRAM is simulated
across different Process, Voltage, and Temperature (PVT) corners under the presence of parasitics. The performance of the 1-Mb SRAM is then com-
pared with that of the previously published work. Itis found that a minimum read access time of 4.26ns is achieved. The SRAM can operate at maximum
frequency of 220MHz in dual-port mode and dissipates minimum active power of 31mW and is able to retain data at 0.1V supply voltage and consumes
a standby power of 80nW. The SRAM occupies an area of 115mm?.

Tehnike nacrtovanja asinhronih dvovhodnih CMOS SRAM
vezij z nizko porabo

Kjuéne besede: SRAM, majhna poraba, CMOS, dvovhodni, asinhroni

lzvle€ek: V prispevku podamo pregled tehnik nacrtovanja asinhronih dvovhodnih CMOS SRAM vezij z nizko porabo s poudarkom na nadrtovanju 1-Mb
CMOS SRAM vezja v 0,25um CMOS tehnologiji. Vsakega posebej opisemo sestavne bioke vezja SRAM, kakor tudi najbolj primerno tehniko naértovanja.
Ravno tako obravnavamo tehnike za zniZzevanje porabe in opisemo konkretni primer pri 1-Mb vezju. Nacértano vezje SRAM simuliramo pri razliénih parametrih
procesa ter vrednostih napetosti in temperature (PVT) ob prisotnosti parazitnih dejavnikov. Te rezultate primerjamo z drugimi predhodno objavijenimi rezultati.
Ugotovimo, da dosezemo minimalni bralni Cas 4.26ns. Vezje SRAM lahko deluje z najvedjo frekvenco 220MHz v dvovhodnem nacinu, pri demer porabi
najmanj 31mW ter je zmozno ohraniti podatke tudi pri napajalni napetosti 0.1V. Poraba moci v stanju pripravijenosti je 80nW. Powrsina vezja je 115mm?Z.

Section 2 of this paper discusses circuit design and circuit

1 Introduction
techniques used for the SRAM. Characteristics of the de-

Large portion of modern digital chips are occupied by mem-
ory and its capacity is forecasted to further increase in the
new era of System on Chip (SoC). Hence high density while
maintaining high-speed memory design is urgently need-
ed by the semiconductor industry especially due to a great
demand for cache applications in very fast processors.
Concurrently, VLSI circuit designers also have to take power
consumption problem into consideration due to the in-
creased integration and operating frequency. In addition,
portable equipment such as laptop computers, PDAs and
cellular phones are more widely used nowadays and this
raises the importance of low power design for longer bat-
tery operation /1/,/2/. This paper aims at exploring and
implementing high speed and power savings techniques
into memory design to overcome speed degradation and
high power dissipation issues caused by large memory ca-
pacity.

This paper describes a 1-Mb SRAM with 64K words x 16-
bit organization. The SRAM operates properly with the sup-
ply voltage of 1.5V in order to support portable equipment
running on 1.5V batteries. A minimum 4.6ns access time
and 31mW active power have been achieved by Hierarchi-
cal Word Decoding architecture, current-mode technique
and pulse-mode technique. The proposed SRAM has four
operation modes - active read mode, active write mode,
active duak-port mode and standby mode.

signed SRAM and brief performance comparisons with
other published works are presented in Section 3. This
paper is concluded in Section 4.

2  Circuit Design & Techniques

2.1 Chip Architecture & Hierarchical Word
Decoding

HWD architecture reduces latency by accessing smaller
memory blocks. The principle in this technique is to parti-
tion memory array into several portions and to map these
portions to different physical memory banks that can be
selected or deselected independently. Also, it reduces
power dissipation by shutting down portions that are not
accessed potentially /3/.

The overall block diagram of the SRAM is illustrated in Fig-
ure 1. A 1-Mb memory array is partitioned into four quad-
rants and each quadrant contains eight 32Kb local blocks.
Each local block contains 256 rows and 128 columns of
memory cells. Row select word-line has a three-level hier-
archical structure, which are global word-lines, sub-global
word-lines and local word-lines. All quadrants are connect-
ed to an 1/0 block that contains data, signal and address
input buffers, data cutput multiplexers and data output
buffers. Tapered buffers with large current driving capabil-
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ity are used. Control block contains Address Transition
Detection (ATD) circuit and global control circuitry. The pre-
decoder, global row decoder, sub-global row decoder and
local row decoder works together to generate row select
signals for the local blocks. Global row decoder contains
a 2-to-4 decoder that selects one out of the four quad-
rants. Sub-global row decoder contains a 3-t0-8 decoder
that selects one out of the eight local blocks. Local row
decoder contains buffers that drive the large word-line
capacitive load. A pre-decoding stage is used to reduce
transistors count and decoding delay. Two sets of decod-
er were placed to support dual-port design.

gf Giceijitry

Coturon Circuilry
Seasp Ampllifier apd Write Cirduitry
Sensp Ampiifior and Write Cirduitey
Calumn Circuifry

Mamory Core
(266 rows X 128 columns X 2 sets)

$ub-Giobat Read
Row Decoder

Macro 2

Pralchargh Circyitry

1f0 Biock Sub-Giobal Write
Control Block Row Decoder
Pro-decodsr
Global Row Decoder

Sub-Global Write
Row Decoder

Memory Core

Memory Core
(256 rows X 128 columns X 2 sets)

(256 rows X 128 columns X 2 sets) Sub-Giobat Raad
Row Decader

Macro 3 Macro ¢

Fig. 1. Overall Block Diagram of 1Mb SRAM

Row select signals are distributed to 32 local blocks. These
signals can be ensured to arrive at different blocks with
similar delay by using Balanced Path H- Tree or X-Tree Sig-
naling technique. H-Tree signaling technique was chosen

for this paper. It is particularly useful for regular array net-
works as the loading of each node leaf is equal.

Figure 2 shows the HWD decoding stages for read and
write decoders. Read/write enable signal is ANDed with
ATD signal at the very beginning of decoding stage to avoid
instantiating internal operation when SRAM is disabled and
thus save power. The SRAM is also implemented advanced
read function implicitly. When read memory instruction with
same address is assigned to the SRAM subsequently, the
ATD circuit stops generating control pulse and thus no in-
ternal operation will occur. Instead, previous data outputs
are used and this contributes to more power savings.

2.2 Current-mode Sensing & Writing
Technique

Voltage-mode sense amplifier senses differential voltage
in the bit-lines and convert it to full-rail swing output. Volt-
age-mode write circuitry puils down bit-lines voltage to
certain voltage level that can overpower the memory cell.
These voltage-mode circuitries can cause large bit-line
voltage swing and hence power dissipation problem. Also,
speed degradation is another problem as the discharging
delay for pulling down bit-lines voltage is long especially
when the bit-line capacitance is large. Other than that, a
long period is required to restore bit-lines voltage after every
operation.

To avoid these problems, current-mode technique is im-
plemented forthe SRAM in this paper. It was first proposed
by /4/. The main idea is to use a low-resistance current-
signal circuit to reduce voltage swing on the long transmis-
sion line and to avoid speed degradation problem caused
by signal delay in the high capacitive interconnect. Delay
of current-mode circuitry is insensitive to bit-line and data-
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Fig. 2: (a) HWD Read Decoding Stages (b) HWD Write Decoding Stages
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line capacitance /3/,/5/. In addition, it helps to reduce
coupling noise to the adjacent bit-lines as bit-lines voltage
swing is minimized.

Figure 3 shows a block diagram that describes the inter-
nal structure of the local 32Kb memory block that imple-
ments current-mode technique. Two sets of local row de-
coder and column decoder have been placed to support
the dual-port feature. Column selector and current con-
veyor pass data in electrical forms to the local output cir-
cuitry. Column selector determines which column is se-
lected for operation. Current conveyor acts like a current
signals transmitter and is part of the current-mode circuit-
ry. Local data output circuitry has a current-mode sense
amplifier, output latch and tapered buffers. Local data in-
put circuitry has a current-mode write circuitry and tapered
buffers. Write circuitry translates input data into recognized
electrical signals to modify memory cell's data.
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256x128 bits
Memory Cells Array

!
H
1
!
¥
i
'
i
1
ll
L)
1
I
;
t
Local : 2048 {186 bits per word) 256 Local
Write Row |- 4 4 Read Row
Decoder ! Decoder
1
1
i
; e Column Selector &
H Current Conveyor
!
X ! 3 .
) 6 18
'
3 ! Local Outpuf::
! : s Clrcgury ‘
!
| DUy W =
Write Read
Column Column
Decoder Degcoder
Internal Geperated Local Block
Comntrol Signals

Control Circuitry

Internal Generated Read/Write
Control Signal Puises

Fig. 3: Block Diagram of Local Memory Block

Figure 4 shows the bit-line peripheral circuits. It includes
7T memory cell, per-charge circuitry, current conveyor and
column selector. 7T memory cell is used to implement
current-mode writing technique. An additional equalization
transistor is added and it forms a write port whereas the
access transistors form a read port. The Source terminals
of the PMOS transistors are connected to two common
voltage lines that are called write bit-lines. These bit-lines
connect pre-charge circuitry and other memory cells of
the same column. PMOS-based pre-charge circuitry is
used and is biased in linear region. No external control
signal is supplied to the pre-charge circuitry as bit-lines
capacitance is not needed to be discharged. Two sets of

pre-charge circuitry are placed to support dual-port de-
sign. Atwo-input two-output PMOS-based current conveyor
based on Caprio's bipolar cross-coupled quad circuit is
used to implement current-mode technique /4/. This cur-
rent conveyor forms a virtual short-circuit to the bit-lines
and transports currents to the inputs of Clamped Data Line
Sense Amplifier. In addition, it also serves as a column
selector circuit. Current conveyor consists of four PMOSs
and all transistors must be of equal size to create similar
voltage level at input nodes of the circuit. Also, it contains
an additional equalization transistor to solve the pattern-
dependant problem /5/. Column equalization signal ena-
ble this transistor after every read operation. All the PMOS
transistors in the current conveyor circuit operate in satu-
ration region.
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\\ 7z
i Common Data Lines

To Current-mode Write Circuitry
Fig. 4: Bitdline Peripheral Circuits

In general, current-mode sensing circuit is composed of
currenttransporting circuit and current-to-voltage convert-
er. A current transporting circuit or current conveyor is re-
quired to have two characteristics - low input resistance
and unity current gain. Its main function is to transport dif-
ferential currents from bit-lines to common data-lines when
a memory column is selected. A current-to-voltage con-
verter senses the differential input currents and convert
these differential signals to a full swing CMOS voltage.
Clamped Data Line Sense Amplifier (CDLSA) circuit topol-
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ogy is chosen in this paper /6/. Figure 5 shows the tran-
sistor-level circuit of CDLSA. it clamps the data-lines using
two NMOS transistors (M5 & M6) that are tied to ground
and forces it to a voltage level closed to ground to provide
virtual short-circuit feature. It also contains a cross-cou-
pled inverter M1-M4 that provides complementary outputs.
It has an equalization NMOS, Meq, that drives the cross-
coupled inverter to meta-stable state during equalization
phase.
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Fig. 5: Clamped Data Line Sense Amplifier

The circuit operates in two phases: equalization phase and
sensing phase. During equalization phase, sense amplifi-
er equalization signal (sa_eq) is pulled high to equalize
voltage at node A and node B. The signal is disabled to
start the sensing phase after sufficient differential currents
are built up. M3 and M4 sources the differential currents
into sense amplifier output nodes. Then, the small parasit-
ic capacitance at output nodes are charged to either high-
er or lower voltage level depends on the differential cur-
rents flow in. Cross-coupled inverter forms a positive feed-
back ampilifier to ampilify the differential nodes voltage to
corresponding CMOS voltage level.

