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Electromagnetic radiation of all frequencies represents one of the most common and fastest
growing environmental influence. All populations are now exposed to varying degrees of elec-
tromagnetic radiation and the levels will continue to increase as technology advances. An elec-
tronic or electrical product should not generate electromagnetic radiation which may impact
the environment. In addition, electromagnetic radiation measurement results need to be ac-
companied by quantitative statements about their accuracy. This is particularly important
when decisions about product specifications are taken. This paper presents an uncertainty
budget for disturbance power measurements of the equipment as part of electromagnetic ra-
diation. We propose a model which uses a mixed distribution for uncertainty evaluation. The
evaluation of the probability density function for the measurand has been done using the
Monte Carlo method and a modified least-squares method (combined method). For illustra-
tion, this paper presents mixed distributions of two normal distributions, normal and rectan-
gular, respectively.
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INTRODUCTION

Electromagnetic radiation has been around since
the birth of the universe. Light is its most familiar
form. Electric and magnetic fields are part of the spec-
trum of electromagnetic radiation which extends from
static electric and magnetic fields, through radiofre-
quency and infrared radiation, to X-rays. RF radiation
is electromagnetic radiation in the frequency range of
3 kHz to 300 GHz on the electromagnetic spectrum
and it is in the non-ionizing band of the spectrum.
Non-ionizing just means there is not enough energy to
break chemical bonds between molecules. Unlike ul-
traviolet light, gamma rays and X-rays are in the ioniz-
ing part of the electromagnetic spectrum. The electro-
magnetic spectrum encompasses both natural and
human-made sources of electromagnetic fields. Dur-
ing the 20" century, environmental exposure to
man-made electromagnetic fields has been steadily in-
creasing as growing electricity demand, ever-advanc-
ing technologies and changes in social behaviour have
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created more and more artificial sources. Their pres-
ence has affected almost every aspect of living (home,
work, travelling, school, efc.).

An electronic or electrical product should not
generate electromagnetic radiation which may influ-
ence the environment (other products, persons). Di-
rective 2004/108/EC of the European Parliament and
EU Council regulates the electromagnetic compatibil-
ity of equipment. It aims to ensure the functioning of
the internal market by requiring equipment to comply
with an adequate level of electromagnetic compatibil-
ity (EMC) [1, 2].

EMC measurement results need to be accompa-
nied by quantitative statements about their accuracy.
This is particularly important when decisions about
product specifications are taken. One of the common
problems that we face when examining EMC is an in-
consistent approach to adjusting various specified or
standardized tests. Consequently, some of the stan-
dardized EMC measurements include precisely de-
fined ways of evaluating uncertainty in measurement
[3]. For instance, measurement instrumentation uncer-
tainty (MIU), standards compliance uncertainty
(SCU) and other types of uncertainties are presented.
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The SCU contains all uncertainties due to MSU, the
setup of the equipment under test (EUT) including the
lead under test (LUT), and uncertainties due to the
measurement procedure and measurement space.

In practice, the uncertainty in the result of a stan-
dardized measurement may arise from many possible
uncertainty sources. In a measurement standard, each
uncertainty source should be specified in a quantita-
tive way by using one or more influence quantities.
Consequently, many uncertainty sources in the do-
main of EMC measurements were not studied enough
and need further studying. EMC tests and measure-
ments typically have large uncertainties of at least sev-
eral decibels [4].

The basic document for evaluating and express-
ing uncertainty in measurement is the guide to the ex-
pression of uncertainty in measurement (GUM) [5].
Consequently, the GUM proposes a standard proce-
dure which is known as GUF (GUM uncertainty
framework), which is applied to linear or linearized
models [6].

This paper presents a Type B uncertainty budget
evaluation for the case of disturbance power measure-
ments in the mains leads of an apparatus according to
the standard SRPS EN 55014-1:2010 [7]. The uncer-
tainty budget is limited to Measurement Instrumenta-
tion Uncertainty (MIU) [8, 9]. We propose a new
model which uses mixed distribution for uncertainty
evaluation [10, 11]. The evaluation of the probability
density function (PDF) of the output quantity
(measurand) has been done using the Monte Carlo
method and a modified least-squares method (com-
bined method). In addition, the model equation repre-
sents one purely additive linear model whose terms are
independent [8]. For illustration, we present mixed
distributions of two normal distributions, normal and
rectangular, respectively. The results obtained by the
Monte Carlo method and the modified least-squares
method are compared to corresponding results when
applying the standard GUM procedure [10, 11].

