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This paper presents an interlaboratory comparison of radiated emission measurements in the
frequency range of 30-1000 MHz. A tubular dipole was specifically designed and employed as
a reference emitting source. The most important for a tubular dipole is stability in the testing
process. The stability is not the performance of the sample, but the emission signal of the sam-
ple is stable. In addition, two ways of determining the reference value of the electromagnetic
field strength are considered. The first reference value is obtained by using robust analysis. It
is a robust average value that is calculated by averaging the measurement results provided by
the participating testing laboratories. The other reference value is obtained through the simu-
lation-experimental results of the tubular dipole in the semi-anechoic chamber or full
anechoic chamber, for horizontal and vertical polarizations and 3 m distance measurement,
respectively. In addition, this value is assigned by the coordinator. Measurement results are
compared using the robust z-scores and g-scores, respectively.
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INTRODUCTION

The participation of accredited testing laboratories
in interlaboratory comparisons (ILC) or proficiency test-
ing (PT) schemes is an obligation arising from the re-
quirements of the standard ISO/IEC 17025: 2017 [1].
Consequently, participation in ILC other than PT enables
a laboratory to prove its technical competence to its cli-
ents, Accreditation Body, and other interested parties.
Four testing laboratories in Serbia (Technical Test Center
Ministry of Defense, Idvorsky Laboratories Belgrade,
Laboratory for measurement of radio frequency interfer-
ence Security-Information Agency, SIQ Belgrade), all
accredited by the Accreditation Body of Serbia accord-
ing to the standard ISO/IEC 17025:2017 in the field of
radiated emission measurements, conducted an ILC in
the second half 0of 2019. In addition, the Protocol for the
preparation and conduct of an ILC is prepared following
the guidelines [2]. Because there was no reference labo-
ratory, one of the participating testing laboratories con-
ducted the co-ordination of this ILC. Namely, this labo-
ratory (Technical Test Center) expressed to the
Accreditation Body of Serbia in writing that it is inter-
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ested in being a PT provider in the field of electromag-
netic compatibility testing.

An ILC is performed for radiated emission mea-
surements in the frequency range of 30-1000 MHz ac-
cording to standards such as SRPS EN 55016-2-3
(Identical with EN 55016-2-3) [3] and SRPS EN
55032 (Identical with EN 55032) [4]. In addition, a tu-
bular dipole (sample) was specifically designed
(homemade) and employed as a reference emitting
source. The most important for a tubular dipole is sta-
bility in the testing process [5, 6]. Namely, the stability
is not the performance of the sample, but the emission
signal of the sample is stable [7]. An ILC item to be
measured circulates successively from one participat-
ing testing laboratory to the next (sequential participa-
tion schemes) [2]. An ILC is completed when the last
participating testing laboratory has submitted its mea-
surement result to the co-ordinator. Measurements are
made at three semi-anechoic chambers (SAC) and a
full anechoic chamber (FAC), for horizontal and verti-
cal polarizations and 3 m distance measurement, re-
spectively.

The coordinator of an ILC decided to assign two
distinct reference values to the electromagnetic field
strength £ in dB [uVm™'], generated by the tubular di-
pole (sample). In addition, dB [uVm™'] is a unit that is
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anumerical transformation to get values that are easier
to calculate in real-world applications, because the
values are usually very small (e. g. 107 Vm™! corre-
sponds to 0 dB [uVm™']). The first reference value,
X.op, 1S obtained by using the robust analysis described
in[8]. Namely, itis arobust average value that is calcu-
lated by averaging the measurement results provided
by the participating testing laboratories [7, 8]. The
other reference value, X, is obtained through the
simulation-experimental results (SER) of the tubular
dipole in the SAC or FAC, for horizontal and vertical
polarizations and 3 m distance, respectively [9, 10]. In
addition, the value X, is assigned by the co-ordinator.
To evaluate an ILC of each testing laboratory, the
robust z-scores and g-scores are used [2]. In addition,
these statistical methods are used for the quantitative
description of the performance of each laboratory
through the comparison between the measurement re-
sult produced by the laboratory and the reference
value (X, and X, respectively) [8]. The measure-
ment uncertainty of each testing laboratory is evalu-
ated in accordance with the Guide to the expression of
uncertainty in measurement (GUM) [11]. So, all par-
ticipating testing laboratories declare that the mea-

surement uncertainty is less than Ugg, [12].