The SRAM implements current-mode writing technique that
was proposed by /7/. The proposed technique has a lim-
itation where size of the row of a memory block must equal
to SRAM word size. In this paper, row decoder and local
control circuit have been redesigned so that the write cir-
cuitry can perform operation to the chosen columns only.
The column select signal is ANDed with row select signal
before reaching memory cell's write port. Figure 6 shows
the transistor-level circuit of current-mode write circuitry
and its circuit operation. Current-mode write operation can
be achieved by loading differential currents into storage
nodes of memory cell through the write bit-lines. This cir-
cuit operates in two phases: equalization phase and evalu-
ation phase. Before equalization phase begins, write ena-
ble signal arrives earlier and either M8 or M9 is turned
ON. [f M9 is turned ON, current flows through M9 to ground
and causes current flowing into the storage node becomes
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lesser. During equalization phase, write equalization sig-
nal turns ON M7 and the storage nodes are forced to a
voltage level closed to ¥, /2. As M3 and M5 sources dif-
ferent currents, nodes capacitance is charged to different
voltage levels. During evaluation phase, M7 is disabled and
the differential voltage between two nodes is amplified to
full swing CMOS voltage level. M10-M13 are placed as
shown in Figure 6 to pass both high and low input voltages
effectively and hence M8-M9 can be biased to operate in
either saturation region or cut-off region.
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Fig. 6: Current-mode Write Circuitry

2.3 Pulse-mode Technique & ATD Circuit

Pulse-mode technique is one of the two most commonly
used techniques in reducing dc current /8/. When exter-
nal clock signal is used for generating internal control sig-
nals, the circuit is turned on every cycle yet no operation is
requested. Besides that, the clock cycle period might be
too long for an operation to complete. As a result, asyn-
chronous SRAM design using Address Transition Detec-
tion (ATD) circuitry is invented to reduce power consump-
tion by supplying pulse signals to the internal circuitries.

A simple ATD circuit together with the ATD pulse signal
waveform is shown in Figure 7. The main function of ATD is
to generate a pulse whenever a transition of address sig-
nal is triggered. Duration of the ATD pulse is determined
by the delay element in ATD circuit. The delay element cir-
cuitis designed such that pulse duration will be just enough
for an SRAM operation to complete. In orderto generate
pulses of similar pulse width under various conditions,
modified Schmitt Trigger delay circuit is used as the delay
element. It uses capacitors to control the delay time. This
design can generate different delay by altering the size of
capacitor /9/. The transistor-level circuit of delay circuit is
shown in Figure 8.
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Pseudo-NMOS is implemented to perform NOR operation
to the 17 inputs (Refer to Figure 9). Pseudo-NMOS also
avoids the series connection of PMOS transistors and re-
duces transistor count. However, this design suffers from
reduced noise margin and high static power dissipation.
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Fig. 9: Pseudo NMOS OR gate ATD

3 RAM performance

The SRAM was validated under various process, voltage
and temperature (PVT) corners as listed in Table 1. Stimu-
lus was setup so that a write operation was performed first
followed by a dual-port operation and then a read opera-
tion.

Table 1: Simulation Conditions for TMb SRAM

Supply Voltage 1.4V - 1.6V
Temperature 25°C - 85°C
Process Corner TT,FE,FS,SF,SS
Input Signal Slope

(10% - 90%) 80ps - 400ps
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Fig. 10: (a) Simulation Waveform of 1Mb SRAM (b) Delay Measurement
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Fig. 11: Data Retention Analysis

Simulation waveform is shown in Figure 10(a) together with
the minimum delay measurement shown in Figure 10b.
Minimum read access delay, decoding delay, sensing de-
lay and output MUX delay were measured as 4.26ns,
2.34ns, 0.93ns and 0.98ns, respectively. The maximum
operating frequency is 220MHz@FF 25°C, 1.5V, and the
typical operating frequency is 160MHz@TT, 1.5V. In con-
trast to the voltage-mode SRAMs, the designed SRAM has
omitted two delay stages. They are bit-line/circuit recov-
ery delay and discharging delay. Minimum average active
current for read cycle is 13.35mA, write cycle is 13.52mA
and dual-port cycle is 20.75mA.

Data retention analysis was performed and the simulation
waveform is shown in Figure 11. It is used to measure the
minimum supply voltage for which the designed memory
cell can still retain the stored data. From simulations, it is
found that the memory cell is able to retain data even the
supply voltage is ramped from 1.5V to 0.1V across all skews
with varied temperature. Minimum standby current at 0.1V
supply voltage is 0.8pA. Therefore, standby power can be
reduced significantly by lowering the supply voltage during
suspend mode. However, additional voltage down convert-
er (VDC) circuit is needed to downgrade the supply volt-
age to 0.1V.

Compared to other published papers on SRAM design,
this project is projected to achieve smalier read access
defay and lower active power. The read access delay com-
parison is shown in Table 2 and active power consumption
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comparison is shown in Table 3. The major characteristics
of the SRAM are summarized in Table 4.

Table 2: Read Access Delay Comparison

03pum | 0.35um | 0.5um
3V 3V 3.3V

Current| Current | Voltage
Mode | Mode | Mode

IMb | 256Kb 4Mb
Tns 9ns 25ns

iject
0.25um
15V R\ 5y .
150 100/ 100 | 100
IMb | IMb | IMb | 256Kb
élif?fﬁ) 140mW| 260mW | 84mW

Table 4: Characteristics of SRAM

Organization 64K words x 16-bit
Power Supply Voltage 1.5+0.1V
Operating Frequency Ma>§: 220MHz
Typical: 160MHz
Read Access Time E\F/;;cilzgng 4ns

Read: 13.35mA
Write: 13.52mA
Dual-Port: 20.75mA

Typical ;
Read: 21.13mA

Write: 23.18mA
Dual-Port: 29.75mA

Min Data Retention Voltage |0.1V

Min: 0.8uA
Typical: 6.2p1A

~ 11.5mm x 10mm

100ps - 500ps

Average Active Current

Standby Current@0.1V

Die Size

Tested Input Signal Slope
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4 Conclusions

An example for a design of an asynchronous dual-port
1-Mb CMOS SRAM with 64K words x 16-bit organization
has been presented. The SRAM employs various low-pow-
er SRAM design techniques and is capable of performing
read and write operations simultaneously. Hierarchical
Word Decoding has been implemented at architecture-level
to reduce decoding delay needed for large memory array.
At circuit-level, the proposed SRAM implements current-
mode techniques for both read and write operation. Pow-
er consumption can be further reduced by using pulse-
mode technique together with the ATD circuit.
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WAVELET BASED NOISE REMOVAL FROM EMG SIGNALS
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Abstract: Wavelet transform has been applied in this research for removing noise from the surface electromyography signal (SEMG). The effectiveness of
the noise removal is quantitatively measured using Root Mean Square (RMS) Error. This paper reports on the effectiveness of the wavelet transform
applied to the SEMG signal as means of removing noise to retrieve information related to muscle contraction and nerve system. Power spectrum analysis
has been applied to SEMG signals where mean power frequency was calculated to indicate changes in muscle contraction. Wavelet based noise removal
and power spectrum analysis on the EMG signal from the right “biceps brachii” muscle was performed using four wavelet functions. With the appropriate
choice of the wavelet function (WF), it is possible to remove noise effectively to analyze SEMG significantly. Results show that WFs Daubechies (db2)
provide the best noise removal from the raw SEMG signals among other WFs Daubechies (db6, db8) and orthogonal Meyer. The algorithm is intended for
FPGA implementation of portable bio medical equipments to detect neuromuscular disease and muscle fatigue.

Odprava suma iz EMG signalov z valéno tranformacijo

Kjuéne besede: odstranjevanje 8uma, srednja frekvenca suma, SEMG, val¢na tranformacija

Izvlegek: V prispevku opisemo uporabo valéne transformacije za odpravo $uma iz signala SEMG (Surface ElectroMyography Signal) z namenom pridobiti
informacijo o povezavi med kréenjem misice in Zivénim sistemom. Ucinkovitost metode kvantitativno izmerimo z izracunom RMS napake pri odpravi Suma.
Za odpravo $uma iz EMG signala desne miSice "biceps brachii” smo uporabili $tiri valéne funkcije. Rezultati kaZejo, da s funkcijo Daubechies (db2)

dosezemo najboljse rezultate med izbranimi (db6, db8 in ortogonalna Mayer funkeija). Algoritem nameravamo v koncéni fazi implementirati v vezje FPGA za

1. Introduction

EMG signal represents the electrical activity of muscles to
gather information about muscular and nervous systems.
It is commonly used in diagnosis of muscle weakness, mus-
cle fatigue, nerve damage etc /1/. EMG signals detected
directly from the muscle or from the skin by using surface
electrodes, respectfully, show a train of motor unit action
potentials (MUAP) plus noise. It is difficult to obtain high-
quality electrical signals from EMG sources because the
signals typically have low amplitude (in range of mV) and
are easily corrupted by noise. The simplest way method of
removing narrow bandwidth interference from recorded
signal is to use a linear, recursive digital notch filter. But
the disadvantage of the notch filter is that, it distorts the
signal /2/.

Wavelet-based noise removal is performed in this research
prior to EMG signal analysis. Wavelet denoising (noise re-
moval) has been found effective in denoising a number of
physiological signals /3/. Itis preferred over signal frequency
domain filtering because it tends to preserve signal charac-
teristics even while minimizing noise. This is because a
number of threshold strategies are available, allowing recon-
struction based on selected coefficients /4/.

Itis desired to apply a method of spectral analysis to study
the frequency characteristics of random signals like EMG.
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In the SEMG, recruitment and increase in the firing fre-
quencies are seen as an amplitude increase of the SEMG
signal /5/. Changes in the EMG power spectrum are used
as an indicator of changes in muscle contraction and mus-
cle fatigue for ergonomic purposes /6/.