MEASUREMENT MODEL

The evaluation of measurement uncertainty is
based on the knowledge of the measurement process
and input quantities which influence the results of that
measurement. The knowledge of the measurement
process is expressed by the so-called model equation
which reflects the interrelation between the
measurand (output quantity) and the input quantities
[12]. The knowledge of input quantities is represented
by appropriate PDF.

The measurement of disturbance power is per-
formed with an absorbing clamp (in addition to the
measurement at the mains leads of the vacuum
cleaner), according to the standard SRPS EN
55014-1:2010 [7].

For determining the measurand value, the stan-
dardized measurement method is used. Namely, the
measurand is the disturbance power. The disturbance
power P corresponding to the measured voltage V" at
each measurement frequency is calculated by using
the clamp factor CF obtained from the absorbing
clamp calibration procedure described in [13]

P=V+CF (1)

where P is the disturbance power in dBpW, V' — the
measured voltage in dBuV, and CF — the clamp factor
in dBpW/uV.

In addition, the clamp factor is given in the fol-
lowing equation

CF = A-10log,,(50)=A-17 )

where, 4 is the measured insertion loss in dB.

The possibility of variations of obtained
measurand values becomes smaller, which reduces
the measurement uncertainty that the standardized
measurement method is being used.

The basic model of uncertainty includes the fol-
lowing separated sources of uncertainty in a measure-
ment:

— setup of the equipment under test (EUT) ,
— measurement procedure,

— measurement space, and

— measurement means.

The uncertainty budget for the case of distur-
bance power measurements (the absorbing clamp test
method — ACTM) as described in [8, 9] are not suitable
for actual compliance tests in accordance with the
CISPR specification given in [14]. Namely, this uncer-
tainty budget is limited to MIU. Uncertainties due to
the setup ofthe EUT, including the LUT, and due to the
measurement procedure and measurement space (Far-
aday cage), are not taken into account.

The used measurement means are various for
various EMC measurement methods, but for the case
of disturbance power measurements in the mains leads
of an apparatus the following general sources of Type
B uncertainty in a measurement can be identified:

— receiver reading,

— receiver accuracy,

— frequency step error, and
—  mismatch.

Receiver reading will vary for reasons which in-
clude measuring system instability, receiver noise, and
meter scale interpolation errors (uncertainty deter-
mined by the least significant digit fluctuation).

The accuracy can be taken from the manufac-
turer's specification or calibration report of the re-
ceiver. If necessary, the uncertainty for different types
of signals/responses may be considered, i. e., CW ac-
curacy, pulse amplitude response accuracy, pulse rep-
etition response accuracy.

The frequency step error should be considered if
we use an automated receiver with a programmed step
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size. In this case, R&S ESVP, serial number
879691/037, was used as the test receiver and it was
used for manual measurement of disturbance power,
so that the frequency step error was not considered.

Apart from the given sources of uncertainty in a
measurement, uncertainty sources originating from
the absorbing clamp should be added to the measure-
ment of disturbance power. It should be mentioned
that our measurements were done in the frequency
range of 30 MHz to 300 MHz and that an absorbing
clamp (MDS 9, Robert Luthi GmbH, serial number
71170) was used. So, when the absorbing clamp
(AbC) is used for the measurement of disturbance
power, the following sources of uncertainty in the
measurement can be identified:

— ADbC receiver attenuation,
— ADbC insertion loss, and
— ADbC receiver mismatch.

The attenuation of the connection between the
receiver and the absorbing clamp is obtained from the
calibration report or manufacturer's data.

Absorbing clamp insertion loss can be taken
from the calibration report. In addition, the loss of the
RF cable is included.

For disturbance power measurements, the mis-
match is given in the following eq.

M =20log,, (1= I, T7,) 3)

where I, is the voltage reflection coefficient (VRC)
of the absorbing clamp and I, — the VRC of the mea-
surement receiver.

