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1. Introduction

Magnetic field probes are widely utilized in the measurement of non-ionizing radiation magnetic fields
emanating from high voltage lines, high voltage power transformers, welding or induction heating
equipment [1] and in electromagnetic compatibility (EMC) testing (IEC 62233 [2] and IEC 62311 [3])
and other applications in the frequency range of 5 Hz — 1 GHz. Therefore, the calibration of magnetic
field probes is of fundamental importance for the traceability of the magnetic field measurements. They
must be calibrated by National Metrology Institutes (NMIs) or accredited calibration laboratories in
accordance with international standards such as IEEE Std. 1309 [4] and IEEE Std. 1308 [5]. The NMIs
should participate in international inter-laboratory comparisons in order to demonstrate the international
equivalence of their measurement standards and the calibration and measurement certificates they
issue and to support their CMCs in the CIPM KCDB.

It has been discussed to organize a comparison on Magnetic Field Strength Measurements during the
EURAMET TC-EM Subcommittee Radiofrequency and Microwave (SC-MW) meeting, including an
EMC meeting, organized as a virtual (online) meeting on 20-21 April 2021.

The comparison was conducted in accordance with the Technical Protocol of “Comparison of Magnetic
Field Strength Measurements for Frequencies up to 30 MHz, EURAMET Project No: 1538,
EURAMET.EM.RF — S46”, given in Appendix A, which was prepared by the TUBITAK UME and
approved by the participants.

2. Organisation of the Comparison
2.1. Pilot Institute

This comparison was piloted by TUBITAK UME. The pilot laboratory is responsible for preparing the
technical protocol, determining the stability of the travelling standard, calculating the results and
preparing the comparison report.

2.2. Participating Institutes

The participating institutes are listed in Table 1.

Table 1. List of participants

Acronym L
. Countr Contact Person Shipping Address
of Institute y Pping
o Osman Sen TUBITAK Ulusal Metroloji Enstitlisti (UME)
TUBITAK Tiirkive osman.sen@tubitak.gov.tr TUBITAK Gebze Yerleskesi
UME y o -gov. Baris Mah. Dr. Zeki Acar Cad. No:1 41470
Tel: +90 262 679 50 00 L 2o
Gebze-Kocaeli, Turkiye
Crech Tomas Pavligek Cesky metrologicky institut
CMI Republic tpavlicek@cmi.cz Radiova 1136/3 CZ-10200
P Tel: +420 266 020 185 Praha, Czech Republic
. . Physikalisch-Technische Bundesanstalt
Frannskq Weickert 2.51 Magnetische Messtechnik
PTB Germany Franziska.weickert@ptb.de desall
Tel: +47 592 2510 Bundesallee 100
38116 Braunschweig, Germany
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Acronym .
of Institute Country Contact Person Shipping Address
Gabiriella Crotti Istituto Nazionale di Ricerca Metrologica
INRIM Italy g.crotti@inrim.it Strada delle Cacce, 91
Tel: +39 011 3919826 10135 Torino, Italy
Central Office of Measures (GUM),
Arkadiusz Podgorni Microwaves, Electromagnetic Field and
GUM Poland arkadiusz.podgorni@gum.gov.pl Electromagnetic Compatibility Section
Tel : +48 22 581 9452 Electricity and Magnetism Laboratory, 00-
139 Warszawa, Poland
Saudi Standards, Metrology and Quality
SASO _ _ S_aleh Almojaewel Organization of 'I_'he Kingdom of Saudi
NMCC Saudi Arabia s.mojaewel@saso.gov.sa Arabia (SASO)
Tel: +966 11 252 97 30 Riyadh 11471, P.O. Box 3437
Kingdom of Saudi Arabia
. Research Institutes of SWEDEN (RISE
Mats Cec_zlhe|m_ Mats Cedheim/Hus 15 ( :
RISE Sweden mats.cedheim@ri.se Brinellgatan 4, 504 62 Boras
Tel : +46 10 516 60 86 !
Sweden
Frédéric Pythoud Federal Institute of Metrology (METAS),
METAS Switzerland frederic.pythoud@metas.ch Laboratory EMC, Lindenweg 50
Tel: +41 58 387 03 35 3003 Bern-Wabern, Switzerland
United Stuart Harmon National Physical Lgboratory'(NPL)
NPL Kingdom stuart.harmon@npl.co.uk Hampton Road, Teddington, Middlesex,
Tel: +44 20 8943 6908 TW11 0LW, UK

2.3. Unexpected Incidents

According to the comparison protocol, a part of the comparison measurements circle was supposed to
be performed in the sequence of GUM — RISE — TUBITAK UME, but due to customs problems in
Poland, the aforementioned part was performed in the sequence of GUM — RISE — SASO NMCC -
TUBITAK UME as given in Table 2. Due to this delay caused by the customs problems, the
measurements were completed on 11 May 2023 instead of 03 March 2023.

2.4. Comparison Schedule

The time schedule for the comparison is given in Table 2. The circulation of the travelling standard was
organized to monitor the performance of the travelling standard. Each laboratory had two weeks to carry
out the measurements.

Table 2. The time schedule for the comparison

Participant Country Measurement Dates
. L 03 January 2022 — 11 January 2022
TUBITAK UME Turkiye (Measurement and Stability Control)
CMI Czech Republic 02 February 2022 — 17 February 2022
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Participant Country Measurement Dates
METAS Switzerland 21 March 2022 — 25 March 2022
- . 18 April 2022 — 21 April 2022
TUBITAK UME Tarkiye (Stability Control)
PTB Germany 11 May 2022 — 18 May 2022
NPL United Kingdom 27 June 2022- 08 July 2022
N . 01 August 2022 — 03 August 2022
TUBITAK UME Tarkiye (Stability Control)
GUM Poland 27 September 2022 — 30 September 2022
RISE Sweden 15 October 2022 — 16 October 2022
SASO NMCC Saudi Arabia 12 December 2022 — 25 December 2022
. . 16 January 2023 — 18 January 2023
TUBITAK UME Tarkiye (Stability Control)
INRIM Italy 16 February 2023 — 15 March 2023
o . 09 May 2023 — 11 May 2023
TUBITAK UME Tarkiye (Stability Control)

3. Travelling Standard and Measurement Instructions
3.1. Description of the Standard

The travelling standards were supplied by TUBITAK UME. These standards were chosen for their high
accuracy and stability over time. The photos and the general specifications of the travelling standards
are presented in Figurel and Table 3 respectively.

(a) (b)
Figure 1. The photo of the travelling standards, a) ELT 400, b) HF3061 with NBM-550
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Table 3. The general specifications of the travelling standard

. Manufacturer / Serial c | Specificati
ame Model Number Number eneral Specifications
v" Frequency Range: 10 Hz — 400 kHz
Magnetic Field Probe Narda lSqfety ;I'est v/ Measurement Range: 0.5 uT — 160 mT
(Low frequency) Solutions M-1859 | ' Noise Level: 0,24 uT (320 uT — HIGH
ELT Probe 100 cm? SR H
range)
Low Fre,\‘jlztee”rcy Field ELT — 400 0-0450 | v Power Supply: 9 V/2000 mA
- Narda Safety Test v" Frequency Range: 300 kHz — 30 MHz
Ma(lar;e;u;rzeﬂgniro)be Solutions / D-0934 v/ Measurement Range: 0,012 A/m — 16 A/m
9 q y HF3061 v" Noise Level: 0,01 A/m
High Fr?\;‘gteer;cy Field NBM 550 B-1002 | v Power Supply: 9 V/1.5 A

3.2. Measured Quantities and Conditions of the Measurement

The correction factor defined below is determined for each frequency given in Table 4. The correction
factors are obtained using the following equation;

. Actual Field (uT or A/m)
Correction Factor (dB) = 20 X log,,

Indicated Field (uT or A/m)

Table 4. Measurement frequencies & levels for magnetic field probes

Measurement Level for Magnetic Measurement Relevant Travelling
Frequency Field Measurements | Range for ELT — 400 Standard
10 uT 320 uT — Low
100 pT 320 uT — High
53 Hz 300 uT 320 uT - High
1000 uT 80 mT — Low
2000 pT 80 mT — Low ELT Probe 100 cm?2
400 Hz 10 uT 320 uT — Low
10 kHz 10 uT 320 uT — Low
100 kHz 10 uT 320 uT — Low
300 kHz 3uT 320 uT — Low
500 kHz 0.15 A/m -
5 MHz 0.15 A/m -
10 MHz 0.15 A/m - HF3061 with NBM-550
20 MHz 0.15 A/m -
30 MHz 0.15 A/m -
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3.3. Deviations from the Protocol

With the approval of the participants, the weighted mean method was used instead of the arithmetic
mean method in order to calculate the reference value.

4. Methods of Measurement

The measurements were performed according to participants’ measurement procedure. The detailed
measurement methods used by the participants were given in the comparison reports of the participants
in Annex B.

5. Stability of Standards

The stability measurements of the travelling standards were performed periodically by TUBITAK UME
throughout the comparison to monitor their stability. The measured stability results are shown in Figure
2 to Figure 4.

0.50 Stability of Magnetic Field Probe (ELT 400)
c :
& 040
E o3
£ 02
Eg 010 ——03.012022
EZ 00 ——18.04.2022
S 3 010 01.08.2022
2 0w ——16.01.2023
S 030 ——09.05.2023
©
S 040
a 050
0 50 100 150 200 250 300
Frequency (kHz)

Figure 2. Stability measurement results of the travelling standard (ELT400, Frequency response)

0.50 Stability of Magnetic Field Probe (ELT 400)
c :
3 o040
E 30
£ o020
EE 010 ——03.01.2022
EZ 00 ——18.04.2022
S S 010 01.08.2022
u— @
: > 020 —16.01.2023
S 030 ——09.052023
©
S -0.40
a 050
0 500 1000 1500 2000
Level (uT)

Figure 3. Stability measurement results of the travelling standard (ELT400, Linearity response)
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0.50 Stability of Magnetic Field Probe (HF3061)
c :
g 040
E 030
£ 020
Eg 010 - ——05.01.2022
EZ 500 L N ] — —_—] —21.04.2022
&8 0 e —— 03.08.2022
52 0w ——18.01.2023
R ——11.05.2023
®
2 040
8 050
0 5 10 15 20 25 30
Frequency (MHz)

Figure 4. Stability measurement results of the travelling standard (NBM-550, Frequency response)

All the stability measurements were performed exactly in the same measurement setup including the
Helmholtz coil, resistor, 6 2 multimeter, TEM Cell, power meter etc. The observed deviation values
from the mean value were in any case less than + 0.1 dB. It can be concluded that the stability of the
standards are considered to be satisfactory. Based on the low drift of the magnetic field probes, no
additional correction factors were added to the participant’s results in the process of obtaining the
reference values.

6. Results of the Participating Institutes

The measurement results of the participating institutes (x;) and their standard uncertainties (u(x;)) are
presented for each frequency in Table 5 to Table 18.

Table 5. Results of the participating institutes at 53 Hz and 10 uT

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.09 0.045
CMI 0.12 0.02

PTB 0.12 0.00285
INRIM 0.13 0.015
GUM 0.154 0.016
SASO NMCC 0.172 0.370

RISE No Data No Data
METAS 0.15 0.055
NPL 0.1340 0.0085
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Table 6. Results of the participating institutes at 53 Hz and 100 uT

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.17 0.045
CMI 0.13 0.02

PTB 0.14 0.00275
INRIM 0.13 0.015
GUM 0.159 0.0175
SASO NMCC 0.257 0.370

RISE No Data No Data
METAS 0.16 0.065
NPL 0.1313 0.0085

Table 7. Results of the participating institutes at 53 Hz and 300 uT

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.17 0.045
CMI 0.13 0.02

PTB 0.14 0.0031
INRIM 0.14 0.015
GUM 0.156 0.017

SASO NMCC No Data No Data

RISE No Data No Data
METAS 0.15 0.065
NPL 0.1336 0.0085
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Table 8. Results of the participating institutes at 53 Hz and 1000 pT

Participating Correction Factor Standard Uncertainty (k=1)
Institute (dB) (dB)
TUBITAK UME 0.09 0.045
CMI 0.06 0.02
PTB -0.007 0.0055
INRIM 0.07 0.015
GUM 0.072 0.0445
SASO NMCC No Data No Data
RISE No Data No Data
METAS 0.05 0.065
NPL 0.0600 0.0085

Table 9. Results of the participating institutes at 53 Hz and 2000 pT

Participating Correction Factor Standard Uncertainty (k=1)
Institute (dB) (dB)
TUBITAK UME 0.00 0.045
CMI 0.06 0.02
PTB No Data No Data
INRIM 0.08 0.015
GUM 0.077 0.0445
SASO NMCC No Data No Data
RISE No Data No Data
METAS 0.04 0.065
NPL 0.0692 0.0085
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Table 10. Results of the participating institutes at 400 Hz and 10 pT

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.09 0.045
CMI 0.09 0.02

PTB 0.15 0.00285
INRIM 0.08 0.015
GUM 0.113 0.016
SASO NMCC 0.172 0.370

RISE No Data No Data
METAS 0.14 0.055

NPL 0.0895 0.0085

Table 11. Results of the participating institutes at 10 kHz and 10 pT

Participating Correction Factor Standard Uncertainty (k=1)
Institute (dB) (dB)
TUBITAK UME 0.09 0.045
CMI 0.10 0.02

PTB 0.08 0.00455

INRIM 0.10 0.015
GUM 0.190 0.024
SASO NMCC 0.172 0.370
RISE 0.05 0.21
METAS 0.13 0.07
NPL 0.1014 0.011
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Table 12. Results of the participating institutes at 100 kHz and 10 pT

Participating Correction Factor Standard Uncertainty (k=1)
Institute (dB) (dB)
TUBITAK UME 0.00 0.05
CMI 0.02 0.025
PTB 0.25 0.01
INRIM 0.09 0.02

GUM No Data No Data

SASO NMCC 0.172 0.370
RISE -0.26 0.21
METAS 0.11 0.07
NPL 0.0781 0.052

Table 13. Results of the participating institutes at 300 kHz and 3 pT

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.09 0.075
CMI 0.09 0.14

PTB No Data No Data
INRIM 0.24 0.125

GUM No Data No Data
SASO NMCC 0.424 0.37
RISE -0.24 0.21
METAS 0.19 0.175

NPL No Data No Data
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Table 14. Results of the participating institutes at 500 kHz and 0.15 A/m

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 1.06 0.13
CMI 1.35 0.175
PTB 0.71 0.305
INRIM 0.83 0.305

GUM No Data No Data
SASO NMCC 0.506 0.29
RISE 0.93 0.21
METAS 1.56 0.285

NPL No Data No Data

Table 15. Results of the participating institutes at 5 MHz and 0.15 A/m

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME -0.18 0.235
CMI 0.43 0.195
PTB -0.13 0.305
INRIM -0.07 0.32

GUM No Data No Data
SASO NMCC -0.175 0.29
RISE -0.03 0.21
METAS 0.72 0.285

NPL No Data No Data
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Table 16. Results of the participating institutes at 10 MHz and 0.15 A/m

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME -0.09 0.235
CMI 0.38 0.32
PTB 0.00 0.305
INRIM 0.04 0.34

GUM No Data No Data
SASO NMCC 0.086 0.29
RISE -0.25 0.21
METAS 0.83 0.285

NPL No Data No Data

Table 17. Results of the participating institutes at 20 MHz and 0.15 A/m

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.09 0.235
CMI 0.46 0.305
PTB 0.17 0.31
INRIM 0.18 0.40

GUM No Data No Data
SASO NMCC 0.086 0.29
RISE -0.04 0.21
METAS 0.84 0.285

NPL No Data No Data
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Table 18. Results of the participating institutes at 30 MHz and 0.15 A/m

Participating Correction Factor Standard Uncertainty (k=1)

Institute (dB) (dB)
TUBITAK UME 0.09 0.235
CMI 0.27 0.39
PTB 0.09 0.31
INRIM 0.14 0.445

GUM No Data No Data
SASO NMCC 0.086 0.29
RISE -0.77 0.21
METAS 0.97 0.305

NPL No Data No Data

7. The Comparison Reference Value (CRV)

The Comparison Reference Value (CRV) for each frequency was determined according to Reference
[6, 7]. Outlying results were not taken into account in the calculation of the CRV. The outlier values
were specified by using the Median of Absolute Deviations (MAD) which is defined in Equation 2.

o0 =~ S(MAD) = kymedian |x; — Xeql (2

Where;

k, is a multiplier obtained in Reference [6]
x; is the result of each participant,
Xmea 1S the median value of the measurement results.

If the condition given in Equation 3 is met for any result (x;,), this value is defined as an outlier.

|xi - xmedl > 1.5 X S(MAD) (3)

When calculating the CRYV, the result of the outlier institute which met the criterion given in Equation 3
was not taken into account. The Comparison Reference Value (xc-zy) and its uncertainty (u(xczy)) were
calculated using Equations 4, 5 and 6.

X X
a2 T

Xcrv = 1 1 (4)
a2 ¥t g2
S S (5)
u(xper)? B u(x;)? u(xy)?
u(xcgy) = \/u(xdrift)z + u(xgpr)? (6)
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Where;

X; is the participant result which passes the S(MAD) test,

u(x; ) is the participant uncertainty value (k=1) which passes the S(MAD) test,

N is the number of participants.

Xarife 1S Uncertainty value due to the stability of the comparison device

While calculating the comparison measurement uncertainties, the uncertainty values of the comparison

device (obtained from the standard deviation of the stability measurements) given in Table 19 were
taken into account (See Equation 6).

The expanded uncertainty of the Comparison Reference Values (U(xcgy)) was calculated by:

U(xcry) = 2 X u(xcgy) (7)

The Comparison Reference Values (x.gy) and their corresponding standard uncertainties (u(xcgy)) and
expanded uncertainties U(x.zy) are presented in Table 19 for each frequency.

Table 19. Comparison Reference Values and corresponding uncertainties

Uncertainty
Freauencies | FeOLel | GE | Gt | am | sy
Device (dB)
10 T 0.1226 0.00 0.0026 0.0052
100 uT 0.1393 0.00 0.0025 0.0050
53 Hz 300 T 0.1396 0.00 0.0028 0.0056
1000 pT 0.0622 0.00 0.0068 0.0136
2000 pT 0.0702 0.00 0.0068 0.0136
400 Hz 10 uT 0.0922 0.00 0.0063 0.0126
10 kHz 10 T 0.0852 0.00 0.0039 0.0078
100 kHz 10 uT 0.0610 0.00 0.0141 0.0282
300 kHz 3uT 0.1296 0.04 0.0693 0.1386
500 kHz 0,15 A/m 1.0219 0.06 0.1039 0.2078
5 MHz 0,15 A/m -0.1103 0.06 0.1356 0.2712
10 MHz 0,15 A/m -0.0819 0.04 0.1286 0.2572
20 MHz 0,15 A/m 0.0668 0.04 0.1310 0.2620
30 MHz 0,15 A/m 0.0944 0.05 0.1630 0.3260
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8. Degrees of Equivalence (D;)

The results of the comparison are reported as the degree of equivalence between the participant’s
result and the Comparison Reference Values (xcry). The degree of equivalence of each participant
(D;), was calculated according to Equation 8.