For this study wavelet functions, Daubechies (db2, db6,
db8) and Meyer (dmey) are used during the wavelet trans-
form for noise removal. These WFs are chosen based on
the shapes of the mother wavelet, which are similar to
MUAP /3, 7/. RMS Error was calculated to measure the
effectiveness of the noise removal using these wavelets.
As atool for analyzing frequency components of the EMG
signals, Fast Fourier Transform (FFT) is considered. A su-
perposed EMG signal can be considered as summation of
sine waves with different frequency velocity. The FFT algo-
rithm is described as a decomposition of the EMG signal
to its underlined sinus contents. Within applied EMG fre-
guency analysis the most important parameters are the
mean and median.

Results show that, WFs db6, db8 and dmey show similar
kind of RMS error indicating that they perform similar kind
of noise removal for SEMG. Meanwhile, WF db2 presents
less RMS error compared to the other three WFs, result-
ing better noise removal for the EMG signal. The effective-
ness was observed more clearly while analyzing the pow-
er spectrum properties of the SEMG signals.
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2. Methodology

For this experiment, 6 separate EMG data files were used.
The sample raw EMG signals of a subject from University
Kebangsaan Malaysia are used for the simulation of the
algorithm. SEMG was recorded from the left "biceps bra-
chii” muscle of a normal subject aged 22. All analog chan-
nels are recorded at 1000 samples per second. Two sur-
face electrodes were used to capture the raw EMG sig-
nals and the distance between the electrodes were 3.5
inches. SEMG signal was captured during the subjects rest
position, light contraction level, strong contraction level and
contraction with load (weight 1 kg).

These SEMG signals were denoised using discrete wave-
let transform (DWT) and a threshold method. The DWT and
threshold based denoising was implemented using MAT-
LAB Wavelet toolbox. Mean frequency from the power
spectrum was calculated to estimate the muscle contrac-
tion at various muscle contraction stages. Fig. 1 shows

the flow of the algorithm.
Wavelet EMGQG after ,| Power Spectrum
SEMG ? Denoising ? Denoising Analysis

Fig. 1 Algorithm flow

A. Wavelet Denoising

Wavelets commonly used for denoising biomedical signals
include the Daubechies ‘db2’, ‘db8’ and ‘db6’ wavelets and
orthogonal Meyer wavelet. The wavelets are generally cho-
sen whose shapes are similar to those of the MUAP /3/.
Fig. 2 gives the process of noise removal using wavelet
transform.

Wavelet ./~ Threshold , Wavelet SEMG after
SEMG ™ Decomposition Method Reconstruction noise removall

Fig. 2  Wavelet denoising method

Wavelet decomposition: The WT decomposes a signal
into several multi-resolution components according to a
basic function called the wavelet function. Filters are one
of the most widely used signal processing functions. The
resolution of the signal, which is a measure of the amount
of detail information in the signal, is determined by the fil-
tering operations, and the scale is determined by upsam-
pling and downsampling (subsampling) operations. The
DWT is computed by successive lowpass and highpass
filtering of the discrete time-domain signal as shown in Fig.
3. In the figure, the signal is denoted by the sequence
x[nl, where n is an integer. The low pass filter is denoted
by Go while the high pass filter is denoted by Ho. At each
level, the high pass filter produces detail information, din],
while the low pass filter associated with scaling function
produces coarse approximations, aln]. With this approach,
the time resolution becomes arbitrarily good at high fre-
quencies, while the frequency resolution becomes arbi-
trarily good at low frequencies.

3 3 CHEY]
Xfuj { ] » d.fu]
T T T
S P

Fig. 3 Three level wavelet decomposition tree

Threshold method: Suppose that the contaminated sig-
nal f equals the SEMG signal s plus the noise signal n. The
threshold method is applied as followed:

1. The energy of the original signal s is effectively cap-
tured, fo a high percentage, by transform values whose
magnitude are all greater than a threshold, Ts >0.

2. The noise signal’'s transform values all have the mag-
nitudes while lie below a noise threshold T, satisfy
Tn < T54

Then the noise in f can be removed by thresholding its
transform. All values of its transform whose magnitude lies
below the noise threshold T, are set equal to 0.

Signal reconstruction: An inverse transform is per-
formed, providing a good approximation of f. The recon-
struction is the reverse process of decomposition. The
approximation and detail coefficients at every level are
upsampled by two, passed through the low pass and high
pass synthesis filters and then added. This processis con-
tinued through the same number of levels as in the de-
compasition process to obtain the original signal.

B. RMS Error Calculation

The RMS Error of the contaminated signal f compared with
the original signal s is defined by equation 1.

RMS Error= (fl'51)+(f2‘3]:i[)+~~~+(f1v"51v) (1)

The RMS Error was calculated for the four WFs where f is
the raw SEMG signal and s is the signal after denoising. N
is the number of samples.

C. Power Spectrum Analysis

Power Spectrum Analysis: The power spectrum (PS)
was obtained using fast Fourier transform (FFT) techniques.
Hanning window was used with a 256 point FFT. The mean
power frequency was obtained from equation 2.

_ 1 /PS(hydf
pf‘me(m J‘PS(f)df (2)

3. Results and discussion

Wavelet denoising method is applied to SEMG signal at
various muscle contraction stages (rest, light contraction,
strong contraction and contraction with load). RMS Error
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was calculated for each of the WFs (db2, db6, db8 and
dmey) during all the muscle contraction states, which are

given by table 1.

Table. 1 RMS error of SEMG signal at various stages

using four WFs

Muscle Stage db2 db6 db8 dmey

Rest 0.005 0.005 0.005 0.005

Light 0.0162 0.0166 0.0166 0.0163
Strong 0.0279 0.0281 0.027 0.0272
Load (Start Point) 0.0632 0.0641 0.0621 0.0608
Load (Mid Point) 0.0795 0.0826 0.0801 0.0811
Load (Fatigue Point) 0.0388 0.0385 0.0385 0.0391

Similar kind of RMS Error is found using db6, db8 and
dmey. RMS Error is less using db2 compared to the other
WFs, which means that it is more effective during the noise
removal process. Fig. 4 illustrates the result of denoising
method using db2 with 4 levels of decomposition for a
sample SEMG signal.

Amplitude (Raw)

i ] i i i i
"o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Sample

e

Armplitude (Denoised)

L I
1000 1500 2000 2500 3000 3500 4000 4500 5000
Sample

.2
0 500

Fig. 4  Noisy SEMG from "Biceps Brachii” muscle (top)
and result of wavelet denoising performed using
the ‘db2’ wavelet with 4 levels of decomposition

(bottom)

The mean power spectrum was calculated for the analysis
of SEMG signal. According to the study by Hagberg and
Ericson, mean power frequency was lower at low contrac-
tion levels when compared with high contraction levels
/8/. Moritani et al. also obtained similar results where
significant increase in SEMG amplitude and mean power
frequency were found with increasing force /9/. It is also
shown that during muscle fatigue, the power spectrum of
SEMG shows a shift to lower frequencies /10/. Mean/
Median frequency is used to quantify this shift. The cause
of this is related to the changes in the MU and changes in
the firing characteristics of the MU. The analysis performed
in this study also shows that mean power frequency in-
creased with increase of muscle contraction. Fatigue was
also noticed by observing a shift to lower frequencies in
the power spectrum. Fig. 5 shows the mean power fre-
quency of SEMG signal at the various muscle contraction
stages using the WFs. According to the figure, mean pow-
er frequency for all four WFs increased from rest stage to
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strong muscle contraction stage. The contraction further
increased when the load was added. However, mean power
frequency dropped from the initial load stage to the end of
the muscle contraction indicating muscle fatigue. The ef-
fectiveness of noise removal using WF db2 is also clear in
fig. 5 where the curve shows higher mean power frequen-
cy for the SEMG signal which gives a better representa-
tion of muscle contraction during at higher muscle con-
traction stages.
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Fig. 5 Mean power frequency of SEMG signal at
various muscle contraction stages using the
WFs

4. Conclusion

Wavelet based noise removal has the added advantage
that it is fast and easy to implement. Wavelet theory has
already enjoyed great success in other biomedical signal
processing, and expected to provide a powerful comple-
ment to conventional noise-removal techniques (such as
notch filters and frequency domain filtering as mentioned
earlier) for EMG signals. All four WFs can effectively re-
move noise from SEMG signal but according to this re-
search, WF db2 is found to be most efficient for removing
noise from SEMG signal. The wavelet based noise remov-
altechnigue proposed in this research can be used for the
analysis and characterization of EMG signal to understand
muscle contraction significantly.

VHDL, a hardware description language, will be used to
model the algorithm, which will be followed by extensive
testing and simulation to verify the functionality of the algo-
rithm that allows efficient FPGA implementation. The chip
will be cost effective, portable and robust for a portable
EMG related biomedical equipments.
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Abstract: We developed sensors for measurement of the angle of joint deflection in tremor type joint movements. Two hand tremor measuring configura-
tions that measure hand tremor amplitude with reference to the joint involved in tremor movement were evaluated. The shape of tremor sensors could be
adapted to fit the contour of a specific joint. This modification did not degrade the sensor's sensitivity or dynamic range. We conclude that this method
reduces between-subjects and within-subject variability of hand tremor measurements and also locates the hand muscle groups that are most active in
tremor movement thus enabling their local treatment.