Consequently, I is related to voltage standing
wave ratio (VSWR) by

F_VSWR-1

= 4
VSWR +1 @

In this case, the measurement receiver specifica-
tion of VSWR < 2.0:1 (attenuation 0 dB) and the ab-

sorbing clamp specification of VSWR <3.25:1 are as-
sumed. In addition, this can be improved and the asso-
ciated uncertainty reduced by applying a 6 dB
attenuator on the output of the absorbing clamp [8].

The model equation for the evaluation of MIU is
given in [8] by the following eq.

V=V, +L,+L, —10log,,(50)+

+0Vg, +6Vp 0V +6M )

Equation (5) represents a purely additive linear
model whose terms are independent. Information on
the terms of the expression in the model equation is
given in tab. 1. Measurement uncertainty comprises,
in general, many components. Some of these may be
evaluated by Type A evaluation of measurement un-
certainty, other components by Type B evaluation of
measurement uncertainty. Consequently, Type A eval-
uation is done by calculation from a series of repeated
observations using statistical methods and resulting in
a probability distribution that is assumed to be normal.
Type B evaluation of measurement uncertainty can
also be characterized by standard deviations evaluated
from probability density functions based on experi-
ence or other relevant information.

VALUES OF INPUT QUANTITIES

Table 1 presents an uncertainty budget, a Type B
evaluation of the MIU for the case of disturbance
power measurements. Namely, the given data are ob-
tained from the manufacturer's specifications, calibra-
tion reports, and instrumentation manuals [15, 16],
and are used for the evaluation of the MIU, according
to the ISO-GUM [5].

The standard uncertainty u(x;) is calculated by
dividing the value of the uncertainty associated with x;
by the coverage factor k,, whose value depends on the

Table 1. Uncertainty budget of measurement instrumentation uncertainty (MIU) according to the GUM for disturbance

power measurements

Estimate X; (x;) Standard Sensitivity | Contribution to the
Input quantity X Value | Probability distribution uncertainty | coefficient | standard uncertainty
[dB] function u(x;) [dB] Gi ui(y) = ciu(x)

Receiver reading V: +0.1 %{icia?%%lgr 0.058 1 0.058
AbC-receiver attenuation L. +0.1 k?f%aéo 0.050 1 0.050
AbC insertion loss Lac e k?frz%a(io 0.800 1 0.800
Receiver sine wave voltage Ve +1.0 kg\lz()l’;‘baéo 0.500 1 0.500
fe‘;;f)‘rfse; pulse amplitude Vi +2.0 %ci"ia{‘%‘glgr 1.155 1 1.155
Fezgf)ir?:é pulse repetition rate SV, 20 %{iciarll.g%lzar 1155 | 1155
AbC-receiver mismatch SM t} gg ]Spj jhléﬁij 1.086 1 1.086
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choice of the probability density function (PDF) and
confidence level associated with the given value.

For rectangular or U-shaped probability distri-
bution, where JX; is estimated to lie between (x; —a")
and (x; + a¥), with a level of confidence of 100%, u(x;)
is taken as a/3'? or a/2'?, respectively [8]. In addition,
a = (a" — a)/2 is the half-width (semi-width) of the
probability distribution. For a normal probability dis-
tribution, the divisor is 2 if the value of the uncertainty
associated with x; has a level of confidence of 95,45%
(the value is twice the experimental standard devia-
tion). The estimated value x; is determined with x; =
=(a"+a)/2 [5].

EVALUATION OF MEASUREMENT
INSTRUMENTATION UNCERTAINTY

Previous sections present the uncertainty budget
of the MIU according to GUM for the case of distur-
bance power measurement standard SRPS EN
55014-1:2010 [7].

This section presents the application of the com-
bined method to the uncertainty budget of the MIU for
disturbance power measurement. Consequently, the
model equation for the evaluation of MIU is given
with eq. (5). Namely, the Monte Carlo method and the
modified least-squares method (combined method)
are applied in two cases for two independent input
quantities from the given expression. The combined
method is used for the evaluation of the probability
density function for the output quantity (mixed distri-
bution) according to the probability density function
from two independent input quantities, i. e., two inde-
pendent input quantities assigned by normal distribu-
tions, two independent input quantities where the first
quantity is assigned a normal distribution and the
second is assigned a rectangular distribution. Convo-
lution can be used for the general additive model
Y=X, £X, £--- £ X by combining X; and X,, and then
combining this result with X3, and so forth [17]. The
instance of many input variables has not been dis-
cussed in this paper.