D; = x; — xcpy (8)

Where;
x; is the result of the participants
Xcry IS the Comparison Reference Value.

The expanded uncertainty of the degree of equivalence for a participant’s result U(D;) was calculated
using Equation 9 and Equation 10. Equation 10 was used in the case where the participant result failed
in the S(MAD) test and did not contribute to the Comparison Reference Value (xcxzy)-

U(D;) =2x \/u(xi)z — u(xcry)? (9)

U;) =2 x\/u(xl-)z + u(xcry)? (10)

Where u(x;) is the uncertainty of the result of the participant (k =1) and u(xcgy) is the uncertainty of
the Comparison Reference Value.

The degrees of equivalence of the participants for each comparison point are presented in Table 21 to
Table 34 and Figure 5 to Figure 18 where the limit lines demonstrate the calculated U(D;) at each point.

Table 20. The degrees of equivalence (D;), its uncertainties (U(D;)) for 53 Hz and 10 pT
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o : D; U(D,)
Participating Institute ! !
bating (dB) (dB)
TUBITAK UME -0.033 0.091
CMI -0.003 0.040
PTB -0.003 0.002
INRIM 0.007 0.030
GUM 0.031 0.032
SASO NMCC 0.049 0.773
RISE - -
METAS 0.027 0.111
NPL 0.011 0.016
030 Correction factor for 10 uT @ 53 Hz
m 020 -
2
& 010 - 1
Q >
£ 000 S S S 5
o - hd
= I l
S 010 -
s
2 -020 -
(a}
-0.30 -
w = = = Q w 2] -
= = = S ® < z
E © o x o s z m z
] = =

Figure 5. Degrees of equivalence for 53 Hz and 10 pT
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Table 21. The degrees of equivalence (D;), its uncertainties (U(D;)) for 53 Hz and 100 pT

L . D; U(D,)
Participating Institute ! L
bating (dB) (dB)
TUBITAK UME 0.031 0.090
CMI -0.009 0.040
PTB 0.001 0.002
INRIM -0.009 0.030
GUM 0.020 0.035
SASO NMCC 0.118 0.773
RISE - -
METAS 0.021 0.131
NPL -0.008 0.016
0.30 Correction factor for 100 uT @ 53 Hz
m 020
=2
& 010 l 1
3]
E { . I
0.00 +
o I
£ | t J L
S -0.10
=
& -0.20
o
0.30 . _ o = = 5 u w .
= =
= = =] = L o L
5 o o E o = x E =

Figure 6. Degrees of equivalence for 53 Hz and 100 pT
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Table 22. The degrees of equivalence (D;), its uncertainties (U(D;)) for 53 Hz and 300 puT

Participating Institute (dDI_;,) l{ggz))

TUBITAK UME 0.030 0.091

CMI -0.010 0.040

PTB 0.000 0.003

INRIM 0.000 0.030

GUM 0.016 0.034
SASO NMCC - -
RISE - -

METAS 0.010 0.131

NPL -0.006 0.016

Correction factor for 300 uT @ 53 Hz

0.30
m 0320
=2
& 010 I
3]
£ . I 4
§ oo [ { = i T §
§ -0.10
=
> 020
0
-0.30 u — _ - o . .,
= = E = ] E = o
[&] x = —_

Figure 7. Degrees of equivalence for 53 Hz and 300 pT
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Table 23. The degrees of equivalence (D;), its uncertainties (U(D;)) for 53 Hz and 1000 uT

L . D; U(D,)
Participating Institute : L
pating (dB) dB)
TUBITAK UME 0.028 0.091
CMI -0.002 0.038
PTB -0.069 0.018
INRIM 0.008 0.027
GUM 0.010 0.088
SASO NMCC - -
RISE - -
METAS -0.012 0.130
NPL -0.002 0.010
030 Correction factor for 1000 uT @ 53 Hz
m 020
=]
& 010
: I
E o000 1 $ 5
= Ity |
S 010
S
> 020
o
-0.30
L = o = = (5} w bt =
= = = = O ©» < o
5 © e £ 3 = @ b =

Figure 8. Degrees of equivalence for 53 Hz and 1000 pT
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Table 24. The degrees of equivalence (D;), its uncertainties (U(D;)) for 53 Hz and 2000 uT

Participating Institute (dDI_;,) l{ggz))
TUBITAK UME -0.070 0.091
CMI -0.010 0.038
PTB - _
INRIM 0.010 0.027
GUM 0.007 0.088
SASO NMCC - _
RISE - -
METAS -0.030 0.130
NPL -0.001 0.010

0.30 Correction factor for 2000 uT @ 53 Hz

=

Pl

=
1

=
iy
=

0.00

-0.10

——

-0.20 ~

Deviation from CRV (dB)

-0.30

UME
cmi
PTB
INRIM
GUM
NMCC
RISE
METAS
NPL

Figure 9. Degrees of equivalence for 53 Hz and 2000 pT
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Table 25. The degrees of equivalence (D;), its uncertainties (U(D;)) for 400 Hz and 10 uT

L . D; U(D,)
Participating Institute : L
bating (dB) (dB)
TUBITAK UME -0.002 0.090
CMI -0.002 0.038
PTB 0.058 0.014
INRIM -0.012 0.027
GUM 0.021 0.030
SASO NMCC 0.080 0.773
RISE — —
METAS 0.048 0.110
NPL -0.003 0.012
0.30 - Correction factor for 10 uT @ 400 Hz
m 020 -
=2
= 010 - !
£ I I * }
E 000 3 L
g I I t |
S -0.10 -
k=
> -020 -
o
-0.30 -
w = = = Q w %] _|
= =
t 5 P 8 3 § & & ¢

Figure 10. Degrees of equivalence for 400 Hz and 10 pT
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Table 26. The degrees of equivalence (D;), its uncertainties (U(D;)) for 10 kHz and 10 pT

Participating Institute (dDé) l{ggl))
TUBITAK UME 0.005 0.090

CMI 0.015 0.039

PTB -0.005 0.005

INRIM 0.015 0.029

GUM 0.105 0.049

SASO NMCC 0.087 0.773
RISE -0.035 0.430

METAS 0.045 0.141

NPL 0.016 0.021

0.50 Correction factor for 10 uT @ 10 kHz
- 040 -
@ 530
> 020 -
o
O 010 4 I } L 2 1
E o000 ! + * 3 % i 8
=3
- —
g -0.10
= -0.20 -
o
= -0.30 -
[
0 040 -
0.50 w T |.|.| » -
= = = 2 Q 2] < o
= © o x ® s 2 m z
- = =

Figure 11. Degrees of equivalence for 10 kHz and 10 uT
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Table 27. The degrees of equivalence (D;), its uncertainties (U(D;)) for 100 kHz and 10 uT

o : D; U(D;)
Participating Institute : ¢
pating (dB) (dB)
TUBITAK UME -0.061 0.097
CMI -0.041 0.041
PTB 0.189 0.035
INRIM 0.029 0.029
GUM - -
SASO NMCC 0.111 0.772
RISE -0.321 0.431
METAS 0.049 0.138
NPL 0.017 0.101
0.50 - Correction factor for 10 uT @ 100 kHz
__ 040 -
@ 930 -
020 -
= t
O 0.10 - * i
_2_ 0.10 - t t 1
: - -
£ 020 -
L]
% -0.30 +
0 040 -
050 L = @ = = & w 7 -
= = = = Q “ = o
= © o E 0o s [ LE_J z

Figure 12. Degrees of equivalence for 100 kHz and 10 pT
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Table 28. The degrees of equivalence (D;), its uncertainties (U(D;)) for 300 kHz and 3 pT

L . D; U(D,)
Participating Institute ! L
pating (dB) (dB)
TUBITAK UME -0.040 0.061
CMI -0.040 0.248
PTB - -
INRIM 0.110 0.212
GUM - -
SASO NMCC 0.294 0.786
RISE -0.370 0.453
METAS 0.060 0.329
NPL - |
100 Correction factor for 3 uT @ 300 kHz
__ 080 -
D 60
= 040
o L
& 020 ] ]
E 000 3 1 T l
= 020 -
2 -0.40
e -0.60 :
E .
O pag
-1.00
w = = = (41 w W =l
= = o
: 5 £ E 3 ¢ & = &
= = %

Figure 13. Degrees of equivalence for 300 kHz and 3 uT
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Table 29. The degrees of equivalence (D;), its uncertainties (U(D;)) for 500 kHz and 0.15 A/m

L . D; U(D))
Participating Institute ! L
pating (dB) (dB)
TUBITAK UME 0.038 0.162
CMI 0.328 0.289
PTB -0.312 0.596
INRIM -0.192 0.596
GUM - -
SASO NMCC -0.516 0.561
RISE -0.092 0.376
METAS 0.538 0.626
NPL - =
200 - Correction factor for 0.15 A/m @ 0.5 MHz
— 150
m
Z 100 -
2
o 050 - { T
E 0.00 $ I T { {
(=
tT
S
® -1.00 -
>
8 -150 -
-2.00 - w = E = = O w » -
= = = O @ < o
5 o o % o = [ o z
i = E

Figure 14. Degrees of equivalence for 500 kHz and 0.15 A/m
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Table 30. The degrees of equivalence (D;), its uncertainties (U(D;)) for 5 MHz and 0.15 A/m

Participating Institute (dDé) %gl))
TUBITAK UME -0.070 0.398
CMI 0.540 0.484
PTB -0.020 0.569
INRIM 0.040 0.604
GUM - ]
SASO NMCC -0.065 0.533
RISE 0.080 0.332
METAS 0.830 0.651
NPL - ]

500 - Correction factor for 0.15 A/m @ 5 MHz

150
1.00 -
050

I { |
0.00 J.
-0.50 I I

-1.00 -

Deviation from CRV (dB)

-1.50 -

-2.00 -

UME
cmi
PTB

INRIM
GUM
NMCC
RISE

METAS

NPL

Figure 15. Degrees of equivalence for 5 MHz and 0.15 A/m
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Table 31. The degrees of equivalence (D;), its uncertainties (U(D;)) for 10 MHz and 0.15 A/m

L . D; U(D))
Participating Institute ! L
pating (dB) (dB)
TUBITAK UME -0.008 0.407
CMI 0.462 0.715
PTB 0.082 0.575
INRIM 0.122 0.657
GUM - =
SASO NMCC 0.168 0.540
RISE -0.168 0.343
METAS 0.912 0.645
NPL - |
200 - Correction factor for 0.15 A/m @ 10 MHz
__ 160 -
@ 450
> 080 -
o
QO 040 - I I 1
E 000 T
£ o0 L 1 | L1
: - -
£ 080 -
o
S -1.20
[+
0O 160
-2.00 -
w = p = = gy 4w 2 g
= o > Q (2] < =
5 o 5 o = z E z

Figure 16. Degrees of equivalence for 10 MHz and 0.15 A/m
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Table 32. The degrees of equivalence (D;), its uncertainties (U(D;)) for 20 MHz and 0.15 A/m

Participating Institute (dDé) %gl))
TUBITAK UME 0.023 0.404
CMI 0.393 0.686
PTB 0.103 0.585
INRIM 0.113 0.794
GUM - |
SASO NMCC 0.019 0.538
RISE -0.107 0.340
METAS 0.773 0.647
NPL - B

500 - Correction factor for 0.15 A/m @ 20 MHz

1.60 -
1.20 -

I
I

-0.80 -
-1.20
-1.60 -
-2.00 -

—)—

Deviation from CRV (dB)

UME
cMmi
PTB
INRIM
GUM
NMCC
RISE
METAS
NPL

Figure 17. Degrees of equivalence for 20 MHz and 0.15 A/m
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Table 33. The degrees of equivalence (D;), its uncertainties (U(D;)) for 30 MHz and 0.15 A/m

Participating Institute (dDé) l{ggl))
TUBITAK UME -0.004 0.354
CMI 0.176 0.883
PTB -0.004 0.551
INRIM 0.046 0.876
GUM - B
SASO NMCC -0.008 0.501
RISE -0.864 0.542
METAS 0.876 0.714
NPL - B

500 - Correction factor for 0.15 A/m @ 30 MHz

160 -
120 -

o i —
AR B .

-1.60 -
-2.00 -

——

Deviation from CRV (dB)

UME
cmi
PTB

INRIM
GUM
NMCC
RISE

METAS

NPL

Figure 18. Degrees of equivalence for 30 MHz and 0.15 A/m
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9. Conclusion

EURAMET.EM.RF-S46 (EURAMET Project 1538) comparison which aimed at evaluating the deviation
from CRV of measurements of the magnetic field probe was conducted with 9 participants.

The transfer standard was the Magnetic Field probe set, Narda ELT — 400 and HF3061 with NBM —
550 and it was circulated without a major problem from January 2022 to May 2023.

The CRV was determined by using the weighted mean of the measurement results of the participants
except the outlier values. In the calculations, the values used in the comparison report were obtained
by converting the decibel values to linear values.

For the comparison results in the frequency range of 53 Hz — 30 MHz, with the exception of a few
participants, most of the results supplied by the participants show good agreement with the CRV within
the expanded uncertainty.
Probable reasons in participants where there is deviation from the CRV may be as follows;

» Very low uncertainty value

» Different calibration environments

The comparison results were very consistent with each other, thus confirming the quality of their
measurements as well as the stability of the travelling standard. This comparison results will lead some
participants to improve their calibration setups and revise their uncertainty budgets.
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ANNEX A. Technical Protocol
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TECHNICAL PROTOCOL

Comparison of Magnetic Field Strength
Measurements for Frequencies up to 30 MHz

EURAMET.EM.RF-S46
(EURAMET Project No: 1538)

TUBITAK UME

(Version 1.1)
June 21, 2023
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1. Introduction

Magnetic field probes are widely utilized in the measurement of non-ionizing radiation magnetic fields
emanating from high voltage lines. high voltage power transformers, welding or induction heating
equipment [1] and in electromagnetic compatibility (EMC) testing (IEC 62233 [2] and IEC 62311 [3])
and other applications in the frequency range of 5 Hz — 1 GHz. Therefore, the calibration of magnetic
field probes is of fundamental importance for the traceability of the magnetic field measurements.
They must be calibrated by National Metrology Institutes (NMIs) or accredited calibration laboratories
in accordance with international standards such as IEEE 1309 [4] and IEEE 1308 [5]. The existing
NMIs or emerging NMIs should participate in international comparison measurements in order to
assure the quality of their measurement results or support their CMCs in the CIPM KCDB.

It has been discussed to organize a comparison on Magnetic Field Strength Measurements during the
EURAMET TCEM SC RFMW including EMC meeting organized as a virtual (online) meeting on 20-21
April 2021.

The comparisen will be carried out in accordance with the CCEM Guidelines for Planning. Organizing,
Conducting and Reporting Key, Supplementary and Pilot Comparisons [6].

TUBITAK UME will act as the pilot institute. The travelling standards will be provided by TUBITAK
UME. TUBITAK UME will be responsible for monitoring the performance of the travelling standards
during the circulation and also for the evaluation & reporting of the comparison results.

2. Travelling Standards

The travelling standards will be supplied by TUBITAK UME. These standards were chosen for their
high accuracy and stability over time. The photos and the general specifications of the travelling
standards are presented in Figure1 and Table 1 respectively.

(@) (b)
Figure 1. The photo of the travelling standards, a) ELT 400, b) HF3061 with NBM-550

Technxcal Protocol of Companson of Magnstic Fiekd Strergth Measuremsnts for Frequencies up 1o 30 MHz Ver 111 317
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3 —JoRinK—
EURAMET ' u M E
Table 1. The general specifications of the travelling standard
Manufacturer / Serial
Name Model Number Number General Specifications
v Frequency Range: 10 Hz — 400 kHz
Magnetic Field Probe Nargaomger’g ;I'est 14-1859 v Measurement Range: 0.5 uT—160 mT
{Low frequency) ELT Probe 100 cm? v Noise Level: 0,24 uT (320 uT - HIGH
range}
— F'eﬂ‘e’;?’ i ELT — 400 O-0450 | v Pawer Supply: @ Vi2000 mA
[ v Frequency Range: 300 kHz — 30 MHz
Magnetic Fleld Probe Nargaom'f:!n: ;I’est D-0934 v Measuwrement Range: 0,012 A/im - 16
{High frequency) HF 3061 Alm
v Noise Level: 0,01 A'm
el o NBMM 550 B-1002 | v Power Supply: 9 V1.5 A

3. Participant Institutes

The pilot laboratory for this comparison is TUBITAK UME (Turkey). The participating laboratories and

contact persons with their addresses are presented in Table 2.

Table 2. The information of the participant institutes

Acronym of
Institute Country Contact Person Shipping Address
TUBITAK Ulusal Matroloji Enstitisi (UME)
Osman $en " s
TUBITAK : TUBITAK Gebze Yereskesi
UME By O e era caoe | Ban Mah. Dr. Zeki Acar Cad. No:1 41470
> Gebze-Kocaeli, Turkey
Tomaé Pawicek Cesky metrologicky institut
cMi Czech Republic tpavlicek@cmi.cz Radiova 1136/3 CZ-10200
Tel: +420 266 020 185 Praha, Czech Republic
PTB Gemany Franziska.weicken@ptb.de ’ 23
Tel; +47 592 2510 Bundesallee 100
’ 38116 Braunschveig, Germany
Gabriella Crotti Istituto Nazionale di Ricerca Metrologica
INRIM Italy g.crotti@inrim.it Strada delle Cacce, 91
Tel: +39 011 3919826 10135 Torine, Italy
Central Office of Measures (GUM),
Arkadiusz Podgomi Microwaves, Eleciromagnetic Field and
GUM Poland arkadwsz podgorni@gum.gov.pl Electromagnetic Compatibity Section
Tel: +48 22 581 9452 Electricity and Magnetism Laboratory, 00-
| 139 Warszawa, Poland

Technical Prolozal of Comparson of Magnatic Peld Skength Measarements for Frequancios up lo 30 ML Vi 17
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4. Time Schedule

3 —TJORIN—
EURAMET ' U M E
Acronym of R
Institute Country Contact Person Shipping Address
Saudi Standards, Metrolegy and Quality
SASO Saleh Aimojaewel Crganization of The Kingdom of Saudi
NMCC Saudi Arabia s.mojaewel@saso.gov.sa Arabia (SASO)
Tel: +966 11 252 97 30 Riyadh 11471, P.O. Box 3437
Kingdom of Saudi Arabia
Mats Cedheim Research Institutes qf SWEDEN (RISE)
RISE Sweden mats.cedheim@ri.se B .N:IS (t:ed:e‘lsn(')l;ngs ggra
Tel : +46 10 516 60 86 nneligatan 4. o
Sweden
Frédéric Pythoud Federal Institute of Metrology (METAS),
METAS Switzerland frederic pythoud@metas.ch Laberatory EMC, Lindenweg S0
Tel: +41 58 387 03 35 3003 Bern-Wabern, Switzerland
United Stuart Harmon National Physical Laboratory (NPL)
NPL Kingdom Stuart. harmon@npl.co.uk Hampton Road, Teddington, Middlesex,
Tel: +44 20 8943 6908 TW11 0LW, UK

The time schedule for the comparison measurement is given in Table 3. The circulation of the
travelling standards will be organized by the pilot laboratory to allow the participants to perform the
measurements. Each institute will have two weeks to carry out the measurements and three weeks to
send the travelling standards to the next participant. Any deviation in the agreed plan should be

approved by the pilot laboratory.