Tipala za merjenje s tremorjem povzro¢enih gibov v sklepih

Kju€ne besede: tremor, Parkinsonova bolezen, gib v sklepu, apomorfin, tipalo

Izvle€ek: Razvili smo tipala za merjenje kota upogiba v sklepih okonéin, ki ga povzroda tremor. Z meritvami tremorja v zapestju in v prstu smo preverili
delovanje dveh merilnih sistemov, ki sta bila opremljena z omenjenimi tipali. Obliko in velikost merilnih sistemov smo prilagodili ergonomiji merjenega

sklepa. Taka prilagoditev ni omejila ob¢utljivosti in merilnega obmocija tipal. Zakljucujemo, da predstavlijena metoda za merjenje tremorja, v primerjavi z

1 Introduction

Tremoris a rhythmic, involuntary oscillatory movement of a
body part /1/. It is characterized by tremor amplitude and
frequency. Identification of a specific type of tremor re-
quires tremor amplitude assessment during different states
of the body; during rest, active movement and posture of
the affected body part. With the exception of primary or-
thostatic tremor, tremor frequency cannot determine the
type of tremor since the frequencies of many tremor types
overlap. Tremor can be assessed with a variety of tech-
niques including clinical rating scales /2,3/, multichannel
calibrated accelerometry /4/, electromyography /5/,
multidimensional electromagnetic systems /6,7/, video
image processing /8,9/, spirography /10/ and functional
performance tests /11/. Clinical rating scales for exam-
ple, Unified Parkinson’s Disease Rating Scale (UPDRS) or
Tremor Research Group Rating Scale (TRGRS), are still
the most commonly used methods for tremor assessment
in the clinical setting /12/. On the one hand clinical rating
scales are only semi quantitative and prone to interobserv-
er variability, but on the other instrumental measurement
methods are complex, often unavailable for ambulatory
patient assessment and adapted for a specific type of trem-
or /12/. Instrumental methods enable an accurate (0.1
mm amplitude resolution and frequency accuracy of 0.1
Hz) /6,9/ and long term tremor assessment (24 hours or
more) /4/ but still measure tremor amplitude in the same
way as clinical rating scales -~ by measuring displacement
of a body part without reference to the joint movement that
is responsible for tremor movement.
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All healthy people experience some normal, transient trem-
or during their lifetime. The most common disease related
(pathological) tremors are drug induced tremor, parkinso-
nian tremor and tremor associated with multiple sclerosis.
Parkinson’s disease (PD) is a progressive degenerative
disorder of the central nervous system with tremor being
one of its four main features /13/. Tremor is usually con-
tributed to Parkinson’s disease (PD) if the patient has any
form of pathological tremor and fulfils the UK brain bank
criteria for PD /14/. Rest tremor is the most common form
of tremor in PD and appears in 80-90% of PD patients.
The tremor of PD is usually asymmetrical, usually starting
in the fingers of one hand and spreading proximally to the
wrist and forearm /15/. PD patients experience a consid-
erable variation in tremor amplitude in time, but a patient's
tremor frequency is constant. Tremor frequency in PD pa-
tients ranges from 3 to 11 Hz, but is usually between 4 Hz
to6 Hz /1/.

Dopamine replacement therapy is the most common form
of PD treatment. Apomorphine is used for testing patient
responsiveness to dopamine replacement therapy (apo-
morphine test) and for treatment of patients with advanced
PD /16/. Since PD is a progressive, chronic disease, the
patient's medical condition has to be regularly monitored
to achieve a best possible balance between an attenua-
tion of PD clinical signs (e.g. tremor) and symptoms and
drug side effects. Local treatment of PD tremor, for exam-
ple hand tremor, can be achieved with botulinum toxin in-
jections /17 /. This type of treatment is possible only if the
muscles that contribute most to tremor movement are iden-
tified.



S. Ribari¢, J. Rozman:
Sensors for measurement of tremor type joint movements

Informacije MIDEM 37(2007)2, str. 98-104

The objective of this study was to develop a method for
hand tremor measurements in ambulatory patients with PD.
To achieve this objective we tested two hand tremor meas-
uring configurations and evaluated rest tremor in PD pa-
tients before and after treatment with apomorphine, a
dopaminergic agonist.

2 Methods

Two methods were used to attach the sensors to the hand
- configurations 1 and 2. In configuration 1, one end of the
sensor was mounted on a rigid glove and the second end

Fig. 1:  Hand tremor sensor configuration 1 in four
views top view (a), side views (b,c) and front
view(d).

rested on a steel ring (Figure 1). The glove was made of a
non-toxic, non-allergic epoxy resin for medical use. Sen-
sors were attached to the glove with brass screws and were
positioned over the steel ring with aluminum spacers (Fig-
ure 2). In configuration 2, sensors were placed directly
over the measured joints and secured to the skin with a
strong waterproof adhesive tape (Figure 3). Tremor sen-
sors were designed and developed by research company
{TIS d.o.o. Ljubljana, Slovenia. Each sensor was essen-
tially a complete Wheatstone bridge consisting of four force
transducers glued onto a stainless steel strip. Technical
details of both sensors are summarized in Table 1.

Table 1: Technical characteristics of sensors type 1 and
type 2.

type 1 type 2

full Wheatstone bridge consisting | full Wheatstone bridge consisting

sensor type
of four force transducers of four force transducers

sensor material semiconductive material metal foil

Celesco, USA Hottinger Baldwin Messtechnik

GMBH, Germany

manufacturer

product code P05-02-300 1-LY41-10/700
unominal resistance 500 Q 7000 +03%
cenversion factor = 10 2,081 %

glue for Micromeasurements, USA Hottinger Baldwin Messtechnik

attachemnet to the M-bond 610 GMBH, Germany
steel support EP 250

The shape and size of tremor sensors was adjusted to fit
the joint contour. Such alterations changed their mechan-
ical properties {voltage output and resonance frequency)
and required the sensors to be calibrated individually. Sen-
sors in configuration 1 were of two types; a pair of shorter
sensors for finger tremor measurement (sensors type 1A)
and a second pair of longer sensors for recording wrist
joint movement (sensors type 1B). In configuration 2 three
sensors were essentially equal in size, shape and techni-
cal characteristics {sensors type 2B); the shape of the
sensor that measured flexion-extension in the MCP joint
(sensor type 2A) was adapted to fit the joint contour (top
panel in Figure 2). Sensors type 1 and 2 were calibrated
when mounted on the hand.

Tremor induced voltage changes in sensors were ampli-
fied by a custom designed bridge amplifier and stored on
an IBM compatible PC. Analogue to digital (AD) conver-
sion of force transducer signals (sampling rate 100 Hz)
was performed by a 16-bit National Instruments data ac-
quisition card PCl 6036e (National Instruments Corpora-
tion, Austin, TX, USA) with a voltage input range of + 10V,
To determine sensitivity of the measuring setups we meas-
ured the common noise for type 1 and type 2 sensors.

We measured the angle of joint deflection in two degrees
of freedom; during flexion-extension and abduction-adduc-
tion in wrist joint and metacarpophalangeal joint (MCP) of
the 2. (index) finger. Therefore four sensors were used to
measure rest fremor in each hand. Tremor sensors were
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Fig. 2: Details of hand tremor sensor configuration 1:
(a) steel ring for support of sensor S1a, (b) steel
ring for support of tremor sensor Sys, close-up
views of mounted tremor sensor type S1a, (¢)
and tremor sensor type Sig (d).

attached at predefined sites over the wrist and MCP joints
of patients with PD. The sensor's location was inspected
visually so that the sensors at the same joint were perpen-
dicular to each other. We evaluated rest hand tremorin 5
PD patients before and after application of a tremor reduc-
ing drug (i.e. apomorphine (APQ)). Only hand tremors with
frequencies between 3 and 11 Hz were considered to be
associated with PD /1/. An informed written consent was
obtained from each patient. Patients were advised that they

100

Fig. 3:  Hand tremor sensors Szg (a) and Saa (b) in
configuration 2 (c).

were free to terminate the measurements at any time,
should they experience any discomfort. The study proto-
col was approved by the National Medical Ethics Commit-
tee of Slovenia and is in accordance with the Helsinki Dec-
laration of 1975.

3 Results

A sensor's resonance frequency also depends on the sen-
sor's size and shape. The resonance frequencies of sen-
sors 1A, 1B, 2A and 2B range from 15 Hz to 47 Hz (Figure
4).
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Fig. 4: Resonance frequencies of hand tremor sensors

S14, S18, S24 and Saos.

The average common noise (five recordings) of sensors in
configuration 1 and 2 is presented in Figure 5. Common
noise amplitude was below 0.001 V.

0.010
a
0005 e
2
& 0.000 -
8
kS)
>
-0.005
"0010 T T T T ¥ T T T T ¥ T T T T H 13 T T T
390 392 394 396 398 400
time(s)
0.010
7 b
0.005 ~
2 0.000 dr e v
Q
o3 -
8
S -0.005 -
"0010 T T ¥ H T T T T ¥ T ¥ T T T T H T T T
390 392 394 396 398 400
time (s)
Fig. &5:  Average common noise of tremor sensors 1:

dotted line S14, Straight line S1s(a) and tremor
sensors 2: dotted line Sz4, straight line Sag (b).
Each record represents an average of five
measurements.

The voltage change (average of five successive measure-
ments) in tremor sensors 1A, 1B, 2A and 2B, relative to an
angle of joint deflection, is presented in Figure 6. Quad-
ratic correlation between the angle of joint deflection and
the corresponding voltage output of tremor sensors type

Power spectrum (AU)

S1A
S1B

S2a

> 4« C e

T i i T T

eO e1 eZ 83 e4 85
angle of joint deflection (degrees)

Fig. 6: Relationship between the angles of deflection
and power spectra for hand tremor sensors Sia,
S1s, S24 and Sz,

1 and type 2 was established by a series of joint deflec-
tions from 0.1% to 50° (Table 2).

Table 2: Quadratic curve fit of voltage changes at
defined angles of joint deflection for sensors S14, S1s,
Soa and Sap. R? is the relative predictive power of the
quadratic curve fit model. P values are the probability
values that the sensors’ data do not fit the quadratic
curve fit model.

¥ =Pot Prx+pox’
sensor Bo Bi B2 R? P
Sia -6.184 -10.949 19.362 0.999 <0.001
Sis -11.829 5.047 0.188 0.990 <0.001
Saa 0.039 0.034 0.032 0.998 <0.001
Sz -0.261 0.079 0.008 0.994 <0.001

Congruence between the observed hand tremor amplitude
and calculated hand tremor amplitude (calculated from
power spectra of tremor induced voltage changes) was
evaluated by simultaneous visual and instrumental meas-
urements of wrist hand tremor in 5 patients with PD. The
results of this evaluation are presented in Figure 7. The
observed and calculated TRGRS (calculated from power
spectra of tremor sensor voltage changes due to wrist joint
movement) were in a perfect linear correlation (R?=1).