CONDITIONS OF THE
INTERLABORATORY COMPARISON

Reference sample

An ILC is performed by testing a known sample
that gives a signal of stable frequency and stable am-
plitude (level), which ensures repeatability of mea-
surements in all laboratories and the possibility of ex-
act comparison of measurement results in all
laboratories. Namely, the stability of the reference
sample should be less than the measurement uncer-
tainty of participant testing laboratories. Conse-
quently, a tubular dipole was specifically designed
(homemade) and employed as a reference emitting
source. It is an electrically short dipole made of alumi-
num tubes, fig. 1(a) [9].

The tubular dipole consists of a quartz oscillator
and a9 V battery with a 5 V voltage stabilizer, fig. 1(b).
In addition, the fundamental frequency of the oscilla-
tor was 50 MHz. So, the harmonics' spacing is 50 MHz
and the first available harmonic in the frequency range
0f30-1000 MHz is at 50 MHz. More details on the tu-
bular dipole can be found in [9, 10].

Measurement methods

At each testing laboratory, the radiated emission
measurements have been made according to standards
SRPS EN 55016-2-3 and SRPS EN 55032 [3, 4], re-
spectively. Measurements have been made at six dis-
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Figure 1. Tubular dipole; (a) outside and (b) inside

crete frequencies (the selected harmonics): 50 MHz,
150 MHz, 250 MHz, 350 MHz, 550 MHz, and 750
MHz in the frequency range of 30-1000 MHz. In com-
pliance with the previous standards, measurements are
made at a distance of 3 m for horizontal and vertical po-
larizations, respectively. In addition, bilog or ultralog
antennas are used as the receiving antenna.

Within each measurement, the frequency subband
of the measurement receiver (EMI receiver or EMI spec-
trum analyzer) is scanned three times, with the highest
value taken as a result of the measurement. In addition,
all three detectors of the measurement receiver (peak Pk,
quasi-peak QP, and average detector AVG or CA) are
used for measurements.

The measurements are performed in four cases:
— When the tubular dipole is placed in a horizontal po-
sition at a height of 1.29 m (mounted on a plastic
bracket) above the horizontal reference ground plane
(RGP), and the receiving antenna is also placed at a
height of 1.29 m, horizontal polarization.

— When the tubular dipole is placed in a vertical posi-
tion at a height of 1.29 m, and the receiving antenna is
also placed ata height of 1.29 m, vertical polarization.
— When the tubular dipole is placed in a horizontal po-
sition at a height of 1.29 m, and the receiving antenna
isplaced ata height of 1.80 m, horizontal polarization.
— When the tubular dipole is placed in a vertical posi-
tion at a height of 1.29 m, and the receiving antenna is
placed at a height of 1.80 m, vertical polarization.

Four test facilities are included in the testing:
three chambers SAC and a chamber FAC. The mea-
surements set-up in the SAC (for case 1) and in the
FAC (for case 2) are illustrated in fig. 2(a) and fig.
2(b), respectively.

The radiated emission testing system includes
RF cables, an RF limiter, and all kinds of measurement
receivers (EMI receiver or EMI spectrum analyzer).



A. Kovacevic, et al.: Interlaboratory Comparison of Radiated Emission ...

Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 3, pp. 207-214 209
- s L 100.0
bl ke - i
e T . < : 90.0 —
- * — v
- e 800
: Z
g 700 re
W 60.0 {
5.0 R J’l Limits
| 5503BQP

Figure 2. Set-up of radiation emission measurement;
(a) In the SAC (for case 1) and (b) In the FAC (for case 2)

Measurement results

Measurements are performed at six discrete fre-
quencies (the selected harmonics): 50 MHz, 150 MHz,
250 MHz, 350 MHz, 550 MHz, and 750 MHz in the
frequency range of 30-1000 MHz.

The measurement results in the SAC (for case 1)
and in the FAC (for case 2) are illustrated in fig. 3(a) and
fig. 3(b), respectively. Namely, these figures show
graphs of measured radiation emission levels. In addi-
tion, the broken lines, for both cases, represent the limits
of measured radiation emission levels according to
standard SRPS EN 55032, class B, for the quasi-peak
detector (QP).

Since the values of measured radiation emission
levels differed slightly for all three detectors, the
co-ordinator decided to perform the ILC on the results
obtained by the quasi-peak detector.