Table 3. The time schedule for the comparison measurements

Participant Country Measurement Dates
(ﬁrz?ﬁf;‘:rg:‘nﬁfm) Turkey 03 January 2022 — 14 January 2022
CMI Czech Republic 07 February 2022 - 18 February 2022
METAS Svitzerland 14 March 2022 - 25 March 2022
TUBITAK UME Turkey 18 April 2022 — 29 April 2022
PTB Germany 23 May 2022 - 03 June 2022
NPL United Kingdom 27 June 2022-08 July 2022
TUBITAK UME Turkey 01 August 2022 ~ 12 August 2022

Tachinkzal Prolozal of Comparson of Magnotiz Feld Skenglh Measarements for Frequenzios up o 30 ML Ve 11
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Participant Country Measurement Dates
GUM Poland 05 September 2022 — 16 September 2022
RISE Sweden 10 October 2022 ~ 21 Ocfiober 2022
TUBITAK UME Turkey 14 November 2022 — 25 November 2022
SASO NMCC Saudi Arabia 19 December 2022 — 30 Decamber 2022
INRIM Italy 23 January 2023 — 03 February 2023
e Turkey 20 February 2023 - 03 March 2023

S. Transport Case

The travelling standard will be packed in a strong carrying case. which must be used while the
comparison is in progress. The overall dimensions of the case are approximately 70 cm x 46 cm x 30
c¢m and the case has a total weight of 12 kg. There will be the following items in the carrying case.

« Magnetic Field Probes (ELT 400 with probe, HF3061 probe with NBNM-550 monitor)
« Technical Protocol of Magnetic Field Strength Comparison up to 30 MHz

After the receipt of the carrying case, each participant must check it against any damage to the items
inside the hox. If the travelling standards have any damage due to the transportation, this situation
must be reported to the pilot laboratory by using the form presented in Table 4 before reinitiating or
resuming the comparison.

When the participated laboratory finishes the measurement, the next laboratory and the pilot
laboratory shall be informed about the shipment by using the form given in Table 5. If there are not
any foreseen problems with the shipment, all the items shall be checked and re-packed into the
carrying case and it shall be dispatched to the next laboratory.

6. Transportation of Travelling Standards

The participants will be responsible for arranging transportation to the next participant.

The participants shall inform the pilot laboratory by filing and emailing the following form when the
travelling standards arrive.
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Table 4. Sample form for the information of arrival of the travelling standard

EU RA@

Confimation Note For Receipt

Date of Arrival

NMI

Name of Responsible Person

Travelling standard _ Damaged I Not Damaged

Additional Notes:

The participants shall also inform the next participant and the pilot institute by e-mail about the
shipment of the travelling standards by filling the following form.

Table 5. Sample form for the information of dispatch of the travelling standard

Confirmation Note For Dispatch

Date of Shipment

NMI

Name of Responsible Person

Shipment Information {company
name etc.)

Additional Notes:

6.1. Failure of Travelling Standards

In case of any damage or malfunction of the travelling standards, the comparison will be reinitiated
after the travelling standards are repaired.

6.2. Financial aspects

The participants will be responsible for the costs of the shipment to the next recipient (transportation
and customs formalities) as well as any damage that may occur within their countries.
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Each participant is also responsible for the insurance of the standard from the arrival in their institute
until the arrival in the subsequent institute. The value for insurance purposes can be assumed to be
approximately 15000 Euros.

7. Measurement Quantities and Frequency Points

The correction factor defined below is determined for each frequency given in Table 6. The correction
factors are obtained using the following equation:

Correction Factor (dB)= 20 * log,, (

Actual Field (uT or A/m)
Indicated Field (uT or A/m)

Table 6. Measurement frequencies & levels for magnetic field probes

Measurement Level for Magnetic Measurement Relevant Travelling
Frequency Field Measurements | Range for ELT - 400 Standard
10 pT 320 uT — Low
100 uT 320 uT — High
53 Hz 300 T 320 uT — High
1000 puT 80 mT — Low
2000 uT 80 mT — Low ELT Probe 100 em?
400 Hz 10 uT 320 uT - Low
10 kHz 10 pT 320 pT — Low
100 kHz 10pT 320 puT — Low
300 kHz 3uT 320 puT - Low
500 kHz 0,15 Alim =
5 MHz 0,15 Alm -
10 MHz 0,15 Alm = HF3061 with NBM-550
20 MHz 0,15 Aim -
30 MHz 0,15 Aim -

During the comparison measurements, the participating laboratories are responsible for performing
measurements, taking necessary precautions, and taking into account the magnetic field limit values
given in the EU directive [7] or other national directives on worker safety. If required. the calibration
levels above the safety limits may be removed from the comparison by the related participating
laboratories and they become exempt from the comparison and analysis of these high magnetic field

levels.
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8. Method of Computation of the Reference Value

The comparison reference value (CRV) for each measurement point will be calculated using the
results of all the participant institutes. The method used will be the weighted mean of the participants
not considered as outliers. The determination of outliers will be based on the 1.5-MAD criterion, which
makes use of the median of all participants and of the calculated ‘median of absolute deviations'
(MAD). The participants whose difference with respect to the median is demonstrated to be more than
1.5 times the median of absolute deviations will be considered as outliers, and as such will not be
taken into account in the determination of the CRV [8].

9. Measurement Instructions

9.1. Environmental Conditions

» The ambient temperature and humidity must be measured. No corrections will be applied for
temperature and humidity effects.

» Preferably, the measurements should be carried out at the ambient conditions given below;
Temperature (22+2)°C
Relative humidity : (45 = 10) %rh

9.2. Before Measurements

» The fravelling standards should be allowed to stabilize in a temperature and humidity controlled
environment for at least 24 hours without operating before starting the measurements.

» The travelling standards should be allowed to warm up for 10 minutes minimum before starting
the measurements

» Before the measurements, the batteries of the travelling standards should be fully charged.

9.3. Powering of the standard during the measurements

» During the calibration process, the travelling standards shall not be connected to the charging
unit.

9.4. Method of Measurement
» Each participant institute may use their own measurement method.

» The magnetic field measurements shall be performed in a fixed position and shall not be
rotated. During the measurements, the display of the ELT-400 or NBM-550 field analyzer/meter
shall point to the ceiling as shown Figure 2.

Probe display shall
be pointing uo.

Figure 2. The position of magnetic field probe during comparison measurements
Techncal Protocol of Companson of Magnstic Fiekd Strength Measuremesnts for Frequencies up 1o 20 MHz Ver 1.1
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» The measurement parameters of the field analyser (ELT-400, See Fig. 3) and field meter (NBM-
550) are given in Table 7 and Table 8 respectively.

EURA@

Table 7. ELT-400 Measurement Parameters

Range LowCut  Detector MaxHold |
320 uT-High 10 Hz RMS OFF
Table 8. NBM-550 Measurement Parameters
| Apply Correction
’ Result Type Frequency Unit
} Actual OFF Alm

a) 320 uT — Low Range* b) 320 uT - High Range

ICNIRP |

occup. |

c) 80 mT — Low Range*

Figure 3. Measurement settings of the ELT-400 during measurements

* When the low measuring range is selected, the low measuring range indicator does not appear on
the ELT - 400 screen.
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10. Measurement Uncertainty

The measurement uncertainty shall be calculated according to the JCGM 100 "Guide to the Expression
of Uncerainty in Measurement’ [7] for the coverage probability of approximately 95%.

The detailed measurement uncertainty budget shall be provided for each of the following frequencies:
53 Hz, 400 Hz, 10 kHz, 100 kHz, 300 kHz, 500 kHz, 5 MHz, 10 MHz, 20 MHz and 30 MHz.

The example uncertainty budget shown below for the magnetic field probe measurement may be
used by the participant laboratories. In the event that other uncertainty sources occur, the participant
laboratories may apply them in the uncertainty table given below.

Uncertainty budget @ the frequency of Hz

s N Standard
. Probability | Sensitivity =

Source of uncertainty Type | Value distribution k-factor b Uno(edr;Tmy

Standard resistor

uncertainty

Multimeter uncertainty

The probe position

Non-uniformity of field

Total Uncertainty (k=2)

11. Reporting of Resuits
For the measurement results of the participants, the measurement report format given in Annex A will

be used and the measurement report containing the measurement results of the participants will be
sent to the pilot laboratory by e-mail within three weeks after the completion of the measurements.

12. Final Report of the Comparison
The pilot laboratory is responsible for the preparation of a final comparison report.

The Draft A version of the comparison report will be issued by the pilot institute within two months
after the receipt of the participant reports. The Draft A report will be sent to the participants for
discussion and approval. The participants will have two weeks to send their comments on the Draft A
Report.

After the approval, the Draft A report will become the Draft B report. The Draft B report will be
approved by all the participants before being released to the appropriate technical committee and
EURAMET Secretary for their approval.
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13. References

[1] IEC 61786-1:2013 Measurement of DC magnetic, AC magnetic and AC electric fields from 1 Hz
to 100 kHz with regard to exposure of human beings - Part 1: Requirements for measuring
instruments

[2] IEC 62233:2005, Measurement methods for electromagnetic fields of household appliances and
similar apparatus with regard to human exposure

[3] IEC 62311:2019, Measurement methods for electromagnetic fields of household appliances and
similar apparatus with regard to human exposure, 2005Assessment of electronic and electrical
equipment related to human exposure restrictions for electromagnetic fields (0 Hz to 300 GHz).

[4] IEEE Std. 1309:2013, "IEEE Standard for calibration of electromagnetic field sensors and probes,
excluding antennas, from 9 kHz to 40 GHz".

[5] IEEE Std. 1308:1994, "Magnetic Fiux Density and Electric Field Strength Meters -10 Hz to 3 kHZ®

[6] CCEM Guidelines for Planning, Organizing, Conducting and Reporting Key, Supplementary and
Pilot  Comparisons, Ver. 21, 2017 (available on the BIPM website:
hitps:ifwww bipm.org/utils/common’pdf/CC/CCEN/ccem_guidelines. pdf).

[71 EMF Directive (2013/35%/EU), 26 June 2013

[8] W.Bich, M. Cox, T. Estier, L. Nielsen, W. Woeger, "Proposed guidelines for the evaluation of key
comparison data”, April 2002. Available at: http://www.bipm.org/cc/CCAUV/Allowed/3/CCAUV02

36.pdf.

[9]1 W. Bich, M. Cox, T. Estler, L. Nielsen, W. Woeger. "Proposed guidelines for the evaluation of key
comparison data”, April 2002. Available at:
https:/fiopscience.iop.orgfarticle/10.1088/0026-1394/39/6/10/pdf
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ANNEX A

Measurement Report for EURAMET.EM.RF-S46
(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name

Contact Person

Telephone No

Fax No

E-mail

Address
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2. Measurement Date

Measurement Dates | ... e eeieeeeeeeaema—an—— |

3. Environmental Condition

Temperature (°C)

Relative Humidity (%rh)

4. References Used In Measurement

Name of

Equipment Manufacturer Type / Model Serial No

Techinkzsl Prolozal of Camparison of Masgnetic Peld Skength Meassanements for Frequaenzios up o 30 ML Ve 11
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3. Measurement Procedure
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6. Measurement Results

Froquensy | Magnetis Feld S riseivy
Measurements (dB) (k=2)

10uT

100 T

53 Hz 300 uT
1000 uT
2000 uT

400 Hz 10T

10 kHz 10 uT

100 kHz 10uT

300 kHz 3uT

500 kHz 0,15 A'm
5 MHz 0,15 A'm
10 MHz 0,15 A'm
20 MHz 0,15 A'm
30 MHz 0,15 A/m

/—g
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7. Detailed Uncertainty Budget
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Uncertainty budget @ the frequency of Hz

5.5 s Standard
. Probability Sensitivity 5
Source of uncertainty Type | Value Sistribiton k-factor Caetiicient Unc(ena)mty

Total Uncertainty (k=2)
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ANNEX B. Participants Measurement Results and Uncertainty Budget

B.1. TUBITAK UME Measurement Results and Uncertainty Budgets
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Measurement Report for EURAMET.EM.RF-S46
(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name  T()BITAK UME

Contact Person  ogman SEN, Cadtar ASLAN

Telephone No .0 262 579 50 00

Fax No +90 262 679 50 01

E-mail osman.sen@tubitak gov.tr, caglar.aslan@tubitak.gov.tr

AiAraaa TUBITAK Gebze Yerlegkesl, Barig Mah. Dr. Zeki Acar Cad. No:1 41470 Gebze-
- Kocaeli, Tarkiye
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2. Measurement Date

Measurement Dates

03.01.2022 - 11.01.2022

3. Environmental

Condition

Temperature (°C)

Relative Humidity (%rh)

2212

45110

4. References Used In Measurement

Name of :
Equipment Manufacturer Type / Model Serial No
Arbitrary Function Agilent
Generator Technclcgies 331207 MY40023800
oo Solar Electronics 9225.0.5 EMC009
esistor
50 Ohm
Temination Schaffner SO0RSOWCW \ Yok
Helmholtz Coil TUBITAK UNME HC11 \ 002
Helmhoitz Coil | TUBITAK UME HC38 | 003
Helmheltz Coil TUBITAK UME HCD3 ‘ 001
6 % Digit Agilent
Multimeter Technclegies 34401A MY41031015
Oscilloscope TR DSOX3012T | MY58260862
echnolegies
AF Amplifier Bryston 78-S8T7-230 \ 7B-S5T7-000202
Signal Generator IFR Inc. 2023A ‘ 202304/699
Keysight
Power Meter Technologies N1914A ‘ MY&60270004
Power Sensor Keysight UB481A MY80280002
Technclcgies
Attenuator AEROFLEX 58-40-34 ‘ QCe97
TEM Cell IFI CC102S-MANO1 ‘ L508-1007
RF Amplifier BONN Elektronik | BSA 0140 — 250 \ 18121514

—JiBiTAL—
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5. Measurement Procedure
5.1. Helmholtz Coil Method

The magnetic field probe calibration was performed in accordance with the |IEEE Std
1309:2013 by using two pairs of Helmholtz coils for frequencies up to 500 kHz. The magnetic
field probe to be calibrated was placed at the centre of the Helmholtz coil and the magnetic
field value at the center of the coil was calculated by using Equation 1. A resistor (50 Q or 0.5
Q ) was connected in series with the Helmholtz coil. The RMS value of the current flowing
through the Helmholtz coil was calculated by using Equation 2. The measurement setup is
depicted in Figure 1.

H=K+«I A/m (1)

I=— )

Where;

H is the magnetic field strength value at the center of the Helmholtz coil (A/m)
K is coil constant

| is the current in the Helmholtz coil

V is the induced voltage across the load

Helmhcitz Codl

Magnetic Field
Probe
0o
oo

Wﬁ- i
nplifier
| -

€ Y2 Dwgt Mutimeter
8 doh

Figure 1. Example Helmholtz coil calibration setup
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5.2. TEM Cell Method

The measurements were performed in accordance with the IEEE Std 1309:2013 Calibration
Method B using calculated field strength. In the frequency range 5 MHz to 30 MHz Transverse
Electromagnetic (TEM) cell with a septum height of 0.45 m was used to generate a calculable
magnetic field level. The calculable magnetic field was calculated from the dimensions of the
TEM Cell, its impedance, and the net power of the TEM Cell input as shown in the following
equations. The example measurement setup is illustrated in Figure 2.

V‘.“f:‘M P netZO
Ei= = V
b i

Where;

E and H are electric and magnetic fields,

Vru is the voltage at the input or output port of the cell,

Zy is the real part of the characteristic impedance of the cell,
P is the net power at the input of the cell,

b is the distance from the upper wall to the center plate,

Vau is the output voltage at the cell

1, Is impedance of free space.

TEM Cell

Power
Attenuator  Sensor

" \
Fieid Probe

RF Amplfier
D. = - Power Meter
} Signal
ignal
_l G@ﬂg(‘alof

g D
3
......