A typical example of a time course of hand tremor ampli-
tude in the wrist joint and finger joint after APO application
is shown in Figure 8.
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with Parkinson’s disease. The observed and
calculated TRGRS (calculated from power
spectra of tremor sensor voltage changes due
to wrist joint movement) are in a perfect linear
correlation. TRGRS scale: 0 = tremor not
observed on visual inspection, 1 =tremor barely
observed; 1.5 = tremor amplitude below 10 mm;
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50-99mm; 3.5 = tremor amplitude 100- 199 mm.
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Discussion

We developed and tested two hand tremor measuring con-
figurations (1 and 2) that measure hand tremor amplitude
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with reference to the joint involved in tremor movement,
thus reducing between-subjects and within-subject varia-
bility of hand tremor measurements. Tremor sensors in
configuration 1 had a higher resonance frequency than in
configuration 2. Therefore configuration 1 sensors can
measure all types of tremor including primary orthostatic
tremor with a frequency of up to 20 Hz /1/. The average
rest tremor frequency in our PD patientswas 4.5 + 0.3 Hz
(average + SD). Tremor frequency in patients with PD is
constant, usually between 4 and 6 Hz, and exceptionally
up to 11 Hz /1/. Therefore the resonance frequency of
type 1 and type 2 sensors did not interfere with tremor
evaluation in PD patients. The typical upper frequency
range of most tremors, with the exception of primary or-
thostatic tremor, is below 12 Hz; therefore, as far as sen-
sor resonance is concerned, sensors in configuration 2
are appropriate for measurement of most types of hand
tremor. Compared to tremor sensors in configuration 2,
tremor sensors in configuration 1 gave a higher voltage
output for a given angle of deflection. This was due to a
relatively high degree of sensor bending in configuration
1, to adapt the sensor shape to a specific hand contour.
Configuration 2 had two major advantages over configura-
tion 1: (i) a smaller voltage output for a given angle of de-
flection enables measurement of large angles at the same
voltage input settings (+ 10 V) of an AD data acquisition
board and (ii) hand tremor measurements were not imped-
ed by variations in hand size. In patients with large or small
hands it was difficult to ensure a good fit with sensors in
configuration 1.

Hand tremor amplitude was evaluated by tremor sensors
and clinically with the TRGRS. Both methods were in agree-
ment (Figure 7) when assessing APO induced hand trem-
or changes; the observed and calculated TRGRS were in
a perfect linear correlation. The presented hand tremor
sensors can measure the changes in hand tremor ampli-
tude over time. Figure 8 shows the changes in finger and
wrist tremor amplitude after APO application during a 70
min time window.

Tremor assessment methods can measure clinically unde-
tectable tremor /6,7,8,9/. The presented force transduc-
er tremor evaluation method can also measure clinically
undetectable tremor in PD patients. The absolute limit of
the method's sensitivity is determined by the common noise
amplitude which is one order of magnitude smaller than
the smallest calibrated sensor output voltage amplitude.

Multidimensional evaluations are recommended for assess-
ment of tremor severity in clinical trials /15/. Electromag-
netic devices can track motion with six degrees of free-
dom (translational and rotational) /7,8/. The presented
force transducer method measures joint movement with
two degrees of freedom and provides an effective, simple
and low cost alternative to multidimensional electromag-
netic devices /6,7/ or 3D video tremor evaluation meth-
ods /8,9/ for hand tremor evaluation in PD patients.

The shape of a force transducer tremor sensor can be
adapted to fit the contour of a specific joint (Figure 2,3).
This modification does not degrade the sensor’s sensitivi-
ty or dynamic range but does require recalibration (Figure
6).

5 Conclusions

We developed and tested a tremor evaluation method that
measures hand tremor amplitude with reference to the joint
involved in tremor movement. This method reduces be-
tween-subjects and within-subject variability of hand trem-
or measurements and also locates the hand muscle groups
that are most active in tremor movement thus enabling their
local treatment.
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USING OEE APPROACH FOR IMPROVING
MANUFACTURING PERFORMANCE
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Abstract: Competition and the drive for profit are forcing manufacturing companies to introduce different approaches for improving performance. Be-
cause of its holistic view, the Overall Equipment Effectiveness (OEE) approach is the best for managing operations in the context of cost and efficiency-
focused manufacturing, white it gives managers the information where the equipment is loosing time. In this paper, the concepts of OEE approach
together with the implementation framework are presented. OEE accepted as a key performance indicator and benchmark measure in several machine
and asset-intensive industries, like semiconductor, electronics, pharmaceutical or food industry.

We can conclude from our experiences working with industry, that OEE is a very good measure for monitoring manufacturing performance if all key
parameters are calculated automatically in real time directly from process data. This requirement can be fulfilled by using information technologies (IT),
which provide process equipment connectivity. Using proper [T support, OEE approach provides systematic analysis of equipment utilisation,
efficiency and quality. By continuous real-time OEE monitoring and prompt actions, management can drive the factory towards excellence in operational
performance and lower production costs.

In the article, a conceptual framework for OEE is introduced using a systematic approach with information technology as an enabler. Based on literature
and practical examples, the implementation life-cycle is discussed and critical success factors are outlined. OEE results are interpreted through an
example of a packaging line over a one-week working period. Finally some important aspects of an OEE implementation are outlined and as a conclusion,
the benefits of using OEE in manufacturing companies are described.

IzboljSevanje proizvodne ucinkovitosti s spremljanjem
skupne ucinkovitosti OEE

Kjuéne besede: Merjenje udinkovitosti, [zboliSevanje proizvodne ucinkovitosti, Klju¢ni indikatorji proizvodne ucinkovitosti, Skupna ucinkovitost

Izvle&ek: Vedina proizvodnih sistemov v praksi izvaja proizvodne procese pod priGakovanimi. Pogosto obratujejo z manj$im obsegom proizvodnje, nizjo
produktivnostjo in visjimi stroski. Ker so proizvodna podijetja nenehno pod pritiskom po stalnem zvi$evanju proizvodne ucinkovitosti, so se prav v proizvod-
nem okolju izoblikovale Stevilne managerske metode oziroma pristopi za povecevanje kakovosti in produktivnosti. Ena izmed tovrstnih pristopov je tudi
izradunavanje in spremljanje celovita udinkovitost opreme OEE, ki obravnava (u¢inkovitost) proizvodne opreme na osnovi izratunavanja razpolozljivosti,
zmogljivosti in kakovosti. Ta pristop je zelo razéirjen v visoko-intenzivnih avtomatiziranih industrijskih panogah, med katere sodijo elekironska industrija,
Zivilska industrija, farmacija in druge.

1z lastnih izkusenj lahko povzamemo, da je OEE zelo dobro merilo za spremljanje uc¢inkovitosti proizvodnega procesa ob pogoju, da se Kljucni podatki
izradunavajo v realnem éasu. To zahtevo je mogode izpolniti z uporabo informacijskih tehnologij, ki zagotavijajo povezavo s proizvodnimi napravami. Ob
ustrezni informacijski podpori, OEE metodologija zagotavlja transparentno obravnavo vzrokov za neucinkovitosti in na tak nacin predstavija dobro orodje
proizvodnemu managementu za sprejemanje ukrepov v smeri vedje udinkovitosti tako proizvodne opreme kot celotne tovarne.

V prispevku je predstavljen konceptualen okvir, ki odgovarja na vpradanje, kako se na standardiziran (sistemati¢en) nacin lotiti obvladovanja (ne)ucinkovitosti
in kako pri tem &im bolj udinkovito uporabiti informacijske tehnologije. Na osnovi strokovne literature in primerov iz prakse so opisane kljucne tocke
implementacije, ki podjetjem zagotavljajo rezultate. V zakljucku bodo predstavijeni tudi u¢inki, ki jin proizvodna podjetja lahko dosezejo z uporabo opisanega
pristopa.

2001). It provides the answer how well the manufacturing
equipment is running compared to the ideal plant.

1. Introduction

Recent trends indicate that many manufacturing processes
are not performing as intended, so far as cost effectiveness
in terms of their operation and support is concerned. They

OEE is a function of availability (operating rate), perform-
ance rate, and quality rate. The three dimensions are meas-

often operate at less than full capacity, with low productivity,
and the costs of producing products are high. To manage
the manufacturing (operational) performance, different ap-
proaches can be used. Among them, Overall equipment
effectiveness (OEE) derived from Total Productive Mainte-
nance (TPM) /14,2/ is considered as most widely used set
of performance metrics to analyse the efficiency of a single
machine or an integrated manufacturing system (Hansen,

ures of the equipment losses. Nakajima (1988) defined
six major loss categories: i.e. breakdown losses, set-up
and adjustment losses, minor or idling stoppage losses,
reduced speed losses, defect or rework losses and start-
up losses, that have direct impact on manufacturing per-
formance and consequently also to operational costs. By
reducing or eliminating losses, the management is able to
maximise productivity and optimise operational costs.
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OEE is especially suitable for equipment-intensive manu-
facturing where capacity utilisation is a high priority and
downtimes are expensive in terms of lost capacity /9/ .
Because of its holistic view, OEE is the best for managing
operations in the context of cost and efficiency-focused
manufacturing, while it gives managers the information
where the equipment is loosing time. It is a way to bench-
mark and provide a guantitative feedback on equipment
efficiency. The biggest enabler for getting OEE accepted
as a management tool in practice is the development of
highly automated production equipment and IT technolo-
gies, which enable automatic data collection, such as
downtime events, scrap, etc. and leading to the OEE cal-
culation in real time.

As reported by MESA International, OEE is accepted as
one of the standard KP! (i.e. Key Performance Indicator)
for benchmarking in several machine and asset-intensive
industries, such as electronics equipment, semiconduc-
tor, medical device, pharmaceutical, food and automotive.
In 2001 SEMATECH, the consortium of semiconductor
manufacturers, reported that the relative importance of
OEE improvement in semiconductor industry has grown
significantly and is expected to require 9-15% increment
per year in order to stay on the productivity curve /10/. It
was noted, that the complete semiconductor industry must
move toward highly efficiently factories. A major effort al-
ready underway for OEE improvements has been done in
collaboration with SEMI (Semiconductor Equipment and
Materials International) and resulted in creation of several
guidelines and standards (e.g. E10, E79). Based on OEE
research conducted by Leachman /7/, SEMI! issued a re-
vised standard for measurement of overall equipment effi-
ciency for semiconductor industry /11/.

While machine and assets-intensive industries have used
this metric for quite some time, now managers in discrete
industries are adopting it (modify it) by making it less equip-
ment specific and introducing labour and assembly oper-
ations, OEE becomes more plant-wide representing Overall
Factory Effectiveness /6/.

The paper is organized as follows. First a definition of the
OEE metrics is given, then it is explained how OEE can be
used for driving manufacturing improvements. The third
section will present the framework for OEE implementa-
tion. Atthe end, some open questions about OEE approach
implementation will be discussed and conclusions will be
given.

2. About OEE approach

OEE is a very simple set of metrics to indicate the current
status of a manufacturing process and also a complex tool
allowing managers to understand the effect of the various
events in the manufacturing process. Although OEE is seen
to be defined as standard metrics, it still requires further
modification on classification of losses. A number of au-
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thors have written about the definition and measurement
of OEE /5,8/. Dal et al. /3/ described that OEE appears
differently in various OEE literatures because the levels of
OEE measurement and the factors affected are different
in various business sectors and industries. Thus, a cus-
tomized OEE in different industries or business sectors is
required. The standard OEE metrics background is de-
scribed in the following section.