Statistical methods for
interlaboratory comparison

In data analysis, it is often necessary to choose a
statistical model, as well as appropriate statistical
methods [13, 14]. As each test is random a certain dis-
tribution function is attached to the obtained results
[15, 16].
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Figure 3. Graph of measured radiation emission levels;
(a) In the SAC (for case 1) and (b) In the FAC (for case 2)

In this case, statistical methods are used in the ILC
to convert participants' raw results into a standard form
that provides information on assessing their perfor-
mance. The z-scores and the £, numbers are the most
commonly used methods. In addition, the robust z-scores
and g-scores are used in some situations [17]. In this pa-
per, the robust z-scores are used to compare the measure-
ment result x; with the robust average value X, [18]. In
addition, the value X, is calculated by averaging the
measurement results provided by the participating test-
ing laboratories. Also, the ¢-scores are used because it
provides a rigorous assessment of the complete result
submitted by the participating testing laboratories.
Namely, using g-scores allow direct assessment of
whether laboratories can deliver measurement results
that agree with the other reference value, X, within their
measurement uncertainties [8]. In addition, the value X,
is assigned by the co-ordinator.

The robust z-scores, z are calculated

rob,
Z 1o, i X gy (1)
O'rob
where X, , Xob, and oy, are the i testing laboratory
result (parlticipant's result), assigned value, and target
standard deviation, respectively.

In addition, X, and o, have the greatest influ-
ence on the calculation of z-scores. They must be se-
lected with care if they are to provide a realistic assess-
ment of testing laboratory performance [8].

There are five procedures for establishing the as-
signed value in ILC. These procedures involve the use
of known values, certified reference values, reference
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values,and consensus values from expert participants,
and consensus values from participants [2]. In this pa-
per, two special reference values are used for the as-
signed values. In addition, the first assigned value,
X.op, 1S obtained by using the robust analysis described

in[8]. Namely, itis arobust average value that is calcu-
lated as follows

X,

T

ob = median ofxlab[ ,i=12,...4 2)

In addition, o, is the robust standard deviation
of x,p,; about X, which is calculated as follows

O ,op = 1483 {median of

xlabi - X },l=1,2,,4(3)

rob

Since the robust analysis is based on an iterative
calculation, the convergence is assumed when there is
no change from one iteration to the next in the 3" sig-
nificant figure of the robust average value, X, and
the robust standard deviation rob [8]. In this paper, the
second step of iteration was sufficient for convergence
(at most frequencies).

The interpretation of robust z-scores is as fol-
lows:

— |z| £2.0 — the result indicates satisfactory perfor-
mance (generates no signal),

— 2.0 <z < 3.0 — the result indicates questionable
performance (generates a warning signal), and

— z2>3.0—theresult indicates unsatisfactory perfor-
mance (generates an action signal).

The ¢-scores are calculated as

Xlab, ~ /Yser

G =——,i=12,....,4 “)

i 5
2 2
ulab[ Uy

where xj.,; and X, are the i testing laboratory result
(participant's result) and assigned value, respectively.
In addition, the value X, is obtained through the SER
ofthe tubular dipole in the SAC or FAC, for horizontal
and vertical polarizations and 3 m distance measure-
ment, respectively [9, 10]. The value X, is assigned
by the co-ordinator. In eq. (4), u,p;and ug, are the com-
bined standard uncertainty of a participant's result (i
testing laboratory) and the combined standard uncer-
tainty of the assigned value X, respectively. In addi-
tion, the measurement result provided by the i testing
laboratory produces a warning, action, or no signal ac-
cording to the same rules previously described for ro-
bust z-scores.

RESULTS OF THE
INTERLABORATORY COMPARISON

The robust z-score and g-score methods are used
to evaluate the measurement results of the ILC of all
participating testing laboratories.

Using the robust z-score method

The robust z-score method consists of several
steps. First, one calculates initial values for X, and
rob using egs. (2) and (3), respectively. In addition, the
final values for X, ; and o, are obtained through an it-
erative calculation using Algorithm A in [8, section
C.3.1]. In this paper, the second step of iteration was
sufficient for convergence (at most frequencies).

The values of the electric field strength mea-
sured by each laboratory are shown in fig. 4 [19]
(marked with different labels) together with the robust
average value X, (marked with the broken line) as a
function of frequency, for four cases (see the previous
section), respectively. In addition, one label represents
the value of one laboratory at a selected frequency.

When the robust average value and the robust
standard deviation, X, ;, and o, are determined, then
one calculates the value z,;; for each participant and
each selected frequency using eq. (1).

The values of the robust z-score calculated by
each laboratory and each selected frequency are
shown in fig. 5 [19] (marked with different labels), for
four cases, respectively. In addition, the broken and
solid lines represent the limits for warning and action
signals, respectively.