Figure 2. Example TEM Cell calibration setup
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6. Measurement Results
Frequency ﬁm?g:em E:c'g?f:?é') "UQ:;lrrt::":t;“
Measurements (dB) (k=2)

10 T 0.09 0.08
100 pT 017 0.0
53 Hz 300 pT 017 0.08
1000 uT 0,09 0.09
2000 pT 0.00 0.09
400 Hz 10T 0.09 0.09
10 kHz 10 uT 0.09 0.09
100 kHz 10 T 0.00 0.10
300 kHz 3uT 0.09 0.15
500 kHz 0.15 A'm 1.06 0.26
5 MHz 0.15 A/m -0.18 047
10 MHz 0.15 A'm -0.09 047
20 MHz 0.15 A/m 0.08 047
30 MHz 0.15A'm 0.09 047

R {1]:1] 'Y -
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7. Detailed Uncertainty Budget

Uncertainty budget @ the frequency of 53 Hz (100 pT -2 mT)
Standard
i Value | Probability Sensitivity i
Source of uncertainty Type k-factor Uncertainty
(dB) distribution coefficient
! , ! (dB)
i B 002 | Normal 2 1 0013
Calibration of DVM B 0.002 Narmal 2 1 0.001
Calibration of 0,5 Ohm
it B 0.014 Normal 2 1 0.007
Non uniformity of field B 0.048 Rectangular 1.732 1 0.028
Misalignment B 0.050 | Rectangular 1.732 1 0.029
Repeatability A 0.000 Normal 1 1 0.000
Total Uncertainty (k=2) 0,09
Uncertainty budget @ the frequency of 53 Hz to 10 kHz (10 uT)
Standard
x Value | Probability Sensitivity 3
Source of uncertainty Type k-factor Uncertainty
(dB) distribution coefficient
(dB)

Calibration of Helmholtz coil B 0.026 Normal 2 1 0.013
Calibration of DVM B 0.002 Normal 2 1 0.001
Calibration of 50 Ohm ' '
PG B 0.027 Normal 2 1 0.014
Non uniformity of field B 0.049 | Rectangular 1.732 1 0.028
Misalignment B 0.050 | Rectangular 1.732 1 0.029
Repeatability A 0.000 Normal 1 1 0.000
Total Uncertainty (k=2) 0,09

&8
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Uncertainty budget @ the frequency of 100 kHz (10 uT)
Value | Probability Sensitivity
Source of uncertainty Type k-factor Uncertainty
(dB) | distribution coefficient
| (dB)
Calibration of Helmholtz ceil B 0.026 Normal 2 1 0.013
Frequency response of
Helmholtz coil B 0.026 | Rectangular 1.732 1 0.015
Calibration of DVM B 0.002 Normal 2 1 0.001
Calibration of 50 Ohm
tarmination B 0.027 Normal 2 1 0.014
Non uniformity of field B 0.049 | Rectangular 1.732 1 0.028
Misalignment B 0.050 | Rectangular 1.732 1 0.028
Repeatability A 0.001 Normal 1 1 0.001
Total Uncertainty (k=2) 0.10
Uncertainty budget @ the frequency of 300 kHz (3 pT)
Standard
. Value | Probability Sensitivity )
Source of uncertainty Type k-factor Uncertainty
(dB) distribution coefficient
(dB)
Calibration of Helmholtz coil B 0.026 Normal 2 1 0.013
Frequency response of i
Helmholtz coil B 0.101 | Rectangular 1.732 1 0.058
Calibration of DVM B 0.002 Normal 2 1 0.001
Calibration of 50 Ohm
Srrkiaton B 0.027 Normal 2 1 0.014
Non uniformity of field B 0.049 | Rectangular 1.732 1 0.028
Misalignment B 0.050 | Rectangular 1.732 1 0.028
Repeatability A 0.002 Normal 1 1 0.002
Total Uncertainty (k=2) 0,15

e
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Uncertainty budget @ the frequency of 500 kHz (0.15 Afm)
Standard
. Value | Probability Sensitivity )
Source of uncertainty Type k-factor Uncertainty
(dB) distribution coefficient
: L ! 2 (dB)
Calibration of Helmholtz coil B 0.028 Normal 2 1 0.013
Frequency response of
Helmholtz cail B 0.200 | Rectangular 1.732 1 0.115
Calibration of oscilloscope B 0.075 Normal 2 1 0.038
galiraton of 50 OhM| g 0027 | Normal 2 1 0.014
ermination
Nen unifermity of field B 0.049 | Rectangular 1.732 1 0.028
Misalignment B 0.050 | Rectangular 1.732 1 0.029
Repeatability A 0.002 Normal 1 1 0.002
Total Uncertainty (k=2) 0.26
Uncertainty budget @ the frequency of 5 MHz to 30 MHz (0,15 A/m)
Standard
% Value | Probability Sensitivity 3
Source of uncertainty Type k-factor Uncertainty
(dB) distribution coefficient
(dB)
Galloration of power meter | B 0.100 | Normal 2 05 0.025
Calibration of attenuator B 0.300 Normal 2 05 0.075
TEM cell septum distance B 0.080 | Rectangular 1.732 1 0.0486
Field homogeneity B 0.320 | Rectangular 1.732 1 0.185
TEM cell impedance B 0.287 | Rectangular 1.732 05 0.083
TEM cell cutput mismatch B 0.081 U-shape 1414 05 0,029
Repeatability A 0.062 Normal 1 1 0.062
Total Uncertainty (k=2) 0,47
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Measurement Report for EURAMET.EM.RF-S46
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(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name

Czech Metrology Institute
(depl. 8017, depl. 1013)

Contact Person

Telephone No

Micha! Ulvr, Tomas Pavlicek

+420 734 522 098, —420 266 020 185
Fax No 3
E-mail mulvr@cmi.cz, tpavlicak@emi.cz
i V Botanice 4, CZ-150 72 Prague 5 (dept. 8017)
Radiova 1136/3, CZ-102 00 Prague 10 {depl. 1013)
8017 Department of electromagnetic guantities,
in the following text denoted as CMI 8017
Note

1013 Department of primary metrology of RF electrical quantties,

in tha foliowing text denoted as CMI_1013
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2. Measurement Date

| 11.2.2022 —17.2,2022 (CMI_8017)

Measurement Dates 2.2.2022 — 3.2.2022 (CMI_1013)

3. Environmental Condition

Temperature (°C) 23.0+20

Relative Humidity (%rh) | 25+ 10

4. References Used In Measurement

CMI_8017
Name of
Equi nt Manufacturer Type ! Model Serfal No
multimeter HP 34401A 3146A20999
multimeter HP 3458A MY45048935
magnelic lux
densily coil CnI Helmhallz 1201
slandard
magnetic flux
density coil Cml Helmholtz 052
standard
Sfiechl sodrch cMI 1-layer EPC2/00
AC/DC current PYIT:T
shunt CMI 10A CMIF10AM0:15

—TJUBITAK—
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CMI_1013
Ez::;’m::“ Manufacturer Type / Model Serlal No
Helmholtz coil cMI g g i 01
Cravdserﬁ TEM cMI sepgfrzns hrgight 01
generater Keysight 33600A MYS3801294
amplifier BONN Elekirenik BLWA 0210-25 97443602
coaxial shunt RAC CSR2 005
pawer melar Rohde & Schwarz NRVD B35843/022
pawer meter Hewlett-Packard 436A 2410A19598
powar senser Rohda & Schwarz NRV-Z4 B848264/008
power senser Rohde & Schwarz NRV-Z51 836400/024
power senscr Hewlett-Packard 84818 2350802744
power splitter Hewlett-Packard 11667 A 19396
steel scale Preisser 500 mm 67

—TJUBITAK—
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5. Measurement Procedure

CMI_8017

Two coil standards of magnetic flux density were used. A massive multi-layer Helmholtz type solenoid
Ser. No. 0052 | 1] with a textit frame and with a DC value of the constant of {1.94428 = (0.00097) m'[/A
determined by the nuclear magnetic resonance {NMR) method with flowing water [2] was used at 53 Hz
up to 2 mT. The single-layer Helmholtz type solenoid Ser. No. 1201 [3] with a glass-textit frame and
with the constant of (0. 103683 £ 0.0000533) mT/A was used al 400 Hz, 10 kHz and 100 kHz, It was
calibrated by comparing with the primary standard quartz solenoid for DC, The single-layer solenoid
constant {its frequency dependence) was calibrated up to 150 kHz by the method with AC current shunt
[1]. Both solenoids were fed with the generator Agilent 33220A and AE Techron 7224 power amplifier.
Current through windings was measured by calibrated volumeter 34401\ or 3458 1A and precise cage
type AC current shunt [4] with an AC-DC difference of (82 + 60) ppm at 200 kHz. The value of magnetic
fux density at 100 kHz was sel using special single-layver search coil Ser. No, EPO2/00. The induced
voltage rom the search coil was measured by voltmeter 3458A,

[11 M. Ul JAC Magnetic Flux Density Standards and Their Use in Metrology®, Disertation Thesis,
CTU Prague, 2020.

[2] M. Ulyr, 1. Kupec: . Improvements to the NMR method with flowing water at CMI", fEEE
Transaction on Instrumentation and Measurement, vol. 67, Na. 1, 2018, pp. 204-208.

[3] M. Ulvr: [ Setup lor generating an AC magnetic field from 3 kHz up o 100 kHS, IEEE Transaction
on Magnerics, vol, 51, No. 1, 2015,

[4] V. Novikova Zachovalovda: .On the Current Shunts Modeling™, IEEE Transaction on
Insirwmentation and Measurement, vol. 63, no. 6. 20014, pp. 1620-1627.

CMI_1013

The calibration of Narda ELT-400 (freq. point 300 kHz) and Narda HF 3061 (freq. points 500 kHz.
5 MHz) was performed using the unshiclded single turn Helmboltz coil (H. C.) with a diameter of 0.4 m,
For the frequency point 300 kHe, the inpul current was measured using a coaxial shunt and a power
sensor, For [requency points 500 kHz, 3 MHz, the H. C, was led using a twao-resistor power splitler.
The calibration of Narda HF 3061 for frequencies 10 M11z and higher was performed using Crawtord
TEM cell with a septum height of (.25 m. The power delivered to the TEM cell was monitored using a
pOwer sensor.

48
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Level for Magnetic Measurement
Frequency Fleld Comc:’oan) Factor Uncertainty Note
10 pT 0.12 0.04 CMI_8017
100 pT 0.13 0.04
53 Hz 300 pT 0.13 0.04
1000 pT 0.06 0.04
2000 pT 0.06 0.04
400 Hz 10T 0.09 0.04
10 kHz 10pT 0.10 0.04
100 kHz 10T 0.02 0.05
300 kHz SuT 0.09 0.28 CMI 1013
500 kHz 0.15 A'm 1.35 0.35
5 MHz 0.15 A'm 0.43 0.39
10 MHz 0.15 A'm 0.38 0.54
20 MHz 0.15 A'm 0.45 0.51
30 MHz 0.15 A‘m 0.27 0.78
7. Detailed Uncertainty Budget
CMI_8017
Uncertainty budget @ the frequency of 53, 400 and 10000 Hz
‘ % Standard
Value | Probability |, Sensitivity
Source of uncertainty Type (@) | distribution k-factor coefficient Une(edriBa)lnty
Calinration of coil standard
Gonetant B a.12 Narm. 1 1 0.070
Homegeneity of coil standard B 0.15 Naorm. | 1 0.013
AC/DC current shunt
calibration B 0.04 Narm, 1 1 0.003
Measurement of voltage drop
dovoes ClaTent shiki B (.06 Norm. 1 1 0.005
Repeatability (current. voltage.
LSD of DUT) A 0.10 Narm. 1 1 0.009
Total Uncertainty (k=2) 0.040
58
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Uncertainty budget @ the frequency of 100 kHz ‘

Source of uncertainty Type V(a"l;;e mz&g k-factor ::::gm Uﬁt%rza:i;dty
" Measurement of induced ' :
voltage form the search coil B8 0.10 Narm. 1 1 0.009
Calibration of search coil 0.009
constan! | 38 | 040%) Nome | B !
Homogeneity of coil standard B .20 Narm. q 1 0.017
Repeatability {place of search
coil in coil standard. current. A 015 Normn. 1 1 0.013
voltage. LSD of DUT)
Total Uncentainty (k=2) 0.050
CMI_1013
Uncertainty budget @ the frequency of 300 kHz sia
ndard
Source of uncertainty | Type \:::; ey, | ktnotoc{ SeNLELY Une:;;lnty
Repeatability A 0.001 normal 1 1 0.001
Display rescluticn B 0.001 rectangular 1.73 1 0.001
Probe position B 0.038 rectangular 1.73 1 0.022
H. C. diameter B 0.069 rectangular 1.73 1 0.040
| H. C. distance between loops B 0.104 rectangular  ~ 1.73 1 0.060
Field homogeneity B 0.122 rectangular 1.73 1 0.070
Coaxial shunt B 0.086 normal 1 1 0.086
Powar sensor B 0.025 narmal 1 1 0.035
Total Uncertainty (k = 2) 0.28

&g
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Uncertainty budget @ the frequency of 500 kHz -
ndard
Source of uncertainty Type ::l:; ;::::mf‘ k-factor f:‘;:g:gg Une:’r;a)imv
Repeatability A 0.004 normal | 1 1 0.004
Display reseluticn B 0.003 rectangular 1.73 1 0.002
Probe position B 0.021 rectangular 1.73 1 0.012
H. C. diameler B 0.069 rectangular 1.73 1 0.040
_H. C. dislance between loops | B 0.104 | rectangular  1.73 1 0.060
Field homogeneity B 0.155 reciangular 1.73 1 0.080
Pawer splitter asymmetry B 0.050 rectangular 1.73 1 0.029
Mismatch error B 0172 U-shape 1.41 1 0122
Powar sensor B 0.035 narmal 1 1 0.035
Total Uncertainty (k - 2} ‘ 0.35
l Uncertainty budget @ the frequency of 5 MHz
i Value & e Standard
‘t Source of uncertainty Type (dB) ;::;z’:g‘:‘ k-factor m:gzm Uncggimy
Repeatability A 0.004 normal 1 1 0.004
Display rasolution B 0.003 rectangular 1.73 1 0.002
Probe position B 0.051 rectangular 1.73 1 0.029
| H. C. diameter B 0.069 rectangular  1.73 1 0.040
H. C. distance between loops B 0.104 rectangular 1.73 1 0.060
Field homogeneity B 0.214 rectangular 1.73 1 0.124
Pawer splitter asymmetry B 0.080 rectangular 1.73 1 0.029
Mismalch error B 0172 U-shape 1.41 1 0.122
Power sensor B 0.035 narmal 1 1 | 0.085
Total Uncertainty (k = 2} | 0.3%
\ Uncertainty budget @ the frequency of 10 MHz
[ Value Standard
| Source of uncertainty Type (dB) ;’;:mm‘l" k-factor m:gm Uncg;lilmv
Repeatability A 0.006 normal 1 1 0.006
Display rasolution B 0.003 rectangular 1.73 1 0.002
Probe position B 0.183 rectangular ~ 1.73 1 0.106
Sensttivity to E-field B 0.112 rectangular 1.73 1 0.065
Field homogeneity B 0.273 rectangular 1.73 1 0.158
Powar sensor B 0.086 narmal 1 1 0.086
Mismaich error B 0.082 U-shape 1.41 1 [ 0.065
Harmenic distortion B Q.222 normal | 1 1 | 0.222
Total Uncertainty (k = 2) 0.64
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\ Uncertainty budget @ the frequency of 20 MHz

“ Value Standard
Source of uncertainty Type (::) ;'::gzzm"" k-factor f::;:gﬂg Unc:’rgIMy
Repeatability A 0.006 narmal 1 1 0.006
Display reseclution B 0.003 rectangular 1.73 1 0.002
Probe position B 0.164 reciangular 1.73 1 0.085
Saneitivity to E-field B 0.233 rectangular 1.73 1 | 0135
Fiald homagensily B 0.262 rectangular 1.73 1 0.1582
Power sensor B 0.086 narmal | 1 1 0.086
Mismatch errer B 0.082 U-shape 141 1 0.085
Harmenic distorticn B 0172 normal 1 1 01472
Total Uncertainty (k = 2) 0.61
Uncertainty budget @ the frequency of 30 MHz _
Source of uncertainty Type ::I:; ;::;:m!‘ k-factor mgﬂg Une(o;":’ga?::v
Repeatability A 0.006 narmal 1 1 0.006
Display reseluticn B 0.003 rectangular 1.73 1 0.002
Probe position B 0.254 rectangular 1.73 1 0.147
Sansitivity 10 E-field B 0.382 reclangular 1.73 1 0.221
Field homogeneily B 0.368 rectangular 1.73 1 0.213
Power sensor B 0.086 narmal 1 1 0.086
Mismatch errer B 0.082 U-shape 1.41 1 0.065
Harmenic distortion B 0.157 narmal 1 1 0.157
Total Uncertainty (k = 2) 0.78

a8
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Measurement Report for EURAMET.EM.RF-S46

(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name PTB — Braunschweig
Contact Person Dr. Franziska Weickert
Telephone No ++49 531 3922510
Fax No ++49 531 592692510

E-mail frunziski. weickerl @plb.de

Address

D-38116 Braunschweig, Bundesallee 100}
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2. Measurement Date

Measurement Dates I 11.05.2022 - 12.05.2022

3. Environmental Condition

Temperature (°C)

(22,220,3)°C

Relative Humidity (%rh) | —-

4. References Used In Measurement

E::i':em::nt Manufacturer Type ! Model Serial No
EBSI10 PTB. AG 251 0.1Q 2527
EBS3 PTB, AG 251 1Q 2500
EBS6 PTB. AG 2,51 10Q 2303
DVM Keithley 2002 2580
Counler Agilent S3131A 2511
| Helmholtz coil PTB. AG 2.51 HeHogrofd 2465
PTB. AG 2.51 HeHoNoVo 2575

Helmholtz caoil

—TJlelTak—
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5. Measurement Procedure

The measurement setup consists of a field coil, a digital voltmeter (DVM). a function generator (FG). a
power amplifier (LV) and a device which provides i) potential tracking of the inner shield of the
connecting cable between field coil and measuring resistor RN and i) a reactive load compensation for
the field. This is necessary 1o reach the required Tux density values at technical [requencics,

DUT

signal analysis
& display

T

LS
i

i) e
field col, k, o~ DVM
Hojee My, 1,
Impedance match & 1 _L
corona shielding POST
E__ W =
amplifier | Ry IS
v

function
generator FG

£

Fig. 1 Measurement setup for calibratiom ol magnetometers with alternating fields. The dotted blue
line indicates an induction coil without electronics for data analysis.

1. All devices of the measurement setup must be powered on for at least 1 hour.

2. The field coil is selected based on sensor size, field and frequency range and it is connect to the
power amplifier via POST input. It may be necessary to use different field coils,

3. The current is s is cstimated for the highest desired flux density depending on the respective coil
constant, Nexl, a resistor EBS suitable 10 measure is max is selected and integrated into the circuil at
the POST input.

4. The required current values are calculated for all desired flux densities. The values are entered into
measurement records, The coil is powered by swilching on the current.

3. An oscilloscope is used o check that the shielding potential is present on the current measuring
line.

6. The sensor from the DUT is installed inside the center of field producing coil. If the sensor does
not have a relerence surlace, the sensor needs (o be moved (il it shows the maximum lield value
on the display.

36
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7. Now, the measurement program can be started. For each field and frequency paint, at least three
measurement values Z, are recorded together with the respective current value fs, The DVM (o
measure the current) is operated in "Synchronous Sub-sampled Mode". Note. the finite input
resistance of the DVM (1 MQ) must be taken into account, if the resistor EBS 8 with nominal
value 100 € is used,

Comment; For calibrations at S0Hz, data at 1= 40 Hz, 45 He, 55 Hz and 60 Hz are taken and
interpolated to f= 50 Hz. A sequence of measurements in the right order is automatically
implemented into the software.

8. For multi-axis sensors, the realignment ol the sensor and the measurement procedure are repeated
for the other 2 spacial directions.

Y. After the measurements, the current through the tield coil is switched oft, the sensor is removed
and the cables disconnected [rom the feld coil. The value showing at the display at zero flux
density i1s noted in the measurement log.