2.1 OEE metrics definition

From the OEE point of view, the equipment efficiency is
lower than the expected full potential, because of equip-
ment availability and utilization losses: such as breakdowns,
setup and adjustments (i.e. downtime losses), speed loss-
es, small stops, idling (i.e. performance losses) and prod-
uct scrap, low product yields (i.e. guality losses). The role
of management is to maximise effective operating time for
each single piece of equipment while at the same time
reducing or eliminating losses /6/.

The basis for OEE calculation is scheduled operating time
which indicates the overall time scheduled for production
without time for breaks, lunch, planned preventive mainte-
nance or periods, where there is nothing to produce. The
effective operating time is then calculated from scheduled
operating time as represented graphically in Figure 1.

Calendar Time
ToT

Unscheduled:
Time:
UnsehY o

Scheduled Operating Time
SehOT

Downtime
Losses. -

Actual Operating Time
clOT
DownT::

Performance
Losses -
PorlLS

Net Operating Time
NetOT

Quiality”
Losses:
FailedQC

Effective Operating Time
EffoctiveOT

Fig. 1:  Schematic representation of Effective
Operating Time calculation

The impact of different types of losses to manufacturing
performance of a single piece of equipment is measured
through calculating its Operating rate, Performance rate
and Quality rate /4/.

Operating rate or Availability (in %) quantifies equipment
downtime and operating time. Downtime loss includes any
event that stops planned production for an appreciable
length of time. Examples include equipment failures, ma-
terial shortages, and changeover time. They can be clas-
sified as planned (e.g. set-up or changeover time) or un-
planned (e.g. equipment failures). Operating rate is calcu-
lated as follows:

SchOT (AT )~ DownT(AT) _ ActOT(AT)
SchOT(AT) SchOT(AT)

Or(AT)=
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where DownT (AT) is referred to the total time that equip-
ment is not available for production and SchOT(AT) to
scheduled operating time, both calculated for observed
production time period AT.

Performance rate (in %) takes into account speed loss,
which include any factor that cause the equipment to op-
erate at less than the maximum possible speed, when run-
ning. Examples include machine wear, poor materials and
operator inefficiency. Performance rate is calculated as
follows:

Mp(AT)

Pr(AT)=
1) ActOT(AT)- NomCp(AT)

(2)

where Mp(AT) is referred to total production in observed
time, ActOT(AT ) to actual operating time and NomCp(AT)
fo nominal equipment capacity, all calculated for observed
production time period AT.

Quality rate (in %) is a measure of process yield, deter-
mining the amount of product that meets quality require-
ments the first time without adjustments, recycles and so
on. ltis calculated as follows:

Mp(AT )— FailedQC(AT)
Mp(AT)

or(AT)= (3)

where Mp(AT) is the total production in observed time and
FailedQC(AT) the quantity of scrap and rework (prod-

uct). The measurement of quality losses is restricted to
quality losses that are immediately recorded.

The calculation of basic equations defined by (1), (2) and
(3) is simple for equipment which is designed to execute
only one operation. For cases, when two or more opera-
tions can be executed on one type of equipment sequen-
tially or in parallel, the observed parameters for all opera-
tions considering relationships factors are aggregated in a
separate equation /7/.

Overall equipment effectiveness (in %)

To combine all three measures, the metrics for calculating
overall performance (OEE) of a single piece of equipment
(i.e. machine or line) is defined as:

OEE(AT)= Or(AT)- Pr(AT)- Or(AT) (4)

where AT is referred to the observed production time peri-
od. As such, OEE is measured in percentages (%) and
indicates the overall equipment effectiveness. In addition
to the basic formula, some authors /2/ argue to use differ-
ent weights for factors Or, Pr and Qr, while they are not
equally important in all industry sectors. Weighted OEE
metrics is defined as follows:

OEE(AT)=w, - Or(AT )w, - Pr(AT ) w, - Or(AT)  (5)

where w,, 0 < w, <1represents the importance weights for
each individual OEE parameter.

Overall factory effectiveness {in %)

OEE metrics defined by equations ( 4 ) and ( 5 ) are about
achieving excellence in individual equipment. However,
successful analysis of individual machine OEE’s only is not
sufficient, as no machine is isolated in a factory, but oper-
ates in a linked and complex environment. Overall factory
effectiveness (OFE) is about combining activities, the rela-
tionships between different machines and processes, in-
tegrating information, and the decisions and actions across
many independent systems and sub-systems. Several dif-
ferent approaches to OFE can be found in the literature /
6/. The most common and simple ones are straight aver-
age and weighted average methods.

Using straight average method, OFE metrics for the entire
plantis calculated as a product of average values for Or, Pr
and Qr as follows:

>00(67) 3:067) 3 04(67)

OFE(AT)= 12! - :
N N N

where N is the total number of equipment with OEE meas-
uring.

Weighted average method is using weights for separate
piece of equipment and it is calculated as follows:

ivzw, -Or, (AT) iw,. - Pr, (AT) ZN:w,. -Or, (AT)
0FE(AT)= i=1 L=l = L=l P
Seo Sw

i=1 i=i
(7)

M=
E

b

The weights can be set-up using plant production time,
equipment importance for production, etc. Both approach-
es for OFE calculation do not include information on differ-
ent types of equipment connections and dependencies.
More sophisticated approaches incorporate also a so
called equipment coordination factor /6/. Because of their
complexity, these approaches are not widely used in prac-
tice.

The fundamental concept of OEE is not new. By evolution
of new production management strategies, such as lean
manufacturing /13/ along with high-technology produc-
tion equipment and developments in information technol-
ogy (IT), the OEE principles are finding wider application
in the industry.

3. OEE implementation

OEE implementation is connected with two important is-
sues: how to use OEE as a management tool and how to
get accurate data for OEE metrics calculation. The sec-
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ond issue is covered by using appropriate IT, while the first
one has a business context.

3.1 OEE as a management tool

OEE approach concentrates around activities needed for
systematic improvement of production equipment and con-
sequently business results. There are several ways, how
managers can use it as a business tool. The most com-
mon way is to use OEE as a systematic approach to run
actions for improving manufacturing performance. Quite
often, the OEE indicator is also used for benchmark pur-
poses and to drive business decisions /9/.

a. OEE as a systematic approach to run
(continuous) actions for improving manufacturing
performance

The main objective to measure OEE is to make constraint
or bottleneck equipment run more efficiently. OEE and its
individual factors can provide managers real-time informa-
tion to see where the equipment is loosing performance,
i.e. if it has much downtime or speed losses or if the qual-
ity is poor. If the OEE score is below an acceptable bench-
mark, the analysis of its three components can direct the
attention of managers toward downtime and other indica-
tors of poor performance, determine their causes and rec-
tify them. Downtimes are associated to categories, there-
fore reasons and sub-reasons have to be associated. In
this way, the manager is able to properly analyze down-
time categories. The managers’ focus should not be on a
snapshot for a single day, but rather to monitor the trends
in real time and see if improvement efforts actually make
the equipment run more effectively.

b. OEE for benchmarking

Managers can use OEE indicator to benchmark or analyze
it across similar plants to identify best practices /3/. By
comparing the historical and current index against these
benchmarks, managers can gain valuable insights into the
effectiveness of their capital assets (production equipment),
identify bottlenecks and make investment decisions.

According to the literature /9/ the average OEE (AT) score
for production plants is approximately 60% and the best OEE
(AT) is generally considered to be 85% for batch and dis-
crete production plants (Or=> 95%, Qr> 95% and Pr 2 95%j)
and even 95% for continuous ones /1/.

c.OEE for supporting business decisions

OEE can be used with financial metrics such as return on
capital employed (ROCE), to make decisions on whether
to keep a plant open, close it, invest in it, or consolidate it
with another operation /3/.

In all three cases, input data quality for calculating OEE
metrics is the most critical factor to accept OEE approach
as a management tool that brings results. Traditional ap-
proach to OEE is based on manual data entry of downtime
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events by operators into a specialised software applica-
tion. This approach does not guarantee complete and ac-
curate input data. The evolution of high-technology pro-
duction equipment and [T development bring the so called
“bottom-up” approach centred on raw process data ac-
quired from process control equipment or SCADA systems
/12/. By using specialized OEE software products, which
leverages modern technology for real-time data collection,
raw process data are automatically evaluated based on pre-
defined fault models and OEE metrics are calculated and
displayed to the managers. The specialized OEE solution
providers are mainly global companies developing software
for process automation and control, such as GE Fanuc
and Siemens. The main strength of this approach is that all
required data are acquired automatically from the process
in real time and can provide also automatic reasoning about
downtime causes.

3.2 Implementing OEE using information
technologies

Implementing OEE using IT technologies is considered as
a classical software-project approach with its own life cy-
cle. The major stages are the following:

- Requirements and system analysis. Each OEE
project starts with the requirements definition and ex-
tensive analysis from the equipment and efficiency
point of view.

- Downtime modelling. Based on requirements and
analysis, downtime model for each production com-
ponent (under OEE study) is defined. The downtime
model represents the relations between observed raw
process data, downtime events and the root cause
(or causes) of downtime. The relations can be ex-
pressed in terms of expert rules or decision AND-OR
trees, or by using other known modelling techniques
(for example qualitative modelling approach). The
model complexity increases in case of more inter-
connected devices, while their interdependence rep-
resents another dimension of the model. it is impor-
tant to realise, that the accuracy and completeness
of the downtime model plays a key role in correct
downtime detection and classification.

- OEE system specification and design. The purpose
of the specification and design phase is to propose a
complete solution to the OEE by taking into account
the aspects investigated in the previous stages, which
is feasible for implementation.

- Implementation. Implementation is often done by
using specialized configurable and modutar OEE soft-
ware products, which covers the following functional
segments:

a. Processdata collection. Standard interface for
automated production equipment, i.e. a single
machine or production line, provides automated
collection of raw process data to process histo-
rian in realtime. Examples of raw process data
are equipment operating condition (i.e. produc-
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tion line is working, production line is stopped,
etc.), initial and end time of downtime, downtime
location, produced product quantity, scrap, etc.

b. Downtime detection. Using raw process data,
pre-defined downtime models are evaluated in a
real-time. Downtime events are stored to the re-
lational data base automatically together with the
time stamps for start and end.

c. Classification. First, OEE system tries to identi-
fy the root cause (or causes) for downtime auto-
matically from the model. If not possible, the
operator is able to define it manually based on
pre-defined list of possible causes. This task can
be done through a specialized application clients
installed in the production floor. One example of
such OEE production client can be seen at Fig-
ure 2.