Itis observed in fig. 5(a) three values exceed the
limit for warning signal (the broken line), two due to
Lab.4(2.22 at 150 MHzand 2.05 at 250 MHz) and one
due to Lab. 3 (2.54 at 750 MHz), respectively. As only
3 out of 96 values fell out of the acceptance interval
(z] £2), the overall performance of the participant lab-
oratories seems to be adequate.

As the number of participants is not enough, the
¢-score method is also used.

Using the g-score method

The ¢-score method, as in the previous case, con-
sists of several steps. First, the assigned value X, by the
co-ordinator is obtained through the SER of the tubular
dipole in the SAC and FAC (simulated in the program
WIPL D Pro [20]), for horizontal and vertical polariza-
tions and 3 m distance measurement, respectively. Fig-
ure 6(a) shows the WIPL-D model of the tubular dipole
at a height of 1.29 m above the perfect electric conduc-
tor plane — PEC plane (simulated SAC). For this case,
the simulated near electric field distribution of tubular
dipole is shown in fig. 6(b).

The assigned values X, (in the SAC) and X,
(in the FAC) are reported in tab. 1, respectively. In ad-
dition, these values are given for Case 1). The com-
bined standard uncertainty of the assigned value X, is
obtained u,,=0.83 dB [10]. Namely, u ., = U/2, where
U, in dB, is the expanded uncertainty obtained by mul-
tiplying the standard uncertainty by a coverage factor
k=2 (which corresponds to a coverage probability of
about 95 %, assuming a normal distribution) [11].
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Figure 4 (a)-(d). Values of the electric field strength measured by each laboratory for four cases

The laboratory uncertainties were estimated and
reported by each participant. In addition, the com-
bined standard uncertainty of x; is u,,; = U,,,/2, Where
U,p; In dB, is the expanded uncertainty stated by the
i-th Laboratory, tab. 2. In addition, the expanded un-
certainty, Up,y;, s obtained by multiplying the standard
uncertainty by a coverage factor £ = 2 (which corre-
sponds to a coverage probability of about 95 %, as-
suming a normal distribution) [11].

When the assigned values (X, and X.,) and
the combined standard uncertainties (u,,; and u,,) are
determined, then one calculates the value of g; for each
participant and each selected frequency using eq. (4).

The values of the g-score calculated by each lab-
oratory (participant) and each selected frequency are
shown in fig. 7 [19] (marked with different labels), for
four cases, respectively. In addition, the broken and
solid lines represent the limits for warning and action
signals, respectively.

Considering the results of fig. 7, testing labora-
tories can be categorized into three groups as follows:
— Group 1: Lab. 4. Ithas no warning or action signals.
— Group2: Lab. 1.Ithas 1 warning and 2 action signals.
— Group 3: Lab. 2 and Lab. 3. These laboratories

have 7 and 8 warning signals, respectively, and 5
action signals for both laboratories.

The total number of measurement results was
96. Those giving warning or action signals were 28.
This means that 29.17% of measurement results were
not within the range of acceptable relative deviation
from the corresponding reference values X, In addi-
tion, in the case of Group 3, Lab. 2 and Lab. 3 will re-
quire special attention in the next ILC round, to have
their performances improved. Namely, some of the
possible sources of error are the inexperience of the
operator in radiated emission measurements, possibly
impacting on poor cable connections and adjustment
of direction and height between transmitting and re-
ceiving antenna, the use of an external preamplifier for
some types of receiving antennas, age of the absorbing
material, efc.

RESULTS DISCUSSION

The g-score appears to be stricter if compared
with the z-score. Comparing fig. 5 and fig. 7 a larger
number of warning and action signals are associated
with the g-score than with the z-score. The discrepancy
in the z statistic and ¢ statistic determined by the two
methods stems mainly from the fact that the median in
the z-score method and the assigned value, obtained
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Figure 5 (a)-(d). Values of the robust z-score calculated by each laboratory for four cases

(@) \ Table 1. The assigned values X and X,
fIMHz] | X indB [uVm'] | X in dB [uVm']]
50 69.57 71.44
150 88.85 83.95
250 90.10 89.51
350 89.95 93.29
550 85.23 86.19
750 86.41 83.26

Table 2. Expanded uncertainties reported

by the participant laboratories

Laboratory 1 2 3 4
5 Us [dB] 569 | 520 | 5.04 | 4.40

(b)

through the SER, in the g-score are different in princi-
ple. In addition, this is due to generally larger robust
standard deviation o, that appears in the denomina-
tor of eq. (1) if compared with the combined standard
'L uncertainty of a participant's result i, ;, in the denomi-
‘ nator of eq. (4).