100. At last, the room temperature, air pressure and relative humidity is measured.

11. The sensor is removed and the DUT" marked with a calibration label.

46
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6. Measurement Results

Frequency Malg-le\;:'cfgold | g’;::':an) l.:;::ﬂr::ot:t
Measurements {dB) (k=2)
10uT 012 0,0057
100 uT 0,14 0,0055
53 Hz 300 uT 0.14 0,0062
1000 uT -0,007 0,011
2000 uT
400 Hz 10 uT 0,15 0,0057
10 kHz 10 uT 0,08 0,0091
100 kHz 1.9uT 0,25 0,020
300 kHz 3uT
500 kHz 0,15 A/m
5 MHz 0,15 A/m
10 MHz 0,15 Alm
20 MHz 015 A‘m
30 MHz 0,15 A/m

56
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7. Detailed Uncertainty Budget

Uncertainty budget @ the frequency of Hz
Standard
Probability k- Sensitivity
Source of uncertainty  Type | Value | gigiipution | factor  coefficient ”“‘f;;'“'y
Coil constant ke - P(ﬂ:—RC"”l
large Helmholtz coil N 0.021
(HeHogroR | up to 1xHz,
HF Helmheilz coil K normal dsiribution 1 0.048
(HeHoNoYo) up 1o 10kMz | 0.068
o up o S0xHZ, o1
... up to 100kHz
Freqguency cependence of reclanguiar op “ COSE
ot 1 Y0 ar R ¢
the coil constant distributon N
currsnt sense resistor —k\, o prj)i‘]zL cose
EBS10 i 0.01
A normal dstribution 1
EBS3 0.005
EBSE 0,008
1
NS & () —
yodago Rl fl = normal dstributicn 1 voP Ry e 0.01
default field fi, <011
default field By narmal dstribution 1 cose-¢(p) <011
misalignment rectanguiar
3 1 0,013
distribution
scallering CUT values depends cn the
¥ normal dstribution 1 1 valug, see
Table 6
Fiold distribulion over recltanguiar
' i sl 2 1 B, -coss 0.01
SENS0C Area distributon
Tolal Uncertainty (k=2) 500 Table 6
GG
74/144
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Measurement Report for EURAMET.EM.RF-S46

(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

' Institute Name Physikalisch-Technische Bundesanstait
Contact Person Dr. Kai Baaske
| Telephone No +49 531 592 2210
Fax No +49 531 592 2256
E-mail kai hagske@pth.de
Address Bundesallee 100, 38116 Braunschweig (Germany)
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2. Measurement Date

Measurement Dates I 2022-05-18

3. Environmental Condition

Temperature (°C)

227%05

Relative Humidity (%6rh)

4305

4. References Used In Measurement

Name of

Equipment Manufacturer Type ! Model Serial No
Crawlord TEM- Amplifier
Call Reasaarch | 3020 $1514
attenuater EMC Technology 20 dB =
RF power sensor | Rehde & Schwarz NRV-Z51 841518/0458
temperature & Almemo, MA 2590-3S + FH | MA 2590-3S + FH
humidity logger Co. Ahlborn AG46-F1 A546-E1

—TJUBITAK—

UME
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5. Measurement Procedure

The magnetic field probe HF3061 with NBM-550 has been calibrated in a Crawford TEM cell.
Figure 1 shows a schematic drawing of the calibration facility.

® [Beli o

a) b) c) d) e)

Flgure 1: schematic of the calbralion faciily, consisting of the felowing componens:
a) Hf sgnal generalor

B} RF power amplitler

o) Crawford TEM-Cell

d) atrepuator

8) AF power meler

The RMS value of the magnetic field strength is calculated from the power measured behind
the attenuator at the TEM cell output, according to the following equation:

__b; - \"'Pm “Hom - kpm - karaft -D-Z

e Z(I d- Zu ' kvsz
with : H = magnetic field strength.
E = electric field strength,
Zy = impedance of free space (376.730313668(57) Q),
Fx = RF power measured at the attenuator output,
Nam = correction-factor of the power meter,
keym = factor for modeling the influence of mismatch between attenuator and power
sensot,
karipy = factor for modeling the influence of drift of the RF power,
n = frequency-dependent attenuation factor of the attenuator,
Z; = line impedance, here: 50 Ohm,
d = septum height of the TEM cell,

kyswn= factor for modeling the standing wave in the TEM cell.

Due to the underlying principle of the Crawford TEM cell, an electric field is always generated
when the magnetic field is generated. The sensitivity of the probe to electric fields must
therefore be taken into account in the measurement uncertainty of the probe’s correction factor.
The probe correction factor cf is calculated by the following expression:

’f H % k[,-s b kf 2
of = “kes * Kintnn = —H—m
indic indic

a8
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with ; H;..:.. = indicated magnetic field strength,
kgs = factor for modeling the influence of the probe on the field inside the TEM-cell,
kirom= factor for modeling the influence of field strength inhomogeneity.

6. Measurement Results

Level for % Measurement
Frequency Magnetic Field &z’:f:?;) Uncertainty
Measurements (dB) (k=2)
500 kHz 0,15 Aim o 0.61
5 MHz 0,15 A‘m -0.13 0.61
10 MHz 0,15 Aim Q.00 0.61
20 MHz 0,15 Aim 017 .62
30 MHz 0,15 Aim .08 0.62

The uncertainty stated is the expanded measurement uncertainty obtained by multiplying the
standard measurement uncertainty by the coverage factor & = 2. It has been determined in
accordance with the "Guide to the Expression of Uncertainty in Measurement (GUM)". The
value of the measurand then normally lies, with a probability of approximately 95 %, within the
attributed coverage interval.

49
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B.4. INRIM Measurement Results and Uncertainty Budgets
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Measurement Report for EURAMET.EM.RF-546
(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name INRIM
Contact Person Gabriella Crotti
Telephone No +39 (11 3919826
Fax No
E-mail g.crotei@inrim.it
Istituto Nazionale di Ricerca Metrologica

Address Strada delle Cacee, 91

10135 Torino, Italy

2. Measurement Date

Nsasursment Dotes From 16 Fabruary 1o 15 March 2023

PAGE 5! NUMPAGES 5
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3. Environmental Condition

2331 (53 Hz to 400 kHz)

Temperature {°C) From 21.7 to 23.2 (500 kHz to 30 MHz)

From 45 to 60 (53 Hz to 400 kHz)

Relative Humidity (%rh) | & om 26 to 40 (500 kHz 1o 30 MHz)

4. References Used In Measurement

Name of 3
Equipment Manufacturer Type / Model Serial No
Helmholiz coil 1 INRIM Helm1 95.91 99.91
Halmholiz coil 2 INRIM Halm2 434 .06
e Agilent 34584 US28032485
Dlaralaikieter Fluke 85084 291868839
Standard resistor Tineley 1659 257388
1000
Standard resistor Tinsloy 1659 257383
10
tandard resistor Tineley 1682 263889
0.050 0
AC current shunt 10 Guildiine 7350 72970
Q
Magnetic field meter Monitor industres AC 4281 1262
RF Signal generator Rohde & Schwarz SML 03 100309
RF Powar amplifiar Amplfier Rasaarch 10W1000C 300641
TEM cell Amplfier Research TC3020 11808
Coaxial attenuater Narda 768-20 8101
Coaxial allenualer Agilant Technologies | 84318 20 dB 51487
RF Pawer meter Rohde & Schwarz NRVD 100090
RF Power sensor Aohde & Schwarz NRV-Z51 8399170028

®

~JiBiTA—_

UME
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5. Measurement Procedure

Twao different calibration methods were used: one for the lower frequency range (52 Hz to 300 kHz) and
one for Lhe higher frequency range (500 kHz Lo 30 MHz), as delailed in lhe following subsections.

5.1 Measurement Procedure 1 (53 Hz to 300 kHz)

From 52 Hz to 300 kHz the travelling standard Narda Safety test solution/ ELT probe 100 cm® (S/N M-
1858) with the ELT-400 low frequency field meter {S/N-04508) was calibrated by the INRIM Helmholtz
coil systems for the generation of reference magnetic fields.

Two different refarence generation and measurement systems {Helm1) and {Helm2) were used for the
measurements carried out at 52 Hz and from 400 Hz to 300 kHz respectively. The Correction factor
(dB) as defined in the protocol was obtained as the ratio of the measurement value of the generailed
reference magnetic flux density to the indication provided by the travelling standard.

The generated magnetic flux density was estimated by the product of the system coil constant
(generated mag field per unit current) and the current flowing in the coils, measured by a non-inductive
resistor and a reference veltmeter. The DC coil constant value of the Helmholtz coil system was
determined by means of a Hall effect meter, traceable to the national reference for DC magnetic field
and the measurement value of the DC current measurement. Correction factors were introduced to take
into account the circuital stray parameter effects as a function of the frequency and the presence of the
environmental stray low frequency magnetic field.

The generated reference magnetic fiux density is modelled as:

V
Br = ‘B-] .hn .dbr' = KS A = "’l( : d.‘;f
mif f=52Hx i1}
vV
B=B-h-h, -h, -d.=K;-——h-h, -h, -«
- ( w e w o L Z " o, f y )
S JS2400 Hz (2)

where

B; is the generated magnetic flux density in the centre of the coil system:

K is the DC coil censtant of the Helmoltz ceil system;

Vr is the measured voltage drop across the reference shunt;

Zris the shunt impedance at the at the frequency 1

fu, is the correction factor for the non-uniformity of the generated magnetic flux density in the
correspondence of the probe volume:

hayis the corraction factor that takes into account the effect of the stray capacitances of the
connection cables between the shunt and the coils and those amang the ¢oil turns;

ha takes into account the perturbation introduced by the floor and walls;

hnis the corraction factor that takes into account the stray environmental magnetic field;

The magnetic flux density measurement value is modelled by:
Bm = BL (3)

where: B is the indicalion of the applied magnetic flux densily provided by the travelling standard
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The correction factor at each frequency f{CF) is then obtained as:

By )
= . —— 4
CF=20"logq : (4)

5.2 Measurement Procedure 2 (500 kHz to 30 MHz)

From 500 kHz to 30 MHz the travelling standard was calibraled by means of the so-called "Standard-
Field Method".

The electromagnetic field was produced by means of a synthesized radio-frequency {RF) signal
generator, a power amplifier and a transverse electromagnetic (TEM) cell.

The nominal dimensions of the cell employed were the following: length = 2 m; width = 1 m; height =
0,6 m; septum height = 0,30 m.

The field probe was positioned in the centre of the test volume of the TEM cell. Both the H-field probe
and the fiald meter were placed insida the cell during the measurements and the signal was measured
with a PC connected to the probe by means of the optical cable. The main axis (handie} of the HF 3061
H-field probe was aligned perpendicular lo the electric field lines and lo Lhe direclion of the wave
propagation inside the cell. To investigate the effects of the probe position, an equal number of
measurements were carried out positioning the probe in the bottom and top sections of the cell.

In both cases the NBM-550 field meter was positioned with the display pointing up, according to the
guidelines provided by the comparison protocol.

In accerdance with the requirements of the protocol, the RF power delivered to the TEM cell was
adjusted to achieve a magnetic field amplitude inside the cell equal to 0.15 A/m. The actual power
flowing through the TEM cell was then measured with a power meter connected to the TEM cell output
through two attenuators to reduce the power level by 40 dB.

The correction factor { CF) at each measuring frequency is given by the following expression:

P Zy
CF;m'Q"Cu‘"" (5)

where:

Z: is the characteristic impedance of the TEM cell:

P is the net power supplied to the input of the cell atthe  measuring frequency;

b is the distance between the septum and the top or bottom wall of the cell;

Z-. is lhe free space impedance;

H" is the indicated magnetic field at the  measuring fraquency:

o is a unitary average correction factor accounting for the non-perfect magnetic field
homogeneity in the test volume of the cell;

Cres iS @ Unitary average correction factor accounting for the magnetic field probe positioning.

Since some systemalic. albeit small. difference was observed between the measurements performed
in the two cell sections {top versus bottom half of the cell), the carrection factor closest to the average
of all computed factors was selected as a "reference” value and shown in Table 6 for each frequency
in the range from 500 kHz to 30 MHz. The other values were exploited to evaluate the uncertainty
associated with the above mentioned factor caa..
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6. Measurement Results

Frequency Malg.:::ilckl,-':eld g’;:::: :ian) le:;'r't:'i?:; :
Measurements (dB) (k=2)

10uT 013 0.03
100 uT 0.13 0.03
53 Hz 300 uT 0.4 0.03
1000 uT 0.07 0.03
2000 uT 0.08 0.03
400 Hz 10 uT 0.08 0.03
10 kHz 10T 0,10 0.03
100 kHz 10 T 0.09 0.04
300 kHz 3T 0.24 0.25
500 kHz 0,15 A‘m 0.83 0.61
5 MHz 0,15 A/m -0.07 0.64
10 MHz 0,15 A‘'m 0.04 0.68
20 MHz 0,15 A‘m 0.18 0.80
30 MHz 0,15 A’‘m 0.14 0.89

—T0BlTA—
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7. Detailed Uncertainty Budget

@

~JieiTA—

Uncertainty budget 53 Hz
Source of uncertainty  Type Value ;’;::a't"g k-factor 2::;:;:'3 U?u%‘rza:i:ldty
Vi B 0.00150 | Uniform 1.732 1 0.0075
K, B 0.00251 Normal 2 1 0.0108
' Zn B | 0.00173 I Nprmal i 2 i 1 0.0075
feu B 0.00122 Uniform 1.732 1 0.0061
fiar B 0.00000 | Uniform 1.732 1 0.0000
fas t B 0.00000 Uniform 1,732 1 0.0000
8 B 0.0001 Uniform 1.732 1 0.0003
Total Uncertainty (k=2) 0.03 dB
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Uncertainty budget @ 10 pT — 400 Hz

Source of uncertainty  Type Value ;m‘t?;"" k-factor 3::;:2'::‘{ uit:&'n':%:y
Ve B 0.0017 Uniform 2 1 0.0075
K ‘ B [ 0.0025 Normal 2 1 0.010%
Lo B 0.0017 Normal 2 1 0.0075
h | B 0.0012 Uniform 1.732 1 0.0061
fir B 0.0000 | Uniform 1.732 1 0.0000
hurt B 0.0000 | Uniform 1.732 1 0.0000
Pt B 0.0000 | Uniform 1.732 1 0.0000
Bn B 0.0001 Uniform | 1.732 1 0.003

Taolal Uncertainly (k=2) 0.03dB

Uncertainty budget @ 10 pT - 10 kHz

Source of uncertainty Type Value ;’s‘::xm: k-factor z::;::’::‘yt l.lsri.:(:zu;::t
Ve B 0.00150 Uniform 1.732 1 0.00752
K, ' B 0.00251 Normal 2 1 0.0109
Zn B 0.00173 Noprmal 2 1 0.0075
iy B 0.00122 Uniform 1.732 1 0.0061
fyer B 0.00002 Uniform 1.732 1 0.0001
frar t B 0.00000 Uniform 1.732 1 0.0000
Pt B o.0opgg | Uniform | 1.732 1 0.0000
=% B 0.0001 Uniform 1.732 1 0.0020

Total Uncertainty (k<2] A 0.03dB
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8. Detailed Uncertainty Budget

Uncertainty budget @ 10 pT — 100 kHz
Source of uncertainty Type Value mﬁb;:‘t‘gﬁ k-factor 3::;:::23 . U?\‘ce:‘rg‘a:lr:ly
Vi B 0.00150 |  Uniform 2 1 . 0.00752
K. B 0.,00251 Normal 2 1 0.0109
Zn B | 0.00173 Normal 2 1 | 0.0075
hy B 0.00122 Uniform 1.732 1 0.0061
Tt B 0.00205 | Uniform 1,732 1 | 0.0103
Bl B 0.00100 | Uniform 1.732 1 0.005
Fre B 0.00;;; 7 Uniform | 1,732 1 0.0000
B B 0,0001 Uniform 1.732 1 0.003
Total Uncertainty (k=2) . 0.04 d8
Uncertainty budget @ 3 pT — 300 kHz
Source of uncertainty = Type Value t:;;.;ﬁb;:'tlllc?r'l k-factor :::;:gm :;:e(:(;lé)::t
¥m B 0.00321 Uniform 1.732 1 0.016
K. | B | ooozs1 | Normal 2 1 0.011
Zm . B 0.00315 Normal 2 1 ‘ 0.074
iy B 0.00122 Uniferm 1.732 1 0.0061
Hooii 8 0,5;4,;; | untorm | 1732 i 0.123
Tt B 0.00299 Uniferm 1.732 1 0.015
Hyl B £.00000 Uniform 1.732 1 ' 0.0000
=N B 0.00018 Uniform 1.732 1 0.0009
Total Uncerfainty (k=2) 0.25dB
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9. Detailed Uncertainty Budget

Uncertainty budget @ the frequency of 0.5 MHz

—T0BITA—

Source of uncertainty Type | Value m:z:tf‘ k-factor E::;::gz lJs ;:“(;EB:E:!
Power Measuremant B 0.03 Normal 2 0.5 0.15
TEM Cell Impedance B 0.05 Uniferm 1.732 0.5 0.26
Magnstic Fizkd Homogeneity B 0.07 Trizngular 2.449 1 0.25
e e od e | -Be | w02 rumitom | 1782 1 0.0
e B | 000 | Unform | 1732 1 0.00
Waunpte Fled Fioke B | 000 | unform | 1732 1 0.02
Tetal Uncertainty {k=2) 0.61 dB
Uncertainty budget @ the frequency of 5 MHz
Source of uncertainty Type | Value m:::ﬁ k-factor f:::::m l.?r::?st:a)::t
Power Measurement B 0.03 Normal 2 0.5 015
TEM Cell Impedance B 0.06 Uniform 1.732 0.5 0.31
Magnetic Fiaid Homogeneity B 0.07 Triangular 2.449 1 0.25
7 Dg;ﬁ;‘;fg:é;‘::g Eggfc',' B | 002 | Unfom | 1732 | 1 0.0
bl Ao B | 000 | Unform | 1732 1 0.00
| Mag"fg;g%gfmbe B | 001 | Unfom | 1732 1 0.06
Toelal Uncerlainty (k=2) 0.64 dB
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Uncertainty budget @ the frequency of 10 MHz

-~ Sevs Standard
Source of uncertainty Type | Value ;;‘:m:':.'g k-factor f::;m;’;:{ Uncertaint
y (dB)
Power Measuremant B 0.03 Narmal 2 0.5 015
TEM Cell Impedance B 0.07 Uniform 1.732 0.5 0.26
Magnetic Field Homageneity B 0.07 Triangular 2.449 1 0.25
Distance Between TEM Cell .
Central Section and Shield B 0.02 Unitorm 1.752 ) 0.09
Magnetic Field  Meter ‘ s
Resolution B ' 0.00 Uniform 1.732 1 0.00
Magnetic Figkd Probe :
Pasition B ‘ 0.02 Uniform 1.732 1 o.ce
Total Uncertainty (k=2) 0.68 d8
Uncertainty budget @ the frequency of 20 MHz
Standard
Probabllity | Sensltivity
Source of uncertainty Type Value distribution k-factor cosfiiclent Ur;c::aa)lm
Power Measurement B 0.03 Narmal 2 05 015
TEM Cell Impadance B | o Uniform 1.732 0.5 0.53
Magnetic Field Homogeneity B 0.07 Triangular 2.449 1 0.25
Distance Batwean TEM Cell '
Cantral Section and Shield 8 0:02 Uklfonn Va2 b 0:08
Magnetic Field  Meter ;
Resolution B 0.00 Uniform 1.732 1 0.00
Magnetic Field Prcte .
. Position B - 0.02 Uniform 1.732 1 012
Tatal Uneerlainly (k=2) 0.80 d8
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Uncertainty budget @ the frequency of 30 MHz
Standard
Probability | | Sensitivity
Source of uncertainty Type | Value distribution k-factor coefficient Ur;e(e;taa)lnt
Pawer Measurement B 0.03 Normal 2 0.5 0.15
TEM Cell Impedance B 0.13 Uniform 1.732 0.5 0.64
Magnetic Fieki Homogeneity B 0.07 Trigngular 2.449 1 0.25
Distance Between TEM Cell ;
Central Section and Shield B 0.02 Uniform 1.752 ! | 0.09
Magnetic Field  Meter
Resolution B 0.00 Unitorm 1.732 1 0.00
Magnetic Field Probe >
Position B 0.03 Uniform 1.732 1 0.4
Tetal Uncertainty (k=2) 089 dB
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B.5. GUM Measurement Results and Uncertainty Budgets

- M

EURAMET | oA

UME

Measurement Report for EURAMET.EM.RF-S46

(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name Central Office of Measures (GUM)
Contact Person Mateusz Osinski
Telephone No +48 22 581 91 35
Fax No +48 22 581 93 92

. ,E.ma” mateusz.osinski @ gum.gov.pl
Address Elektoralna 2, 00-139 Warsaw, Poland
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2. Measurement Date

‘ Measurement Dates I 27.09.2022 - 20.09.2022 |

3. Environmental Condition

' Temperature {°C) 214

Relative Humidity (%rh) | 48,9

4. References Used In Measurement

Name of
Equipment Manufacturer Type ! Model Serial No
: - e i N/8-08-39-
| Helmholtz coils GUM . SWOPH 0.6/64 (138221
P 5 g N/§-08-39-
Helmhboliz coils GUM SWOPH (0.4/324 038222
Multimeter Keithley 2015 1068131
Precision AC Guildline 2350001 ©Q 23707
Shunt Instruments
Precision AC (;.ulldlmeA 7350-10 Q 23149
Shunt Instruments
Calibrator Calmet CIOTFK 26290
AF Generator Rofide & APN(M 830742009
Schwartz
3 N/§-00-12-
Power Amplifier ADS LX-1400 038796

a7
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5. Measurement Procedure

The diagram of the measuring system is shown in Figure 1.