Fig. 2: OEE production client

d. OEE metrics calculation. Based on evaluated
downtime events, data about produced products
and scrap, OEE parameters are calculated along
with the OEE metrics automatically. The calcula-
tion is triggered by an event, which is often pro-
duction order start and production order end.
These events are triggered manually by the op-
erators or automatically by appropriate electrical
signal, captured automatically from production
line.

e. OEE visualisation and analysis. OEE indica-
tors together with three separate parameters
Operating rate, Performance Rate and Quality
rate are displayed in a way to be understood by
production managers in real time. The downtime
analysis enables them to explore the causes that
have generated production efficiency losses. in
such a way, managers are able to understand
where the factory bottlenecks are and which are
the real downtime reasons, and allow them to
react accordingly. Often, OEE monitoring is per-
formed using web application client or modern
communication devices such as GSM, PDA etc.

One example of such OEE visualisation client can
be seen at Figure 3.
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Fig. 3: OEE visualisation client

Such specialised OEE software product also ful-
fils IT requirements for reliability, scalability, ease-
of-administration, security and low cost of own-
ership.

- Maintenance. Maintenance of OEE system is an
unavoidable step in the cycle since any technological
change 1o the production process equipment might
involve the redesign of some parts of the OEE solu-
tion.

3.3 OEE interpretation through an
example

To illustrate OEE concept, consider a packaging line for
soft drinks scheduled to operate in two or three shifts start-
ing at 6:00 a.m. Process data are collected and evaluated
automatically with time period of 15 minutes. Downtime
events are stored in a relational database together with iden-
tified the root cause (or causes) for downtime. As an ex-
ample for downtime set records, the sample for a single
day is shown in Table 1.

From industry practice, monitoring OEE per shift o improve
operational shift performance shows good results. There-
fore, operating rate, performance rate and quality rate are
calculated along with the OEE metrics automatically per
working shift. The OEE results for a week-time period are
shown in Figure 4. The results show that the overall effi-
ciency for packaging line goes from maximum 75% to low-
er values, while the average value is 35%. Figure 5 shows
in detail all three parameters governing the OEE. The aver-
age value of performance rate Pr{40%) lead us to conclu-
sion that only 40% of time was spent on actual production.

The analysis of Or, Qrand Pr results (Figure 5) can give us
the a detailed interpretation for poor performance of this
packaging line.
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Fig. 4:  OEE trends for packaging line calculated per
shift in a week
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Fig. 5:  Or, Qrand Prresults for OEE shown on Figure 4

Looking at the performance rate (Or) trend line, the value
reaches zero during the third day. To analyse deeper, down-
time records show that stoppage of packaging line was
planned because of the product change. Changeover took
time of two working shifts. Then production continued with
the start-up phase and equipment tuning after it has been
restarted. In this phase, the scrap quantity increased, while
several short line stoppages caused by tuning resulted in
low operational rate.

Further more, it can be seen from Figure 5 that the first
two working days performance rate was higher than the
last ones. Again, downtime analysis shows (see Table 1)
that breakdowns of supporting systems and machine fail-
ure were the main reason for poor performance.

The overall performance rate trend shows that the total
downtime (scheduled and not-scheduled) for packaging
line is relatively big. This packaging line was not operation-
al because of several not-scheduled reasons at average
2.4 hours per day, which can be classified in the following
categories: problems between production (organizational
problems), supporting systems breakdown, material short-
age, machine failure, short automatic stops and not de-
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Table 1 One day sample of downtime records (the 6™
day from Fig. 4 or 5)

084357 26.88 § 116-Operator manual stop scheduied
1411933 18,171 6001-Line is Stopped scheduied
15:06:53 17,40{ 0001 Uine is siopped scheduled
02-Loading 2430
0816183 2,627 00661 Line is siopped scheduled
13706:31 3,7870001-Lina is siopped scheduled
03-Eontrol procedure 10,38
07:20:57 0,97 ['0001-Line is siopped scheduisd
10744734 3.4270001-Line is Stopped scheguled
0d-Probiems between production 3367
08168773 6,227 0001 Line is siopped non-schaduied
10:48:17 6,77 10001-Line s stopped non-scheduled
1114866 12,421 1128hont disturbance ron-scheduiod
07-Supporting systems breakdown 62,00
0545231 14,601 0001Uing is siopped non-scheduled
08:00:00 38,4370001 Uine is sloppad ‘non-schaduiod
'98-Machine failure N )
5713334 iiiing macking non-scheduied
77768 iiling machine non-scheduiad
07:30:30 1,331 113 Taira TOP machine is stopped fon-scheduied
073236 0,677 {13 Falra YO machine is slopped non-schaduied
07:42:40 6.70 | 11§ Operator manuai stop non-scheduled

fined events. The Figure 6 shows which categories of
downtimes had impact on operational performance dis-
cussed in this section. Product change (37%) and short
automatic stops (30%) dominate among the downtime cat-
egories.

Not defined
2%

Short automatic
slops
30% Product change
37%

Machine failure

2%
Material shonage/ Loading
1% 4%
Supporting Breaks
systems 2%
breakdown
4% Control pracedure
1%
Problems between
production

7%

Fig. 6:  Downtime categories relating to OFE from
Figure 4

There are many ways to raise the OEE on this packaging
line. Additional training of operators has already been im-
plemented to minimize the downtime during the product
change on the production line. Furthermore, organizational
changes or technical improvements could be introduced.
However, some of these improvements may raise additional
investment costs.

4. Discussion

As described above, the concepts of overall equipment
effectiveness for improving manufacturing performance are
under constant development. By evolution of new produc-
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tion management strategies, along with the “bottom-up”
OEE approach expansion, the-OEE principles are becom-
ing more and ‘more accepted .in the industry. Not only in
semiconductor or electronic equipment industry, but in
many other branches like pharmaceutical or food industry.
It can be proved by several successful implementations
that continuous monitoring of the: OEE metrics; in relation
with clear target values can have a strong.impact on pro-
ductivity. In spite of this fact, more than 60% OEE imple-
mentation failed or did not bring expected results to the
production company /9/. As the OEE implementation is a
complex engineering task,. several reasons for implemen-
tation-failures can be outlined and discussed.

It is often a case, that management business strategy does

not drive OEE implementation. If managers are not involved.

in OEE project, they are not familiar with the OEE resuits
interpretation and do not accept it as a support for system-
atic analysis of equipment utilisation, efficiency and quality.

Further on, pre-implementation preparation activities (sys-
tem analysis. and downtime modelling) are often poorly
planned. First, understanding OEE concept and custom-
ised it suitable for the industry sector is important precon-
dition for success. The second thing to be aware of is that
incomplete knowledge about production process and
equipment under OEE study leads to unreliable downtime
models and therefore, do not correspond to the real proc-
ess behaviour.

Several early OEE implementations were not successful
because of using traditional approach to OEE based on
manual data entry of downtime events by operators. The
main reason can be found in incomplete and untrustwor-
thy input data. Consequently, the OEE results can be mis-
understood or does not give complete information about
production. Another problem of this approach is flexibility.
In every production environment, the changes of technol-
ogy and equipment are frequent. If implemented OEE so-
fution is not flexible enough to.incorporate these changes
on a fast and easy way, the upgrading can be very compli-
cated, time consuming and also-quite expensive.

And at the end, it is very important to finish OEE imple-
mentation in planed time period and budget. Often, the
OEE implementation took much longer than expected and
users were-not well-prepared to.accept and operate with'
the OEE solution. Such-projects.are often not successful.

5. Conclusions

The strength of the OEE approach is systematic analysis
of equipment utilisation, efficiency and quality. Continu-
ous real-time monitoring of the OEE metrics in relation with
clear target values can.have a strong impact on productiv-
ity and makes it possible to establish a relationship. be-
tweenperformance measures and business objectives. In
particular, it enables the reduction -of downtime and rate
losses by increasing equipment-utilization. The main ben-

efits are in optimizing equipment utilization, better working
transparency, increasing quality by reducing scrap and
reworks. These benefits have important impact to overall
production costs optimization, especially in the mainte-
nance segment.

6. References

/1/ Ahmad, M.M. and N. Dhar. Establishing and improving manu-
facturing performance measures. Robotics and Computer Inte-
grated manufacturing, 2002, vol. 18, p. 171-176.

/2/ Chan F.T.S. et. al. Implementation of total productive mainte-
nance: A case study. International Journal of Production Eco-
nomics, 2005, vol. 95, p. 71-94,

/3/ Dal, B. et. al.-Overall equipment effectivness as a measure of
operational improvement, a practical analysis. International Jour-
nal of Operations and Production Management,2000.

/47 Hansen, C.R. Overall equipment effectivness, Industrial Press,
2001.

/56/ ~ Hoégfeldt, D. Plant Efficiency: A value stream mapping and over-
all equipment effectivness study, Master of science programme,
Lulel University of Technology, 2005.

/6/ Huang S., Dismukes J, SuS., Razzak M.,Bodhale R., Robinson
E.: Manufactjuring productivity improvement using effectiveness
metrics and simulation analysis, International Journal fo Produc-
tion-Research, Vol. 41, No.3., 513-527, 2003

/7/ Leachman R.C. Closed-loop measurement of Equipment Effi-
ciency and Equipment Capacity, University of California at Ber-
keley, 2002.

/8/ Lungberg, O. Measurement of overall equipment effectivness
as a basic for TPM activities. International Journal of Operations
and Production Management 18 (5), p.p. 495-507, 1998.

/9/ MESA International, Metrics that Matter: Uncovering KPIs that
Justify Operational Improvements, White paper, October 20086.

/10/  SEMATECH and JEITA, The Equipment Engineering Capability
(EEC) Guidebook, Version 2.5., July 2002, available at http://
ismi.sematech.org/emanufacturing/eec.htm.

/11/  SEMIE10-0304E - Specification for Definition and Measurement
of Equipment Reliability, Availability, and Maintainability (RAM),
available at http://www.semi.org.

/12/  Sokoli¢, 8. and R. Ferko, Obvladovanje uc¢inkovitosti proizvod-
nega procesa v Droga d.d., Chapter in a book: A, Kovadié and
V.Bosilj Vuksi¢, Management poslovnih procesov, GV Zalozba,
2005.

/13/  Volimann et al.. Manufacturing Planning and Control for Supply
Chain Management (Fifth Edition). McGraw-Hill International
Edition, 2005.

/14/  Wireman, T. Total Productive maintenance, Industrial Press,
2004.