Monte Carlo simulations for obtaining mixed
distributions are done by the procedure described in
[10, 11, 18].

The number of classes of histogram £ is deter-
mined according to eq. (6)

k=+/n (6)

For determining the value of &, other formulas
exist in statistics [18]. When determining the empiri-
cal formula for %, the basic criterion is that at least one
value of the random variable x fits in each class of his-
tograms, providing histogram continuity. On the other
hand, & must be greater than 3 in order for the histo-
gram form to indicate the law of distribution of the ran-
dom variable [19]. It is implied that £ is taken as an in-
teger value.

The values for the Monte Carlo simulations are
taken from tab. 1. Consequently, the value of IV, the to-
tal number of trials was 10°. The number of data used
for the simulation is n = 10000. Risk conformity was
a = 0.05, that is the confidence level (1 —a) was 0.95.
One more data that is important for our simulation was
the mixed coefficient ¢ which was 0.5. The results ob-
tained by the combined method are compared to the
corresponding results when applying the GUM.

The first example given refers to two
independent input quantities, L,, and 6V, assigned
by two normal PDF. Table 1 shows that for the two
given input quantities L, . and 6V, estimates are given
with a/a*, i.e.,—0.2/+3.0 dB and +1 dB, respectively.
Then the estimated values are x; = 1.40 and x, = 0, and
standard uncertainties u(x,) = 0.8 and u(x,) = 0.5, re-
spectively (see tab. 1). After entering the given data
into a computer program created in Visual Basic 6.0,
the generation of pseudorandom numbers is done (in
our case, 10000). For pseudorandom numbers gener-
ated in this manner, a histogram is drawn (fig. 1) that
represents the empirical curve of a mixed normal-nor-
mal distribution. In fig. 1 the empirical curve (histo-
gram) is shown in a white line.

After that, determining point estimates parame-
ters of a mixed normal-normal distribution is done by
the combined method [10, 11]. With parameters that
are determined like this, the estimated density function
of a mixed normal-normal distribution is obtained.
The values of these parameters are pseudorandom and
with them the fitting of a mixed normal-normal distri-
bution (estimated curve) is tried in a histogram. It
should be mentioned that the coming of the curve
through the mid-point of each class histogram is con-
sidered to be the best fitting.

In fig. 1, the estimated curve is shown in a grey
line. Consequently, the theoretical curve is shown by a
black line and represents the results obtained accord-
ing to the GUM (fig. 1). It is noticeable that the fitting
of the estimated curve (grey line) in a histogram (em-
pirical curve) is very good, which indicates that the un-
known parameters of this distribution are estimated
well. Also, it is noticeable that the estimated curve

0.590428

f(x) —— Theoretical curve
0.442821 Estimated curve
/
0295214 /\
0.147607
0 e
-1.79 -0.26 1.27 2.80 4.33

Probability density function, x

Figure 1. Mixed normal-normal distribution obtained
by the combined method and GUM, respectively
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(grey line) differs slightly from the theoretical curve
(black line). This difference was the result of the eval-
uation of parameters of the mixed distribution (whose
values are pseudorandom) and the number N of itera-
tions (the total number of trials).

The second example which was used refers to
two independent input quantities 6V, and 6V,,,, as-
signed by normal and rectangular PDF, respectively.
Table 1 shows that for the two given input quantities,
OV, and 6V,,, estimates are given with 1 dB and
12 dB, respectively. Then the estimated values are
x, =x, =0, and standard uncertainties u(x;) = 0.5 and
u(x,)=1.155, respectively (see tab. 1). As in the previ-
ous example, the given data are recorded into the com-
puter program, and then the pseudorandom numbers
(n = 10000) generating is done. For pseudorandom
numbers generated in this manner a histogram is
drawn (fig. 2) which represents the empirical curve of
amixed normal-rectangular distribution. In fig. 2, as in
the previous example, the empirical curve (histo-
gram), estimated curve, and the theoretical curve are
shown by the white line, the grey line and the black
line, respectively.

It is noticeable that the fitting of the estimated
curve (grey line) in the histogram (the empirical curve)

0.715273
f(x) —— Theoretical curve
0.536455 ——— Estimated curve
0.357637
0.178818 -—/ i
0
-2.08 -1.04 0.00 1.04 2.08

Probability density function, x

Figure 2. Mixed normal-rectangular distribution
obtained by the combined method and GUM,
respectively

is very good and does not deviate a lot from the theo-
retical curve (black line).