ELT 400
Ficld
mater wirh
probe
Power goncrator Multimeter - .-
- by  Helmbolle Cotls:
SWOPI-0,4324
SWOPH D 664
Shunt:
al o = -
L ] [[E

Fig. 1. Schematic diagram of the measuring system

Meuasurements are performed in o system consisting of a power generator, Helmholtz coils, shunts and
a multimeter, After connecting the system and placing the measuring probe inside the coils, the devices
are turned on and left for the time necessary to warm up. Then readings are made for the next
measurement points. A current of a given frequency is applied as to obtain the reading on the field meter
in accordance with the given in protocol. After obtaining a stable indication. the voltage from the
multimeter is written down. The actual value of the magnetic ficld strength is calculated from the
formula:

H=K—=
R

where

K —a coil constant (from calibration),

U —a voliage at the shunt,

R a shunt resistance (from calibration).

Measurements were made at 7 levels from the protocol. 8 voltage readings for each level.
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6. Measurement Results

Frequency Malg-ﬁz:i‘cfg:eld l?amﬂldoan) mglﬂml
Measurements (dB) (k=2)
10 uT 0,154 0,032
100 uT 0,159 0,035
53 Hz 00 uT 0,156 0,034
1000 pT 0,072 0,089
2000 T 0,077 0,089
400 Hz 10 uT 0,113 0,032
10 kHz 10 uT 0,190 0,048
100 kHz 10uT
300 kHz 3uT
500 kHz 0,15 A/m
5 MHz 0,15 Aim
10 MHz 0,15 A‘m
20 MHz 0,15 A‘m
30 MHz 0,15 A/m

—TJUBITAK—
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7. Detailed Uncertainty Budget
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Uncertainty budget @ the frequency of 53 Hz

: N Standard
Source of Probability k- Sensitivity h
uncertainty | YP® Value distribution | factor |  coefficient "’""a’g;""y
o 0,000971%B @ From 0.004 = | 0050 @
Non-uniformity :
1 SWOPIHI-0.6 @ 2000 uT to | SWOPH-(,6
of ficld and the B ) normal 2 1
e 0,004634%B @ 087--@ 10 | 0.0406 @
* posit
R SWOPH-0.4 T SWOPH.-0.4
0L00289 uT @ 10 uT brom
Effective 0,0289 uT @ 100 & 0377 @10 From
resolutionof the B 300 'l rectangular | 1,73 plto N,000836 to
ficld meter 0289 uT @ 1000 & -0.004 ‘:—T @ 0.00251
2000 uT 2000 uT
Standard
R From 34E7 Vo | : From 3,04E 5
uncertainty of A 359E-6 V Student's T 2 From 1642 % 10 2.50E-4
voltage readings :
@ 10puT
Voltmeter To I64‘I21’ @
. From 0,010 10 0,018 ¥ From
uncertainty
” 2 B % of voltmeter normal 2 100 uT 000083 to
: ro.n? indication 0,00156
culibraition})
A
Uncertainty of 0,289 WTVA @ 0045-2@ | o130 @
the coil constant SWOPH-0,6 SWOPH-0,6 | SWOPH-0.6
) B N normal 2 s _
{from 314 nT/A @@ 0,0054 o 2 0.0169 @
calibration) SWOPH-0.4 SWOPH-0,4 | SWOPH-0.4
, 08TL@ 10 | 00261 @
Uncertainty ol 0.0030Q @ 10 ¥ -
the shunt {from B 0,000073 Q2 normal 2 " 10Ot
S B ’ T 8685 @O0 | 0.00651 @
calibration) @ 0,19 1
Q 0,1 Ohm
Total Uncertainty From (0,032
(k=2) 0 0,089

57
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Uncertainty budget @ the frequency of 400 Hz

. S Standard
Source of Probability k- Sensitivity g
uncertainty | 1YP® Valug distribution | factor | coefficient "“&‘;‘“‘V
Non-unilormity
o5 0.000071*B @ < 0,00855 @
of field and the B ) normal 2 (.87 .
> SWOPH-(0,6 SWOPH-0.6
probe position
Elfective
resolution of the B 0,00289 uT i@ 10 uT | rectangular | 1,73 -(L87 0,00251
field meter
Standard
uncertainty ol A 1,56F-6 Student's T 2 2,57E-5
voltage readings l6,501, @ 10
Volimeler l'l'
uncer@ainty 0,003 % of volumeter H
B ¥ Ve3TRy normal 2 0,000269
(from indication
calibraition}
Uncertainty ot
the coil constant 0289 u'TVA (@ 1045 A 0.07130 @
B : normal 2 0.045 - )
(from SWOPH-0,6 SWOPH-0.,6
calibration)
Uncertainty of
X oy e ; 1 000174 @
the shunt (from | B 0.0020 Q @@ 10 Q2 normal 2 0872 o]
m
__calibration) |
Total i
ota l(Jkn-c2e)namty 0,032
&7
EURAMET.EM-S46 Draft A Report 105/144



N
EURAMET

—TJUBITAK—

UME

Uncertainty budget @ the frequency of 10 kHz

= S Standard
Source of Probability k- Sensitivity g
uncertainty  1YP® e distribution | factor | coefficient U"%‘;'“‘V
Non-unilormity A
R 0.000971*B @ : 0,00862 @
of field and the B normal 2 (.87 N
o SWOPH-0.6 SWOPH-0.6
probe position
Ellective
resolution of the B | 000289 uT @ 10 pT | rectangular | 1,73 (0087 0,00251
field meter
Standard
uncertainly ol A 22765V Student's T 2 3,78F-4
voltage readings 16.68 l’ @ 10
Volimeter t’l'
uncer@ainty 0,003 % of volumeter K
B o normal 2 0,000269
(from indication
calibraition}
Uncertainty af’
the cail constant 0,491 p YA (@ A 00217 @
' B 3 ',' normal 2 01)44“_? = )
(from SWOPH-0,6 SWOPH-0,6
calibration)
Uncertainty of
3 o " 1 0,00261 @
the shunt {from B 0.0030 Qi@ 10 Q2 normal 2 -0.87 - o
m
__calibration)
Total Uncertai
e A, 0,048
7T
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B.6. SASO NMCC Measurement Results and Uncertainty Budgets
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Report of
EURAMET.EM.RF-S46 Comparison on
Magnetic Field Probe

Saleh A AlMojaewel
Tarig M AlOtaibi

Saudi Standards, Metrology and Quality Organization
National Measurements and Calibration Center
SASO-NMCC

January 2023
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I. Participant Information

Institute Name National Measurement and Calibration Center {(SASO-NMCC)
Contact Person Salch AlMojacwel
Telephone No +966547575325
E-mail s.mojacwel @saso.pov.sa

Riyadh — Imam Saud bin Abdulaziz bin Mohammed Road, the
Address .

intersection of Turki bin Abdulaziz I Road.

2, Measurement Date

Measurement Dates 12/12/2022 - 25/12/2022
3. Environmental Condition
Temperature (°C) 232
‘Relative Humidity
£ 40+ 10
(%erh)
4. References Used In Measurement
Dm0 Manufacturer Model Seriul No.
Equipment
W avelom KELSIGHT. 33500B MY52301369
Generatns fAgilent
% gk KEYSIGHT = A
Generalor Signiul JAgilent NS17IB MY S3050852
Agilent
Oscalloscope lechnelogies DSO-X3102A MY 54310233
41 dB Allenuator (:‘.’".‘" ozl 45.40.34 SK826
Veinsihel |
Directional Coupler | BONN Elekuonik BDCOI25-40/500 1498234
Power meter Rohde & Schware NRP2 103679-MM
Power Scnsor Rohde & Schwarz NRP-755 130469
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Power Scnsor Rohde & Schwarz NRP-Z55 130452-Y1

50 Ohm Lo Pasternack PLAISY 001

50 Ohm Load Pastemack PEGIKY w0z

TEM CELL Ir1 CCI102SEXX S1764-1014
RN 12} I il

Hetmbole G s HOZ-002
cmhote il E | HoZ-o03
AF Amplifier BRYSTON TB-S8T2-19 TBSSTr2-002953

AF Amplifier AR 200A400A 0343212

5. Measurement Procedure

5.1 Magnetic field measurement for 53 Iz, 400hz, 10 kIlz, 100 kI1z,300 kliz

The measurement was performed in accordance with the IEEE 1309:2005 by using a pair of Helmholtz
coils. The magnetic field value at the center of the Helmholtz coil was calculated by using Equation 1.
The resistor (30 €) was connected in scrics with the Helmholtz coil. The RMS value of the current
Mowing through the Helmhollz coil was calculated by using Equation 2, The input impedance of the
oscilloscope was adjusted | MQ, The measurement setup is depicted in Figures land 2.

= N1l7‘12 Nzh‘f A/ (l)
2(rf+ay*? * 2(r}+a3)3? m
V
[ =— 5
R (2)
Where;

H: the magnetic field strength value at the center of the Helmboltz conl (Afm)
[ : The current in the Helmhaollz anl (A)
V: The outpul voltage across the S0 £ load (V)
N: The number of wrns on each coil
r: The radius of each coil {m)

a: The axial position of the magnetic field (m) from the center of the coil set.

16
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Wi

Probe display up

mv

SQ"‘ gen RF Amplifier

Isoation
tramsformator |70V

- — ———— —— ——

- — — — Comemunication Cables
RF Coavial Cabdes

Figure 2, Schematic view ol the magnetic lield measurement for (JO0KHz,300kHz2)

5.2 Magnetic field measurement for 500 kHz, 5 MHz, 10 MHz, 20 MHz, 30 MHz
The measurements were performed in accordance to the IEEE 1309:2005 Calibration Method B using
caleulated field strength. In the frequency range 400 kHz to 100 MHz two Transverse Electromagnetic
(TEM) cell were used o generate a caleulable magnetic ficld level, The caleulable magnetic ficld was
caleulated from the dimensions of the TEM cell, its impedance, and Irom the net power ol the TEM Cell
input as shown in the following equations :

416
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_ yPnetZo |
Br== b /m (3)

H=— A )
Where;
E: RMS Electric lield strength (Vim)
H: Magnetic field strength (ASm)
Pre: Net power of the TEM Cell input/foutput (W)
Zu: The real part of the characteristic impedance of the 'TEM Cell (£2)
bz The distance from the upper wall to the center plate (m)

=igna
CEONETITO0

TEM Con

|§ !2w| el

Figure 3. Schematic view of the magnetic field measurement using TEM Cell

6. Measurement Results

Frequency Mognede Field | €oFF i s
Measurements (dB) (k=2)
0wl 0.172 (1.740
100 pT 0.257 (1.740
S3iHz 300 T = V =
1000 uT 22 -
2000wl 2 - -
400 Hz 10uT 0.172 (.740
10 kHz 10ul 0.172 G740
100 kHz 10T 0.172 (L740
3 kHz AT 0.424 (L7
SO K1 Le .15 Afm 0506 (1.580

516
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5 MHz (.15 Afm 0173 0.580
10 MHz (115 A/m 0.086 0.580
20) MHz (15 A/m (0.086 {1580
30 MI1z 015 Afm (.086 (.580

7. Uncertainty Budget

A: Model Tunction lor (100 oT, 100 4T level held and 53 He, 400 He, 10kHz, 100kHz, 300kHz

lrequencies

[4..” = L"l'v.n 10 [J'.'.gn an lll‘H.-. #+ lJ.-.Vn + l-"(.' b lJ'-'-w it L’."A\‘ 2 ‘iﬂ«'!r o lJr".-.-J.v.-w + L"ﬁ':aun'r.\ + ll"u.'n + Uuw.v + L"ftn\'

A-1: Uncertainty budget @ 53 Hz ( 10 uT )

s z { Sensitivity
Component . iy -~ Uncertainty Probability | Divisor : g
symbol Source of uncertainty Unit Value (+/Uxi} | Distribution | (PDF) Cuc(fgs.:rnl Yariances
Bea  |[reTRiLcwdchommaprtic] g 010 Reetangular | 1,732 I 0.003
ficld calenlation
Usg, Sigoul generator dnft error | dB .20 Rectangular | 1,732 1 0.013
Ugs. Oscilloscope reading error | dB n.20 Rectangular | 1,732 1 0013
W Frron from resistor dB 0.20 Nogal 2 | 0010
Uct Cable loss creor dB 0.15 Rectangular | 1,732 1 0.008
Non-uniformity field ereor "33
Ut from Helmholiz coil L .10 Rectangular | 1,732 I 0.0u3
Noen-uniformity field error N
Upar fram probe dB 0.20 Rectangular | 1,732 | 0013
Lrror from non ideal
Jgens L H 732 ;
v culibration field dB 0.15 Sectangetay, | L3 ! 0.004
Usiekuu Probe position error dB 0.20 Rectangular | 1.732 1 0013
Ustimein Impedance mismarch dB 0.20 U type Lald 1 0.020
. Error trom dimension and
3 237
Voia diameter of Helmholtz coil | 9B 0.25 Recigular: | <1732 ! 0.021
Error from helmboltz conl o
Uniisar hmlmg JB 0.200 Rl‘.l‘hlllg ular 1,732 | 0.013
Um-;c Rtﬂ[]t‘-iﬂlbi]lly JdB O.007 Nuoral | I 0.000
Total Variance (Unf 0.14 dB?
Combined Uncertainty (Us) 0.37 dB8
Expanded Uncertainty (Uy)
(k=2 cl=%95) 0.74dB