Mag. Robert Ferko, Droga Kolinska d.d., Kolinska ulica
1, 1544 Ljubljana, Slovenija

Tel.: 01 47 21 500, Faks: 01 47 21 553, E-mail:
robert.ferko@drogakolinska.si,

Dr. Alenka Znidarsié, univ. dipl.inz.raé.,Metronik d.o.o.,
Stegne 9a, 1117 Ljubljana

Tel: 01.514 08 80, Fax: 01 514 09 07, E-mail:
alenka.znidarsic@metronik.si

Prispelo (Arrived): 11.12.2006 Sprejeto (Accepted): 15.06.2007

111



UDKB21.3:(63+54+621+66), ISSN0352-9045

Informacije MIDEM 37(2007)2, Ljubljana

Odsek za racunalniSke sisteme Instituta “Jdozef Stefan” in
raziskave na problematiki preizkusanja
elektronskih vezij in sistemov

Franc Novak

Z narascajoco kompleksnostjo integriranih vezij in siste-
mov postaja problem njihovega preizkusanja vedno tezji in
tudivedno bolj aktualen. Sodobni sistemi-v-Cipu in prihaja-
jo¢a omrezja-v-Cipu predstavijajo nove nadrtovalske izzive,
po drugi strani pa odpirajo nove probleme njihovega preiz-
kusanja. Obvladanje razpoloZljivin resitev ter poznavanje
standardov in bodoc¢ih trendov je klju¢nega pomena za
uspesno proizvodnjo sodobnih elektronskih proizvodov vi-
soke tehnologije.

V Odseku za racunalniske sisteme Instituta “Jozef Stefan”
se ze vrsto let ukvarjamo s problematiko preizkusanja ele-
kironskih vezij in sistemov. Spremljali smo nastanek stand-
arda IEEE 114941, ki je uvedel pojem preizkusne robne
linije (angl. boundary-scan) in se je v praksi izredno uvel-
javil. Sodelovali smo v delovnih skupinah za pripravo stand-
arda IEEE 1149.4 (Mixed-Signal Test Bus) ter IEEE 1500
(Standard for Embedded Core Test).

Za lastne potrebe smo razvili preprost laboratorijski preiz-
kusni sistem za IEEE 1149.x zdruZljiva vezja in 0 njem med
drugim tudi poro¢ali v Informacijah MIDEM v letu 2003. V
okviru tega sistema je bil realiziran tudi splosen prevajalnik
za jezik SVF (ang. Serial Vector Format), ki sodi med stand-,
ardne formate opisa preizkusnih postopkov na osnovi preiz-
kusne robne linije.

Slika 1: Eno prvih integriranih vezij po standardu
IEEE 1149.4
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V sodelovanju z LIRMM, Francija, smo razvili eno prvih in-
tegriranih vezij z vgrajeno preizkusno infrastrukturo sklad-
no s standardom IEEE 1148.4. Vezje sluzi za razvoj preiz-
kusnih metod in izvedbo razliénih eksperimentalnih izved-
benih Studij po standardu IEEE 1149.4. Predlagali smo tudi
nekatere izboljSave standarda in jih v praksi realizirali v okviru
omenjenega integriranega vezja.

Sodobni sistemi-v-Cipu so osnovani na nacértovalskih pris-
topih, ki omogocajo integracijo velikin Ze uporablienih in v
praksi preizkusenih logi¢nih blokov (jeder). Ta pristop pa
hkrati prinasa tudi nove probleme pri preizkusanju nacr-
tovanega produkta, saj razvijalec obi¢ajno ne pozna do po-
drobnosti zgradbe uporabljenih jeder. Problemi nastanejo
tudi pri prenosljivosti preizkusnih postopkov med dobavitelji
jeder, nacrtovalci sistemov-v-Gipu in kon&nimi uporabniki.
Standard IEEE 1500 do dolodene mere resuje navedene
probleme, vendar je v trenutni obliki namenjen le digitain-
im jedrom. Razsiritev funkcionalnosti preizkusne ovojnice,
kot jo definira IEEE 1500, na mesana analogno/digitalna
jedra je aktualna raziskovalna tema, ki se ji posvecamo tudi
mi.

V okviru evropskega IST projekta 5. okvirnega programa
EuNICEtest (European Network for Initial and Continuing
Education in VLSI/SOC Testing using remote ATE facili-
ties) smo zgradili okolje, ki omogoc¢a lokalni razvoj preiz-
kusnih postopkov ter njihovo daljinsko izvajanje na napravi
za preizkusanje VLSI vezij Agilent 83000-F330t v centru
CRTC v Montpellieru. Okolje je namenjeno $olanju novih
inZenirjev na problematiki preizkusanja elektronskih vezij.

Slika 2: Preizkusni sistem Agilent 83000-F330t
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Sodelujemo v ETTTC (European Test Technology Techni-
i cal Council), ki na delovnih sestankih v okviru pomembne-
o i : i8ih evropskih in svetovnih konferenc analizira aktualne
q [ mewarerwewors | ; raziskovalne trende in daje iniciativo za skupno raziskoval-

Ej @ | | | no delo na izbranih tematskih podrod&jih.

ey B i | Torino Ljubljana
(Gramei] [Suesbous | . i i V okviru 43. mednarodne konference MIDEM 2007 smo
__ """"""""" ] organizirali mednarodno delavnico Workshop on Electronic
Server ; 5 Testing, ki so se je udelezili ugledni tuji in domadi stroko-
vnjaki. Delavnica je dobro uspela, kar daje spodbudo za
nadaljnje delo tudi pri povezovanju strokovne javnosti in
organizaciji strokovnih srecan].

Bordeaux | | Toulbuse ; [Barcelona I EStuttgart l

CRTC (Montpeltier)

CRTC present-day configuration European extension

Slika 3: EuNICEtest - povezave s centrom CRTC
Montpellier
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NAVODILA AVTORJEM

Informacije MIDEM je znanstveno-strokovno-drustvena pub-
likacija Strokovnega drustva za mikroelektroniko, elektron-
ske sestavne dele in materiale - MIDEM. Revija objavija pris-
pevke s podrocja mikroelektronike, elektronskih sestavnih
delov in materialov. Ob oddaji ¢lankov morajo avtorji predla-
gati urednistvu razvrstitev dela v skladu s tipologijo za vode-
nje bibliografij v okviru sistema COBISS.

Znanstveni in strokovni prispevki bodo recenzirani.

Znanstveno-strokovni prispevki morajo biti pripravljeni

na naslednji naéin:

1. Naslov dela, imena in priimki avtorjev brez titul, imena
institucij in firm

2. Kijuéne besede in povzetek (najve¢ 250 besed).

3. Naslov dela v angleséini.

4.  Klju¢ne besede v anglescini (Key words) in podalj$ani
povzetek (Extended Abstract) v anglescéini, Ce je ¢lanek
napisan v slovensdini

5. Uvod, glavni del, zakljucek, zahvale, dodatki in literatu-
ra v skladu z IMRAD shemo (Introduction, Methods,
Results And Discsussion).

6. Polna imena in priimki avtorjev s titulami, naslovi in-
stitucij in firm, v katerih so zaposleni ter tel./Fax/Email
podatki.

7. Prispevki naj bodo oblikovani enostransko na A4 stra-
neh v enem stolpcu z dvojnim razmikom, velikost &rk
namanj 12pt. Priporocena dolzina ¢lanka je 12-15 stra-
ni brez slik.

Ostali prispevki, kot so poljudni célanki, aplikacijski ¢lanki,
novice iz stroke, vesti iz delovnih organizacij, inétitutov in
fakultet, obvestila o akcijah drustva MIDEM in njegovih
Slanov ter drugi prispevki so dobrodosli.

Ostala splosna navodila

1.V Clanku je potrebno uporabljati S sistem enot oz. v
oklepaju navesti alternativne enote.

2. Risbe je potrebno izdelati ali iztiskati na belem papirju.
Sirina risb naj bo do 7.5 0z.15 cm. Vsaka risba, tabela
ali fotografija naj ima $tevilko in podnapis, ki oznaduje
njeno vsebino. Risb, tabel in fotografij ni potrebno lepi-
ti med tekst, ampak jih je potrebno lodeno priloZiti
clanku. V tekstu je treba oznaditi mesto, Kkjer jih je
potrebno vstaviti.

3. Delo je lahko napisano in bo objavljeno v slovenséini
ali v angles&éini.

4. Uredniski odbor ne bo sprejel strokovnih prispevkov,
ki ne bodo posiani v dveh izvodih skupaj z elektronsko
verzijo prispevka na disketi ali zgo&cenki v formatih AS-
Cll ali Word for Windows. Grafiéne datoteke naj bodo
prilozene loéeno in so lahko v formatu TIFF, EPS,
JPEG, VMF ali GIF,

5. Avtorji so v celoti odgovorni za vsebino objavljenega
sestavka.

Rokopisov ne vrac¢amo. Rokopise posliite na spodnji naslov.
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INSTRUCTIONS FOR AUTHORS

Informacije MIDEM is a scientific-professional-social publica-
tion of Professional Society for Microelectronics, Electronic
Components and Materials - MIDEM. In the Journal, scientific
and professional contributions are published covering the field
of microelectronics, electronic components and materials.
Authors should suggest to the Editorial board the classifica-
tion of their contribution such as : original scientific paper,
review scientific paper, professional paper...

Scientific and professional papers are subject to review.

Each scientific contribution should inciude the following:

1. Tille of the paper, authors’ names, name of the institu-
tion/company.

2. Key Words (5-10 words) and Abstract (200-250
words), stating how the work advances state of the art
in the field.

3. Introduction, main text, conclusion, acknowledgements,
appendix and references following the IMRAD scheme
(Introduction, Methods, Results And Discsussion).

4. Full authors' names, titles and complete company/in-
stitution address, including Tel./Fax/Email.

5. Manuscripts should be typed double-spaced on one side
of A4 page format in font size 12pt. Recommended length
of manuscript (figures not included) is 12-15 pages

6. Slovene authors writing in English language must sub-
mit title, key words and abstract also in Slovene lan-
guage.

7. Authors writing in Slovene language must submit title,
key words and extended abstract (500-700 words)
also in English language.

Other types of contributions such as popular papers, ap-
plication papers, scientific news, news from companies,
institutes and universities, reports on actions of MIDEM
Society and its members as well as other relevant contribu-
tions, of appropriate length , are also welcome.

General informations

1. Authors should use Sl units and provide alternative units
in parentheses wherever necessary.

2. llustrations should be in black on-white paper. Their
width should be up to 7.5 or 15 cm. Each illustration,
table or photograph should be numbered and with leg-
end added. lllustrations, tables and photographs must
not be included in the text but added separately. How-
ever, their position in the text should be clearly marked.

3. Contributions may be written and will be published in
Slovene or English language.

4. Authors must send two hard copies of the complete
contributon, together with all files on diskette or CD, in
ASCIl or Word for Windows format. Graphic files must
be added separately and may be in TIFF, EPS, JPEG,
VMF or GIF format.

5. Authors are fully responsible for the content of the paper.

Contributions are to be sent to the address below.

Urednistvo Informacije MIDEM

MIDEM pri MIKROIKS

Stegne 11, 1521 Ljubljana, Slovenia

Email: Iztok.Sorli@guest.arnes.si

tel.+386 1 5133 768, fax.+386 1 5133 771