This difference was the result of the evaluation
of parameters of the mixed distribution (whose values
are pseudorandom) and the number N of iterations.

CONCLUSIONS

Electromagnetic radiation has affected almost
every aspect of living. In our homes and at work, we
are exposed to radiation emanating from electronic or
electrical equipment. If you have met the requirements
of electromagnetic compatibility for electronic or
electrical equipment, you have satisfied the needs of

the people. EMC measurement results need to be ac-
companied by quantitative statements about their
accuracy. This is particularly important when deci-
sions about product specifications are taken. This pa-
per presents a Type B uncertainty budget evaluation
for disturbance power measurements. The uncertainty
budget is limited to MIU. We propose a new model
which uses mixed distribution for uncertainty evalua-
tion. The evaluation of the PDF for the measurand
(output quantity) has been done using the Monte Carlo
method and a modified least-squares method (com-
bined method). The combined method is applied in
two cases for two independent input quantities which
were associated to appropriate PDF. It was shown that
the combined method can be applied alternatively for
the determination of the probability density functions
of the output quantity to a satisfactory degree of accu-
racy. Namely, applying the combined method pro-
duces a mixed distribution, i. e., PDF for the output
quantity, which fits well (the estimated curve) in histo-
grams and differs slightly from the produced results
according to the GUM (theoretical curve).
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Anekcanpap M. KOBAYEBWH, Ana B. KOBAYEBUH,
Kosuska h. CTAHKOBUH, ¥Ypow 1. KOBAYEBU'h

KOMBMHOBAHA METOJA 3A INPOLHEHY MEPHE HECUT'YPHOCTU
NP MEPEBY EJIEKTPOMATHETCKOI' 3PAYEIbLA

Enextpomarsnercko 3pauewme Ha CBUM (PpeKBeHIMjaMa IpPECTaB/ba jefjaH of Hajuelrhux u
HajOp:Ke pacTyhux yTunaja Ha >KUBOTHY cpefuHy. CBe omyarnuje U37I0KeHe CY pa3InIUTUM CTEIICHIMA, a
HUBOM he HACTaBUTH Aa pacTy Kako TeXHoyormja Oyme HampepoBajia. EJIeKTpPOHCKHN WM €NeKTPUIHA
IIPOU3BOJIM HE CME]jy T€HEPUCATH ENEKTPOMATHETCKO 3payethe KOje MOXKE YyTUIATH HA XKUBOTHY CPEJHY,
IIpHU YeMy pe3ynTaTd Mepewa Tpeba fa O6yAay npaheHu KBaHTUTATHBHUM M3jaBaMa O HHXOBOj TAUHOCTH.
OBO je HapoO4yHMTO BaXKHO Kaja ce JAOHOCe OfJIyKe O KapaKTepHCTUKaMma MPOU3BOfa. Y OBOM pagy
MpeACTaB/bEeH je OyeT MEepHE HECUTYPHOCTH INPH MEpPEHmY CHAare CMETHHU KOJ NMPOM3BOAAa Kao Meo
€JIEKTPOMArHeTCKOT 3payema. 3a IPOLIEHY MEPHE HECUTYPHOCTH IIPEMITIOXKEH j€ jeflaH MOJIEN KOjH KOPUCTH
MewmoBuTy pacnogeny. Meroga Monte Kapno u MopugukoBaHa MeTofa HajMamUX KBajpaTa
(kxomOuHOBaHa MeTofa) KopuitheHe cy 3a MpoleHy (byHKIHMje T'YCTHHE pacrofiesie MepeHe Bennunte. Kao
WIyCcTpalyja, y OBOM pajy je mpefcTaB/beHa MEIIIOBHUTA PAcIofieIa Off B HOPMaJIHE pacIofielie, HOpMalHe
1 IPABOYT'A0HE pacIofielie, PECIEKTUBHO.

Kmyune peuu: KOMOUHOBAHA METLOOA, eAeKIUPOMAZHETICKO 3paderbe, CHAZA CMellitbl,
Mewtosuitia pacitooeaa, hyHxyuja Zycitiute pactiooene