616
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A-2: Uncertainty budget @ 53 Hz (100 uT }
i - o= Sensitivity
Component 1 G Toa Lncertainty Probability | Divisor | -, g ol
symbol Source of Uncextainty Unit Value (+/-) (Uxiy | Distribution | (PDF) ('Ue(tcﬁ;:ml Variances
Formulu ervor from
Usnn magnetic ticld dB 1o Rectungular | 1,732 1 0.003
calculation
U Signal generator drifl m Récikisoh 1932 |
sic S ¢ 0.20 SeUNBUIRr: | 1440 0.013
5 rcalluse adinge
Ui C \(mu\::':!:: reiding B 020 Rectangular | 1,732 | 0013
Upe Error from resistor dB n20 Normal 2 1 0.010
La Cable loss error s 015 Rectangular | 1,732 1 0008
Non-unifermiry field
Uin ervor from !‘llt:lmhulu B 010 Rectangulae | 1,732 | 0.003
coi
Non-unifermity tield . Tr
Usnub | enor from probe | dB ‘ n.20 Rectangular 1,732 1 ’ 0013
’ Error from non ideal IR OIe o
Ugete calibeation field B n.1s Rectangular 1,732 | 0.004
Lpestmar Probe position errur up n.20 Rectngulur | 1732 | 0013
Ustisuesst ‘ Impedance mismateh _ dB . n.20 Utype 1,414 1 . 0.020
Lrror from dimension
Usist and diameter L.)f dB n.25 Rectungular 1,732 1 0,021
Helmholtz coil
Laror from helmbolie o
Upisiee coil heating B 0.20 Rectangulur 1,732 1 0.013
Uu“. Rl‘]k’iilihi'il)‘ i 000 Normal | | 0.000
Total ¥ariance {Unp? 0.14 aB*
Combined Uncertainty (Un) 0.37 dB
Expanded Uncertainty {Uy)
(k=2, cl=%95) 0.74dB
716
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A-3: Uncertainty budget @ 400 Hz ( 10 uT )
! . " ot - Sensitivity
Component .- Tk Uncertainty Probability | Divisor R SIE
synibol Source of Uncertainty Unit Value (+/-) (Uxi) | Distribution | (PDF) Coe(lg;}ieul Variances
Ui Fnrmul_:c error from magnetic | o 010 Rectangular | 1.732 | (003
tield caleulation
Usin Signal generator dnft error | dB 0.20 Rectangular | 1.732 1 13
Ugs. Oscilloscope reading error | dB 0.20 Rectangular | 1,732 1 no3
Uses Frror from resistor dR 020 Normal 2 | BO10
Ue Cable loss error dB 0.15 Rectangular | 1,732 1 0L.008
. Non-unitormity ticld error 3 .
Ui from Helmholtz coil dB 0.10 Rectangular | 1,732 1 0003
Nan-uniformity ficld crror
] 2
Upadr iy Tirsbe dB 020 Rectangular 1.732 | 0013
Error from non ideal
Jietse . 5 languli 3 :
Uens calibrution field di3 015 Rectangular 1,732 1 0004
Ubrerare Probe position enot di .20 Rectangular | 1,732 | 013
Uiy - lm;_:fdm.cf Pisn@ch B dB 020 U type ; 1414 | 1 020
Lrror [rom dimension and 5
) clansul: }
Lbia thumeter ol Helmholle coil dB .25 Rectangular | 1,732 1 021
y FEreor fram helmhaltz enil
Ut heating dB 0.20 Rectangular | 1.732 | 0013
I-’Ib;_f‘ RCDcﬂﬁhi“ly dB 0005 Normal | | LU0
Total Variance (Un) 0.14 dB?
Combined Uncertainty {Uy) 0.37 dB
Expunded Uncertainty (Un)
k=2, cl=%95) 0.74 4B
a16
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A-4: Uncertainty budget @ 10 kHz ( 10 pT )
; > e O Sensitivity
Component i Soset Fscd I Uncertainty Probability | Divisor .~ .. . * QR
symbiol Source of uncertainty Unit Value (43U} | Distribution | (PDF) (,(K‘ﬂ‘;lit:(nl Variunces
Ui F”“"“:." o frum. magoetic, | g 010 Rectangulare | 1,732 [ n.0n3
ield calenlation .
Usen Signal generator drift ereor | dB 0.20 Rectangular | 1.732 | TIE
Ucs: Oscilloscope reading crror | dB 0.20 Rectangular | 1,732 1 o3
Uzes Esror from resistor Jdi .20 Nurmal 2 1 0010
Ucy Cable loss eror dB 015 Rectangular | 1.732 | O08
Non-uniformity field crror =
Uim frons Helmholo oail dB 0.10 Rectangular | 1,732 I B3
Nen-uniformity field ervor )
s fram probe p 0.20 R | ok ' e
Lirror from non ideal p
Jgens Clangukil 2 g
Ugene calibrution field dB 015 Rectangular | 1,73 1 Lo04
Usitineze Prube position ¢rnor JdB 0.20 Rectangular [ 1,732 1 0013
UMienaat Impedance mismarch dB 0.20 U type 114 | 0020
; Error from dimension and
: : 12
Unie diameter of Helmholtz coil | 4B 0.25 Rocenguss: | eae : 0:021
S Freor from helmboltz coil )
Uniaue heating dR 0.20 Rectangular | 1,732 | U013
Ui Repeatibiliy dB 0002 Nosmal | | A0
Total Variance (UH)2 0.14 dR2
Combined Uncertainty (U/H) 037 dB
Expanded Uncertainty (UH)
(k=2, cl=%95) 0.74 dB
916
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A-5: Uncertainty budget @ 100 kHz ( 10 uT )
- . o RO Sensitivity
Component i Soset Fscd I Uncertainty Probability | Divisor .~ .. . * QR
symbiol Source of uncertainty Unit Value (43U} | Distribution | (PDF) (,(K‘ﬂ‘;lit:(nl Variunces
Ui F”“"“:." o frum. magoetic, | g 010 Rectangulare | 1,732 [ n.0n3
ield calenlation .
Usen Signal generator drift evor | dB 0.20 Rectangular | 1.732 | TIE
Ucs: Oscilloscope reading crror | dB 0.20 Rectangular | 1,732 1 o3
Uzes Esror from resistor Jdi .20 Nurmal 2 1 0010
Ucy Cable loss eror dB 015 Rectangular | 1.732 | O08
Non-uniformity field crror =
Uim from Helmholtz: coil dB 0.10 Rectangular | 1,732 I B3
Nen-uniformity field ervor )
s fram probe p 0.20 R | ok ' e
Lirror (rom non ideal p
Jisid ctanzuls 2 ;
Ugene calibrution field dB 015 Rectangular | 1,73 1 Lo04
Usitineze Prube position ¢rnor JdB 0.20 Rectangular [ 1,732 1 0013
UMienaat Impedance mismarch dB 0.20 U type 114 | 0020
; Error from dimension and
: : 12
Unie diameter of Helmholtz coil | 4B 0.25 Rocenguss: | eae : 0:021
S Freor from helmboltz coil )
Uniaue heating dR 0.20 Rectangular | 1,732 | U013
Ui Repeatibiliy dB 0.005 Nosmal | | A0
Total Variance (UH)2 0.14 dB?
Combined Uncertainty (UH) 0.37 dB
Expanded Uncertainty (UH)
(k=2, cl=595) 0.74 dB
1016
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A-6: Uncertainty budget @ 300 kHz ( 3 pT )
Compment Source of uncertainty Unit Amcestnimty ERDIYS |y :‘ul:;;:::l Variances
symbol - Value (4+/-)(Uxi} | Distribution | (PDF) (Ci)
2 Formula error from magoetic =S 2
Ui field calcutation dB 010 Rectangular 1,732 | 0.003
Usp Signal generator diift error | dB 0.20 Rectangular | 1,732 | 0013
Ues.: Oscilloscope reading crror dB 0.20 Rectangular | 1,732 ! 0.013%
Us.s Error (rom resistor JB .20 Nurmal 2 1 0.010
Uy Cable Inss eror dB 0.15 Rectangular | 1.732 | 0.008
Nan-unitarmity ficld ervor : <t
Uim from Helmhnltz enil g8 .10 Rectangular: | wli/32 I 0.003
Nen-uniformity fizld ereor 9
Up-m from Pl'\\hl: dB 0.20 Rn..cmngular 1.732 | 0.013
Error from non ideul a
Then: id ¢ 732 '
Ureae calibration field o 015 Roctaglar, |4 2 0.004
Usigkae Probe position errer dB .20 Rectangular | 1.732 1 0.013
| SCTR— Impedance mismarch dB 0.20 U type 1414 | 0.020
O Lrror from dimension and 2 . i
Uia diumeter of Helmtholtz coil | 4B 0.25 e RLES ! 0.021
T Ervor frem helimboltz coil
Uhisar beating JB .20 Rectangular | 1,732 | 0.013
Uu—;q Rl‘.ll('.q‘lllhilll'\' JdB 0.002 Normal | | 0.000
Total Variance (U2 0.14 dB*
Combined Uncertainty (UH) 0.37 dB
Lxpanded Uncertainty (ULL
{k=2, cl=5793) 0.74 dB

11186
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B: Model function for (.15 A/m level field and S(6) kHz, 5 Mz, 10 MHz, 20MHz, 30MHz frequencies :

Ui = Upaestns + Urensie + Ureaz + Ui + Uvtinsis + Upicioone + Ui + U + Ucae + U

B-1: Uncertainty budget @ 500 kHz ( 0.15 A/m )

Component Source of Uncertainty 'robability Sensitivity
Unit Divisor Variances
symbol uncertainty Value Distribution Coefficient (Ci)
Uhiaka Power meter dB i Rectangular 1,732 1 0010
(- Pawer sensoe dB nio Normal ¢ | n.on3
TEM cell N . I
Ui impedance dR n.20 Rectangular 1,732 | nni3
Usiss Distance dB 20 Recrangular 1,732 | nnia
o hooecams dR (RE U-Shaped | 1414 | 0016
£ TEp— Position creor dB n.19 Rectangular 1,732 | noi2
Ussy IEM vell di3 012 Rectangular 1,732 1 0003
Upos Probe dB (11 Rectangular 1,732 1 URVISS
Usiciig Croupler dR 15 Normal 2 | 006
Unegn Repeatability 4B (L1 Normal 1 1 0.000
Total Variance (UH)2 0.08 dB*
Combined Uncertainty (LH 0.29 dB
i, q | g 1 ‘(L
Expanded Uncertainty (ULL) 0.58 B
(k=2, cl=%%95)
1216
EURAMET.EM-S46 Draft A Report 118/144



wogewll Slapigoll
Saudi Standards

A

330 ashanic warigad Logeass td)
Seaci Dundands, Vietrokogy ard Quaty O

B-2: Uncertainty budget @ 5 MHz ( 0.15 A/m )
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Sensitivity
Component Source of Uncertainty Probability
Unit Divisor Coefficient Variances
symbol uncertainty Value Distribution ©
i)
Uniwsse Power meter dB 017 Rectangul 1,732 1 0.010
Utow s Power sensor dB 0.10 Normal 2 ! 0.003
TEM cell
Uresz dB .20 Rectangular 1,732 | 0.013
impedance
Unia Distunce dB .20 Rectungular 1,732 1 0.013
Tmpedance
Un-nsmmh dB 18 U-Shapod 1414 1 0016
mismatch
| ST Position error dB 19 Rectangular 1,732 | 0.012
U-em TEM cell dB (12 Rectungular 1,732 1 0.005
Upe Probe dB 011 Rectangul 1,732 1 0.004
Uptop Coupler dB 15 Normal 2 | 0.006
Ugee Repeatability dB (.01 Normal 1 1 0.000
Total Variance (UH)2 0.08 dB?
Combined Uncertainty (UH) 0.29dB
o 3 H (L
Expanded Uncertainty (UH) 0.58 dB
(k=2, cl=%95)
13116
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B-3: Uncertainty budget @ 10 MHz ( 0.15 A/m )
Sensitivity
Component Source of Uncertainty Probability
Unit Divisor Coefficient Variances
symbol uncertainty Yalue Distribution -
il
nmsae Powermerer - dB 017 Rectangular 1,732 | uo10
Upeases Power sensur Jdi3 1o Naornal 2 1 0.003
TEM cell
| TR dB .20 Recrangular 1,732 | N.013
ampedance
U Distance dB n.20 Rectangular 1,732 1 N.013
Impedance
Undisnachs dB (18 U-Shaped 1,414 1 0016
mismatch
Lposkn Puosition emror dB 1Y Reclungular 1,732 1 Uu12
Ulren TEM cell dB .12 Rectangular 1.732 1 0.0n35
Wivn Probe | dB il Rectangular 1,732 | n.0n4
Ubce Cuoupler dB .15 Normal 2 1 UAUS
Uepe Repearability dB n.n2 Normal I 1 n.00c
Total Variance (UH)2 0.08 dB?
Combined Uncertainty (ULH) 0.29 dB
Expanded Uncertainty (UH) 0.58 dib
(k=2, ¢l=4%95)
1416
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B-4: Uncertainty budget @ 20 MHz ( 0.15 A/m )
Sensitivity
Component Source of Uncertainty Probability .
Unit Divisor Coelficient Variances
symbaol uncertainty Value Distribution i
K1}
U powasee Power meter Ji3 .17 Rectungular 1,732 1 0010
Upioses Power sensor dB 10 Normal 2 1 .03
TEM cell
Lrenz dB 020 Rectangular 1,732 1 U013
impedance
Usg Dhistanee dR 20 Rectangular 1,732 | 1013
Impedance
Ustiaranch dR N8 17-Shaped 1414 | noie
nusniich
U peaEmer Pasition crror dB .19 Rectangular 1,732 1 0.012
| RETEY) TFEM cell L n.12 Recrangular 1,732 | N.005
Usion Prube dB 111 Reclungular 1,732 1 .aud
Ubitip Coupler - dB 15 Normal 2. 1 0.006
Llpege Repeatabilily JB 0.0l Normal 1 | 0.000
Total Variance (UH)2 0.08 dB*
Combined Uncertainty (UH) 10.29 dB
Expanded Uncertainty (UH) 0.58 dIb
(k=2, cl=%%Y95)
15716
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B-5: Uncertainty budget @ 30 MHz ( 0.15 A/m )
Sensitivity
Component Source of Uncertainty Probability
Unit Divisor Coefficient Variances
symbol uncertainty Yalue Distribution B
i
Upasss Power meter dB 017 Rectangular 1.732 1 0.010
Ut Power sensur JB 010 Nornal 2 | 0.003
TEM cell
Uiz, dR n.20 Recrangular 1,732 1 013
mpedance
Usini Distance dB .20 Recrangular 1.732 1 0.013
Tmpedance
Untisuaschy dB 018 U-Shaped 1.414 1 0016
mismatch
L pestimor Positien error Jdi3 1H19 Rectangular 1,732 1 0.012
UTes TEM ccll dB (12 Rectangular 1,732 1 .03
LTSS Probe ~dB il Recrangular 1,732 | .0n4
Utcap Cuoupler JdB3 15 Nornmal 2 | {1006
Useye Repeatability dB ol Normal 1 1 1000
Total Variance (TH)2 0.08 dis*
Combined Uncertainty (UH) 029 dB
Expanded Uncertainty (UH) 0.58 dB
(k=2, cl=%595)
16/16
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B.7. RISE Measurement Results and Uncertainty Budgets
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Measurement Report for EURAMET.EM.RF-S46

(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name RISE-Research institutes of Sweden
Contact Person Mats Cedheim
Telephone No +46 10 516 60 86
Fax No

. ,E-ma" mats.cedheim @ri.se
Address Brinellgatan 4, 504 62 Bords, Sweden

EURAMET.EM-S46 Draft A Report

123/144



N
EURAMET

2. Measurement Date

[ sasirarmant Dates | S - -5 | |- ——

3. Environmental Condition

Temperature (°C) 23.7

Relative Humidity (%rh) | 35.7

4. References Used In Measurement

Name of 4
Equipment Manufacturer Type ! Model Serial No
RISE inv. Nr: 503
. TEM-cell RISE ' - 897
Signal Generator | Reohde&Schwarz SMIT 06 844275/006
) Amplitier
Power amplifiar Baacarch 200A400 0346313
Power meter Baanton 4242RF 14793
Power sansaord Baonton 51015-EF 35916
Power sensor2 Baanton 51015-EF 35917
N B L RISE inv. Nr:
Termination Inmet . TNO20F-300W KW P01299
Temperature RISE inv. Nr;
meter Testo 613 503498
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5. Measurement Procedure

The method generates a traceable electromagnetic field inside a TEM-cell. The field is known from
calculations and the test object is placed in this known ficld. The following sctup is used

| Sig.gen > Amp. —» Coupler
Prao \‘ L

Trang Befl
./f |:| Power Meter,

TEM-Cell

/Centre conductor \
—{ Terminatifn

N A

The ficld strength in the TEM cell is calculated as:

1 4
=7 42 7= P22 114 & L . 5
Buctuar = Zy '« Zgt s (Pr-'wo ‘,:;) Trey *d™" » 8(x,y.2)" =corr (5

o
o
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where:
71 =Characteristic impedance ol the TEM-cell,
7n =Free space impedance.
Prwn =Power output from the amplifier (mmeasured at the power forward on the
directional coupler}. absolute power measurement.
P =Forward power of the dircetional coupler, relative power measurcment,
P =Power alter directional coupler and cable, relative power measurement.
Tren =L.oss through TEM-cell. relative power measurement.
d =Distance between centre conductor and floor.

&(x, v, z): =Uncertainty from location errors in x. y and z-directions.
cor: =Correction [actor caused by impedance mismatch of TEM cell.

The power is measured with a power meter calibrated with traccability to other national measurcment
institutes (lust calibration at METAS, Switzerland). The impedance (S11) is measured using a network
analyzer calibrated with traceability 1o the manufacturer Rohde & Schwarz, using o calibration kit with
traceability to RISE NMI1 (CMC( for S-parameters). The distance is measured with a laser rangetinder
calibrated at RISE, with the traceability to the RISE NMI department for length.

6. Measurement Results

Frequency Malg.:‘e':'cfg:eld g:__'t':f::’;) 'ﬁmmt
‘ Measurements (dB) (k=2)
10 uT L 2
100 4T s 2
53 Hz a0 T ‘ |

1000 T i N

7 2000 uT . . | .

400 Hz 10 uT = %
10 kHz 10uT | 0.05* 0.42
100 kHz 10 ul 0.26% 0.42
300 kHz 3uT 0.24% 0.42
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500 kHz 0,15 Aim 0.93 .42
5 MHz 0,15 Aim .03 042
10 MHz 0,15 Aim 0.25 0.42
20 MHz 0,15 Alm -0.04 0.42
30 MHz 0,15 Aim . 077 | 0.42

“Measured at a level ol 0015 Afm

Our measurement method using a TEM-cell does not work below 10 kHz. This is the reason why no
results are presented at 53 Hz and 400 Hz.

7. Detailed Uncertainty Budget

Uncertainty budget @ the frequency of Hz ‘

Source of uncertainty Type | Value :g:;:m‘{‘ fat':‘;or gggfsf::m U?lt%rz%:ldty
Z,.. Characleristic Reclangular Va
impedance of the TEM- A VE]
cell 0.08635% 0.02512
Prwp. Power output from " Normal ; Y
the amplilicr 0.11486 0.05781
Py Forward power of the A Normal i Va
directional coupler 0.10470 - 0.05266
Pz Power after directional Normal Vs
coupler and cable i 0.10470 : 0.05266
Trea: Loss through TEM- & Normal | Ya
cell 0.12871 0.03259
d: Distance between & Rectangular J3 I
centre conductor and loor 0.02251 0.01301
&(x, v, 23 : Uncertainty A Rectangular S |
[rom location errors 0.29373 0.17200
Corr : Impedance A Rectangular 3 1
mismatch of TEM cell 0.08633 0.05009
Total Uncertainty (k=2) 1.41039

The budget is valid for all frequencies with results as given in chapter 6.
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Measurement Report for EURAMET.EM.RF-S46

(EURAMET Project No: 1538) Supplementary Comparison

1. Participant Information

Institute Name Federal Institute of Metrology (METAS)
Contact Person Fréderic Pythoud

Telephone No Tel: +41 58 387 03 35

Fax No

E-mail [rederic.pythoud @metas.ch

Lindenweg 5()
Address 3003 Bern Wabern

Swiatzerland
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: Measurement Dates 21.03.2022....... - ..25.03.2022.............
3. Environmental Condition
' Temperature {(°C) 23
Relative Humidity (%rh) | 45%
4. References Used In Measurement
N of Manufacturer Type ! Model Serial No
| Equipment °
z Keithley 5
e 3 a5
Multimeter Tistrabars SA 2000 (603559
Current Clamp Pearson TT0A 150603
e
Helmholiz Coil | METAS RadwsZhaatl, | oxpurigy
2 windings
Helmholez Coil METAS Ridis 4l ca, MMSYSS
2 windings
Helmhaliz Coil METAS Radios 4 co1, MMO908
78 windings
GTEM Cell MEB | GTEM 1750 11555
Messelektronik
Powermeter e NRVD 832839/(007
Schwarz
P e Rolidei NRV-Z5 837426/032
Schwarz

28
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5. Measurement Procedure

The measurement procedure is summarised in the following table:

Frequency Magnetic flux density Method Reference
53 Hz o400 Hy 10uT Helmholtz Caoil with radius 40 cm
2 windings
53 Hz 100 uT o 2000 uT Helmholtz Coil with radius 3¢ ¢m
78 windings
10 kHz to 300 kHz 3uT to 1O uT Helmholtz Coil with radius 20 cm
2 windings
500 kHz to 30 MHz 0.15 A/m GTEM -

The calibration in the Helmholtz coil has heen obtained using the following equation is:
B=CF-1

With B being the mugnetic [lux densily, CF (he coil [actor obtained using geometrical propertics of the
loop, and [ the current. The current was measured with a calibrated voltmeter and with a calibrated

current clamp. The following Helmholtz coil has been chosen depending an the frequency and on the

field intensicy:

The measurements in a GTEM cell of large dimensions (8 m) so that the whole probe can be placed

inside, The calibration equation is:

e ,\'B 5 \,"Pinpul. "Zy
d * Zoaveuin
With
« H is magnetic field intensity
®  Pipue is the input power in the GTEM cell

Zy is the reference impedance: Z, = 50 0)
e is the septum heighl
*  Zoaccwnm 18 the impedance of vacuum: Z,5.c0n = 376.73 02

a8
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o ky is the calibration [actor of the cell obtained from o model the TEM wave propagation in
the GTEM cell:

ky - Ia —h e ezz-i-ux-f,‘r.l

e S, isthereflection coefficient of the cell, measured with a VNA at the input of the cell

- x is the distance from the tip of the cell to the measurement point

« [ is the [requency

e ¢ is the speed of light;: ¢ = 299'782°458 m/s

e ¢ and b are canstants determined by a calihration of the electric field. The experimental
measurements are well fitted with the following values: a = h = 0.97.