Figure 6. () WIPL-D model of the tubular dipole at a For future ILC, perhaps a solution should be

height of 1.29 m above PEC plane (simulated SAC) and (b) suggested to abandon z-score statistics because it is
simulated near electric field distribution of tubular dipole impossible to regulate participants' behavior.
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Figure 7 (a)-(d). Values of the g-score calculated by each laboratory for four cases
CONCLUSIONS z-score statistic since it is impossible to regulate the

To evaluate the interlaboratory comparison of
cach testing laboratory, the robust z-scores and
¢-scores are used. As only three out of 96 values fell
out of the acceptance interval (|z| < 2), the overall per-
formance of the participant laboratories seems to be
adequate. As the number of participants is not enough,
the ¢-score method is also used. The total number of
measurement results was 96. Those giving warning or
action signals were 28. This means that 29.17 % of
measurement results were not within the range of ac-
ceptable relative deviation from the corresponding
reference values X, In addition, Lab. 2 and Lab. 3
will require special attention in the next ILC round, to
have their performances improved. The ¢-score ap-
pears to be stricter if compared with the z-score. The
discrepancy in the z statistic and ¢ statistic determined
by the two methods stems mainly from the fact that the
median in the z-score method and the assigned value,
obtained through the simulation-experimental results,
in the g-score are different in principle. For future ILC,
perhaps a solution should be suggested to abandon the

conduct of the participants.

Results show that the decision on technical com-
petence for the measurement of a laboratory depends
on the evaluation method used. The results presented
in this paper should be useful to the Accreditation
Body of Serbia tasked with assessing the competence
of testing laboratories. In addition, a tubular dipole
adopted in the ILC may be proposed as an alternative
type of signal source for measurement comparisons.
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MEBYJIABOPATOPUICKO INOPEGLEILE MEPEIbA
EMHUCUJE 3PAYEIbA KOPUIIKREILEM LHEBACTOI JUIIOJA

Pag nmpencraBba MebynaGopaTopmjcko mopebeme Mepewma  eMmcHje  3pauyema Y
¢pexsennujckom oncery o 30-1000 MHz. lleBactu gumosn moceOHO je AW3ajHUpPAaH M KOpHUITheH Kao
pedepeHTHE W3BOp eMHUTOBama. HajBaskHWje 3a IEeBacTH JUIIOJN jeé FHEeroBa CTaOWIHOCT Y IPOILECY
UCIUTUBaka. Mako cTabMITHOCT HUje KapaKTePUCTUKA Y30pKa, CHTHAJI EMUCHje y30pKa jecTe cTabuiaH.
[Topen Tora, pasmaTpajy ce iBa HaunHa ofipebuBama pedepeHTHE BpeTHOCTH jaulHE €JIEKTPOMATHETCKOT
nosba. [IpBa pedepenTHa BpegHOCT fo0uja ce KopuirthewmeM poOycHe aHanmie. Pagm ce o poOycHO]
MIPOCETHO]j BPEMHOCTH KOja Ce M3pauyHaBa yCpedmaBamkeM pe3yliTaTa Mepema Koje Cy flajie WCIHUTHE
naboparopuje yuecuuue. [Ipyra pepepeHTHa BPeTHOCT TO0H]ja ce KPO3 CUMYJIAIOHO-EKCIIEPUMEHTATHE
pe3ynraTe IEeBacTOr [UMOJA y TOIYaHEXOWYHOj COOM WM aHEXOMYHO] coOu, 3a XOPH3OHTAIHY U
BEpTHKAIIHY TIOJapHU3alfjy, 1 MEpemke Ha YAabeHOCTH Off 3 m, pecnekTuBHO. [Ipm ToMe, OBy BpegHOCT
monesbyje KoopaunHaTop. PesynraTn Mmepema ynopebyjy ce kopumrhemeM poOyCHOT z-CKopa B g-CKOpa.

Kmwyune peuu: mebyaabopaitiopujcko ilopeherse, nabopaiiopuja 3a UCUUIUBAbE, eMUCUA 3padetba,
yesaciti Ouiion, poOyCcHa aHAAU3A, CUMYAAUUOHO-CKCILePUMEHITAAHU Pe3YATHATL