48
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6. Measurement Results

Frequency Ma;:::"cf:':eld ’(:;ocr;:rc::’ogn) I:Je'::rrtmt
Measurements (dB) (k=2)

10 uT 0.15 0.11
100 uT 0.16 0.13
53 Hz 300 ul 0.15 0.13
1000 uT 0.05 0.13
2000 uT (.04 0.13
400 Hz 10 uT 0.14 0.11
10 kHz 10 uT 0.13 0.14
100 kHz 10 uT 0.11 0.14
300 kHz 3uT 0.149 0.35
500 kHz 0,15 Alm 1.56 0.57
5 MHz 0,15 Aim 0.72 0.57
10 MHz 0,15 Alm 0.83 0.57
20 MHz 0,15 Aim (.84 .57
30 MHz 0,15 A/m 0.97 0.6l

—TJUBITAK—

UME

58

EURAMET.EM-S46 Draft A Report

132/144



EURAMET

7. Detailed Uncertainty Budget

—TJUBITAK—

UME

Uncertainty budget @ the frequency of 53 Hz and 400 Hz (10 uT)

Sensitivi Standard
Source of uncertainty Type v;":;“ :i:::’l:::llx { a:tor co(:f;l;l;g Une(edrg;lnty
Coil factor B 0.25 | Rectangular | 1.73 (LOSG6 0.012
Current clamp laclor B 0.20 Narmal 2 0.086 (.009
Voltage Meter B 0.12 | Rectangular | 1.73 0.08G 0.006
Homogeneily B 0.04 | Rectangular | 1,73 (1,086 0.002
Restficld B 1.00 | Rectangular | 1.73 0.086 0.050
Repeatability A 0.04 - | 0,086 0,003
Total Uncertainty (k=2) 0.105
Uncertainty budget @ the frequency of 53 Hz (100 uT to 2 mT) ‘
Sensitivi Standard |
| Source of uncertainty Type V(:I‘:;e | :m:g{':gl fa::‘t-or c::ﬁsi’z;:;g Unc(ednaa)lnty
Coil factor B 1.20 | Rectangular | 1.73 0.086 0.060
Current clamp lactor B 0,20 Nornal 2 0,086 (0,009
Voltage Mcter B 0.12 | Rectangular | [.73 0.086 0.006
Homogeneity B (.04 | Rectangular | 1.73 0.086 0.002
Restficld B | 026 | Rectangular | 1.73 0.086 0.013
Repeatability A ().20 - 1 (1.086 0.017
Total Uncertainty (k=2) 0.129
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Uncertainty budget @ the frequency of 10 kHz and 100 kHz (10 uT) ‘

Sensitivi Standard

Source of uncerlainty Type V(:Lt;a :g::::':z i a:t- o oo(zﬂgl’t;lke)z | Uno(odrlaa)lnty
Coil factor B 0.50 | Rectangular | 1.73 0.086 0.025
Current clamp laclor B (.60 Normal 2 0,086 0.026
Voltage Meter B 0.12 | Rectangular | 1.73 0.086 0.006
Homogeneily B (.50 | Rectungular | 173 0,086 0.0235
Restfield B 1.00 | Rectangular | 1.73 0.086 0.050
Repeatability A 0,10 - | 0,086 0.009
Total Uncertainty (k=2) 0.134

Uncertainty budget @ the frequency of 300 kHz (3 uT)

Sensitivi Standard

Source of uncertainty Type V(:I;;o | :l::::::ltlla la:;or co(:t;lgbk;z Uno(odrlaa)lnty
Coil factor B 0.50 | Rectangular | 1.73 0.086 0.025
Current clamp lactor B (.60 Narmal 2 0.086 (1.026
Voltage Meter B 0.12 | Rectangular | 1.73 0.086 0.006
Homaogeneity B (.30 | Rectangular | [1.73 (0.086 (L0253
Restfield B 3.33 | Rectangular | 1.73 0.086 0.166
Repeatability A 010 | - 1 (1.086 0.009
Total Uncertainty (k=2) (.343
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‘ Uncertainty budget @ the frequency from 500 kHz to 20 MHz (0.15 A/m)
Standard
‘ Source of uncertainty | Type | Value ;::mzmi h:; o m::ﬂ::yt Uncertainty
‘ (dB)
Septum height B 1.0% Rect. 1.73 0.086 dB/% 0.05
GTEM cal. laclor B 2.0% Rect, 1.73 0.086 dB/S: (.10
Powermeter B [0.05dB Normal 2 1 0.025
Homogeneity B (.3 dB | Rectangular | 1.73 1 0.17
Restfield B 3.33% | Rectangular | 1.73 0.086 dB/% 0.17
Repeatability A | 010dB - | 0.086 dB/% 0,10
Total Uncertainty (k=2) 0.57
’ Uncertainty budget @ the frequency from 30 MHz (0.15 A/m)
Standard
Source of uncertainty | Type | Value ;’s‘:::m'g‘:‘ la::‘t-or m’zﬂz Uncertainty
| (dB)
Septum height B 1.0% Rect. 1.73 0.086 dB/% 0.05
GTEM cal. laclor B 2.0% Rect. 1.73 0.086 dB/%: (.10
Powermeter B |003dB | Normal 2 | 1 0.025
Homogeneity B (.3 dB | Rectangular | 1.73 1 0.17
Restficld B 33 % |Rectangular | 1.73 | 0.086 dB/% 0.17
Repeatahility A 0.15 - 1 0.086 dB/%: (.15
Total Uncertainty (k=2) 0.61
&
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B.9. NPL Measurement Results and Uncertainty Budgets

NATIONAL PHYSICAL LABORATORY

Teddinglon Middlesex UK TW11 0LW Telephone +44 20 3977 3222
NPL Management Ltd = Ragistered in England and Wales No 2337631

Test Report

NARDA ELT-400 EXPOSURE LEVEL TESTER
Type 2304/04, Serial No. 0-0450
with 100 cm” B-Field Probe, Serial No. M-1859

§repoman eavale 7 the 9 gy of Unks to unis of mescursmant i lsod an oo Natioes #vdcal Laoaratay o ot

COMPARISON TITLE COMPARISON OF MAGNETIC FIELD STRENGTH
MEASUREMENTS FOR FREQUENCIES UP TO
30 MHz

COMPARISON NO. EURAMET.EM.RF-546,

(EURAMET Project No. 1538)

PILOT LABORATORY TUBITAK Ulusal Metroloji Enstitisd (UME)
TUBITAK Gebze Yerleskesi
Barig Mah. Dr. Zeki Acar Cad. No:1
41470 Gebze-Kocaeli
Turkiye

This report details the methodology, results and uncerainties submitted by NPL for
the calibration of a commercial magnetic field meter up to a frequency of 100 kHz
using the Helmholtz coll method.

Reference: MT.41/23/0B2/EtM 134.085 Page 1019
A 1 |‘.,_'

Date of Issue: 30 June 2023 Signed: AT | o’ {Authorised Signatory)

Checked by: . D B Name: S A C Harmon on behalf of NPLML
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1. Participant information

Institute name
Address

National Physical Laboratory (NPL)
Hampton Road

Teddington

Middlesex

TW11 OLW, United Kingdom

Contact person

Stuart Harmon

E-mall

stuart.harmon@npl.co.uk

Telephone no.

1.1. Date of measurement

+44 20 8943 6908

[ Date of measurement

6 -7 July 2022

1.2. Environmental conditions

Temperature (*C) 21205

Relative humidity (%rh) 56«2

1.3. Slgnificant equipment

Table 1: Significant equipment used during comparison

Equipment Manufacturer Type | model ‘Serial No.
Helmholtz coil NPL Low frequency M138
Helmholtz coll NPL Mid frequency M108 & M139
Helmholtz coil NPL High frequency M162
Current shunt Holt 250 mA shunt 0943500001025

2.5 A shunt 0943500001026
20 A shunt 0943500001308
50 A shunt 0943500001309
Digital multimeter | Keithley |  Model 2001 | 1124481
Frequency counter Philips Model PM&673 SM2257
Reference: MT.41/23/082/EtM 134.085 Page 2 of 0
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1.4. Traceability
All measurement results quoted within this report were made using equipment where
there is an unbroken traceability chain to UK national standards held and maintained
by NPL.

2. Travelling standard

The travelling standard was supplied by TUBITAK UME. A photo of the ELT-400 fiek
meter and magnetic field probe is shown in Figure 1. and the instrument details and
instrument specifications are given in Tables 2 and 3 respectively.

Figure 1: ELT-400 Field Meter and ELT 100 cm’ Magnetic Field Probe

Table 2: Instrument details

Item Manufacturer Serial No.
ELT400 Narda Safety Test 0-0450
Low Frequency Field Meter Solutions
ELT 100 cm? Narda Safety Test M-1859
Magnelic Field Probe Solutions
Reference: MT.41/23/0B2/EtM 134.085 Page 30f9
Checked by: il T ;\
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Table 3: Instrument specifications

Frequency range 10 Hz to 400 kHz

Measurement range 05uT 10160 mT

Noise level 0.24 yT (320 T, HIGH range)
Power Supply 9V /2000 mA

3. Measurement guantities and measurement points

The correction factor, n d8, was determined for each measurement point given In
Table 4 based on the ELT-400 indicated field and the actual value cf the applied
magnetic flux density, using the following relationship:

Actual Field (1) )

Correction Factor (UB) = 20 + logyy (m

Table 4: ELT-400 and 100 cm? probe measurement frequencies and field levels

Measurement Level for Magnetic ELT400
frequency fleld measurements | measurement range
10T 320 uT - Low
100 pT 320 pT - High
53 Hz 300 T 1320 uT - High
1000 pT 80mT —Low
2000 pT 80mT —Low
400 Hz 10pT 320 uT - Low
10 kHz 10T 320 uT - Low
100 kHz 10 pT 320 uT - Low
Reference: MT.41/23/082/E(M 134,085 Page 4 of 9
Checked by: S D B
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4, Measuremenl Instructions

4.1. Environmental conditions
The ambient temperature and humidity were recarded, bul no corrections were
applied for temperature and humidity effects on the reported values.

4.2 Preliminary actions
The ELT-400 was allowed to stabilise in a temperature-controlled laboratory for more
than 24 heours prior to the start of the measurements.
¢ Atthe start of the measurements, the ELT-400 batteries were fully charged.
* The ELT-400 was turned on for a minimum of 10 minutes prior to the start of
the measurements.

4.3.Pawering of the instrument
During the measurements, the ELT-400 was nct connected to the charging unit

4.4 Instrument alignment and settings

The magnetic field measurements were performed with the ELT-400 in a fixed
position and was not rotated. During the measurements, the display of the ELT-400
was pointing up as shown Figure 2. The ELT-400 instrument settngs are given in
Table 5.

Probe display shall
be pointing up.

H- field
direction

Figure 2: Position of ELT-400 during measurements

Reference: MT.41/23/082/EtM 134,085 Page 5019

chesdby: o BB

EURAMET.EM-S46 Draft A Report 140/144



NATIONAL PHYSICAL LABORATORY

Conbnuation Saeet

Table 5: ELT-400 instrument settings
Low Cut \ Detection Max Hold
10 Hz RMS OFF

5. Measurement procedure
The ELT-400 was set up with its 100 cm? probe positioned in a region of uniform

magnetic field at the centre of a calibrated Helmholtz coil system. The probe was
aligned as delined in section 4 4,

The current in the Helmholtz coil system was adjusted to produce a series of
indicated magnetic flux densities on the instrument at various frequencies. The
current waveform was sinusoidal. The instrument readings were recorded, and the
actual values of magnelic lux density were calculated from the measured currents,

6. Results
With no current passing through the Helmholtz coll system, the instrument indicated
a scatter with the maximum indicated values observed given in Table 6.

Table 6: Instrument indication with no fiedld applied

Measurement range Instrument indication
(T}
320 T - Low 0.042
320 pT - High 0.231
80 mT - Low 7.50

Instrument indications and corresponding correction factors at each frequency are
given in Table 7, along with the measuremen! uncertainties,

Reference: MT.41/23/0B2/EtM 134.085 PageGof9
Checked by: . T
W DB
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Table 7- Comparison values submitted

Freguency Instument | Correction factor | Measurement
indication uncertainty

{T) (dB) (dB)

53 Hz 10.00 0.1340 0.017
100.0 0.1313 0.017

300.0 0.1336 0.017

1000 ' 0.0600 | 0.017

2000 [ 0.0692 | 0.017

400 Hz 10.00 ' 0.0895 | 0.017
10 kHz 1000 | 0.1014 ' 0.022
100 kHz 10.00 ' 0.0781 | 0.104

The reported expanded uncertainties given in Table 7 are based on a standard
uncertainty multiplied by a coverage factor & = 2, providing a coverage probabllity of
approximately 95%. The quoted uncerizinties apply only to the measured values and
do not carry any Implication as to the long-term stability of the instrument,

7. Declaration of compatibility with published CMC
NPL declares that the results reported for this comparison are consistent with the
published Calibration Measurement Capabilities (CMC) in the KCDB.

Shown In Table 8 are the reported expanded uncertainties glven in Table 7
compared to the best measurement capabilities (BMC) published in the CMC. The
CMC entrles match NPL's ISO 17025 UKAS accredited BMC values.

The expanded uncertainty given at a frequency 100 kHz is higher than the published
CMC, this is due to the probe size of this specific instrument leading fo a higher
uncertainty contribution for the non-uniformity of the field.

Reference: MT.41723/082/EtM 134,085 Page 7 of 9

Checked by: - D B
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Table 8: Comparison of reported uncertainties to CMC / ISO 17025 BMC's

Frequency
53 Hz 10 kHz | 100 kHz
Expanded uncertainty, k=2 (%) 0.20 0.25 1.2
Expanded uncertainty, k=2 {dB}) 0.017 0.022 0.104
CMC ! UKAS ISO 17025 BMC (%) 0.25 0.25 0.70
CMC / UKAS I1SO 17025 BMC (dB) 0.022 0022 0061

8. Detailed uncertainty budgets

Detailed uncertainty budgets for frequencies of 53 Hz, 10 kHz and 100 kHz are given

in Tables 9. 10. and 11 respectively.

Table 9: Uncertainty budget at a frequency of 53 Hz

Source of Uncertalnty Type V;L‘f Sy | owsor | o o N

Cdibration of Hemheltz call B 0.030 noma | 2 1| 00130 nr.

| DA callbration (shurt) B 00715 nomal | 2 1| 0.0358 nt.
DM uncertalnty {shunt) B | ooz noma 2 1| 0.0084 nt.
Resolution of shunt vorage B 0.022 rectanguar | 17321 | 1 | 00927 nt
Currenl shunl uncerlainly B 0.0632 norm;a 2 1 | 0.0341 nf.

| Measuement of Frequency E 0.010 rectangular | 1.7321 | 1 | 0.0058 nr.
Frequency meter uncerlainty B 0.0006 nomE | 2 1| 0.0003 nf.

| Prooe algnment E 0.011 rectanguler | 1.7321 | 1 | 0.0064 nt.
Prabe displaced from centre of 305 B 0D.011 reclangular | 1.7321 | 1 | 00064 nt
Non-unitormity of leld B 0.081 rectangular | 1.7321 | 1 | 0.03%2 nr.
Instrumert resolution B | 010 | wolangular | 17321 [ 1 | 00577 | o

| Reﬁcaﬁbﬂlfybt mc'ésuvclncm A 0 06&6 | nénﬁai \ 1 ' 1 000& 12
Combined uncertainty (k = 1) | aeer | 72308

| Expanded uncertainty (k =2) 0174

Reference: MT.41/23/0B2/EtM 134.085 Page8 of9
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Table 10: Uncertainty budge! at a frequency of 10 kHz

Source of Lncestanty Type "’&"‘f aetoutes | owisor | ci ;) Vior Vie
Calbraton ot Hemhaltz coll B 013 romal 2 1 | 0.08%0 Int.
DA calbration (shant} B 0.1156 romnal 2 1 | 0.0578 inf.
DV uncestaingy (shun) B | 0014 romal 2 | 1| ooom | i
Resolution of shurs voRage B 0010  rectangular | 1.7321 | 1 | 0.0053 Inf.
Cument shunt uncertainty B 00114 roma 2 1 | 0.005¢ Int.
Maasurement of Frequency B 0010 | rectangular | 1.7321 | 1 | 0.0058 Int.
F;equnm.‘y mmér‘iﬁmlaﬁly B 00006 | nomd | 2 | 1| 0.000@ inf.
Probe alignment B 0010 rectangular | 17321 | 1 | 0.0068 inf,
Proba displacad from centre of axis B 0010 rectargular | 1.7321 | 1 | 0.0053 inf.
Non-unttormity of ficks B o7 rectangular | 1.7321 | 1 | 0.040% Int.
Irestiumert resdulion B Q10 | rectanguby | 1.7321 | 1 | 0.0577 inl.
Repeatabilly of measurement A 0.0046 ' norna 1 1 | 0.0045 16
Combined uncertainty (k =1) 0113 | 6.4E+06
Expanded uncartainty (k = 2) 0,226

Table 11: Uncertainty budget at a frequency of 100 kHz

Source af Uncertainky Type “g“‘;‘ Py | Divisor | e (';‘] Vi or Vee
Caltiation af Hesrmhally coil i1} D60 norrmsd 2 1 03000 nl.
DMM calbration (shurk} B 0.1388 noma 2 1 00683 Int.
DM unctainty (shunt) B 00488 noma 2 1 00250 nr.
Resolution of shunt vorage 8 Q010 | rectanguisr | 1.7321 1 oo Int.
Current shunt urcerainly i} 00114 normd 2 1 Q0057 inf.
WMeszsuremenl of Frequency i} Q010 | rectangudar | 17321 1 Q.0058 inf.
Fraquency meter uncertainty B 0.0005 noma 2 1 0.0003 inf.
Probe alignment B Q010 | rectanguiar | 17321 1 00058 Inf.
Probe displisced fram centre of axis B Q00 | rectangular | 17321 1 Q.0058 inf.

Nanuifomityoffiekd B | 080 | recanguar | 17321 | 1 04618 | inl
Instrumery. resciution B 0.10 rectangular | 1.7321 1 00577 Ind.
Repeatabify of measuremont A 043025 normal 1 1 00028 14
‘Combined uncertainty (k=1) 0.550 | 2.7E+10
Expanded uncertainty (k = 2) 1.12
Reference: MT.41/23/082/E(M 134,085 Page 9 of 9
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