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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ASSESSMENT METHODS OF THE HUMAN EXPOSURE TO ELECTRIC AND
MAGNETIC FIELDS FROM WIRELESS POWER TRANSFER SYSTEMS -

MODELS, INSTRUMENTATION, MEASUREMENT AND
NUMERICAL METHODS AND PROCEDURES
(FREQUENCY RANGE OF 1 kHz TO 30 MHz)
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A PAS is¢an intermediate specification made available to the public and needing a lowe

FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization con
ational electrotechnical committees (IEC National Committees). The object of IEC is to pfemote inter
peration on all questions concerning standardization in the electrical and electronic.fields. To this 4
idition to other activities, IEC publishes International Standards, Technical Specifications, Technical R

aration is entrusted to technical committees; any IEC National Committee interested in the subject dg
participate in this preparatory work. International, governmental and non-governmental organizations
the IEC also participate in this preparation. IEC collaborates closely with the International Organizs

formal decisions or agreements of IEC on technical matters expressyas nearly as possible, an inter
Eensus of opinion on the relevant subjects since each technicals\committee has representation f
fested IEC National Committees.

Publications have the form of recommendations for interfational use and are accepted by IEC N
mittees in that sense. While all reasonable efforts are ‘made to ensure that the technical content
lications is accurate, IEC cannot be held responsible\ for the way in which they are used or
nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publ
isparently to the maximum extent possible in their'national and regional publications. Any divergence i
IEC Publication and the corresponding national or regional publication shall be clearly indicated in th

itself does not provide any attestation of¢conformity. Independent certification bodies provide cof
pssment services and, in some areas, access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

sers should ensure that they haye'the latest edition of this publication.

iability shall attach to IEC ar its directors, employees, servants or agents including individual exp¢g

bnses arising out of~the publication, use of, or reliance upon, this IEC Publication or any oth

Epensable forythe correct application of this publication.

s. IECsshall not be held responsible for identifying any or all such patent rights.
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IEC PAS 63184 has been processed by IEC technical committee 106: Methods for the
assessment of electric, magnetic and electromagnetic fields associated with human exposure.

The text of this PAS is based on the This PAS was approved for
following document: publication by the P-members of the
committee concerned as indicated in
the following document

Draft PAS Report on voting
106/529/DPAS 106/532/RVDPAS

Following publication of this PAS, which is a pre-standard publication, the technical committee
or subcommittee concerned may transform it into an International Standard.
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This PAS shall remain valid for an initial maximum period of 2 years starting from the publication
date. The validity may be extended for a single period up to a maximum of 2 years, at the end
of which it shall be published as another type of normative document, or shall be withdrawn.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The scope of this document falls under the IEC work item "development of standard for
measurement and calculation methods used to assess human exposure to electric, magnetic
and electromagnetic fields." Wireless power transfer (WPT) is the transmission of electrical
power from a transmitter to a receiver without current-carrying wires. This technology is
increasingly being implemented in a wide range of applications at different frequency ranges
from consumer electronics (e.g. mobile phones, tablet PCs) to automotive (electric vehicles
(EVs)). The human exposure is limited to avoid hazardous nerve effects (< 10 MHz) and thermal
effects (> 100 kHz). An ITU-R published report (ITU-R SM. 2303-1) from June 2015 on WPT
systems describes RF exposure assessment methodologies, yet no definitive assessment

bad £ A\NDT £

methog

IEC 6
WPT §
IEEE
expos

In this
effects
mainly

docunpent specifies:

e as

® Mg

e numerical assessment methods (Clause 7);

e as

AL H-E T29-= I =i A LV e Q cormant oot E\L aas A e
vwdo 1T1TTIiruyuucvtTu. Ml UAVUOUIU AooTCoOolTITTIU TITCUiuu Ul LA A T U1 | == wWdo UCTOoUIlT
980-3:2019, however, there is currently no other product standard related to-YWH
ystems will become ubiquitous in a multitude of applications in the near future /IE
pstablished a joint working group to address WPT assessment methods related to K
ures to electric, magnetic and electromagnetic fields.

document, IEC TC 106 describes the basic methods to assess_thedirect and in
b of exposure to WPT systems, case studies, and relevant res€arch. These me
focus on frequency up to 30 MHz to consider both stimulation ‘and thermal effect

sessment procedures (Clause 5);

asurement methods (Clause 6);

sessment combining measurement and numerical methods (Clause 8).
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ASSESSMENT METHODS OF THE HUMAN EXPOSURE TO ELECTRIC AND
MAGNETIC FIELDS FROM WIRELESS POWER TRANSFER SYSTEMS -

MODELS, INSTRUMENTATION, MEASUREMENT AND
NUMERICAL METHODS AND PROCEDURES
(FREQUENCY RANGE OF 1 kHz TO 30 MHz)

1 Scope

The o

of stafionary and dynamic wireless power transfer (WPT) systems with electromagnetic |

expos
intern

docunment is from 1 kHz to 30 MHz.

2 N

The fg
consti
For u

amendments) applies.

IEC 6
http://

ISO/IH
of ung

ISO/IE
uncer

IEC 6
to 10(
instru

IEC 6
to 100

bjective of this document is to specify the assessment methods to evaluate comp

ure guidelines (external electric and magnetic fields, specific absorption-rate
bl electric fields or current density including contact currents). The frequency range

prmative references

llowing documents are referred to in the text in such a way<dhat some or all of their c
utes requirements of this document. For dated referenges, only the edition cited a
ndated references, the latest edition of the referenced document (includin

D050  (all parts), International  Electrotechnical  Vocabulary (availabl
www.electropedia.org)

C Guide 98-1:2009, Uncertainty of measurement — Part 1: Introduction to the expr
ertainty in measurement

C Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the express
ainty in measurement (GUM:1995)

786-1:2013, Measurement of DC magnetic, AC magnetic and AC electric fields fron
kHz with regard~to exposure of human beings — Part 1: Requirements for mea
ments

786-2:2094; Measurement of DC magnetic, AC magnetic and AC electric fields fron
kHz with.regard to exposure of human beings — Part 2: Basic standard for measure

3 Terms and definitions

liance
uman
SAR),
of this

bntent
pplies.
j any

at

A%

pssion

ion of

n1Hz
suring

n1Hz
ments

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |ISO Online browsing platform: available at http://www.iso.org/obp
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3.1

basic restriction

BR

restriction on exposure to time-varying electric, magnetic and electromagnetic fields that is
based directly on established health effects.

Note 1 to entry: Examples of basic restrictions can be found in Annex Il of the Council Recommendation
1999/519/EC [1], ICNIRP Guidelines [2], [3], [4], IEEE Std C95.6 [5] and IEEE Std C95.1 [6], [7], [8].

[SOURCE: IEC 62311:2019 [12], 3.1.2]

3.2

compjex relative permittivity
under|sinusoidal conditions in a medium where the phasors D and E representing respegtively
the elgctric flux density and the electric field strength are linearly related, compleX quantity &

defined by the relation

D =¢gye E
where| &; is the electric constant

Note 1 fo entry: The complex relative permittivity is generally frequency dépendent. For an isotropic medjum the
complek relative permittivity is a scalar; for an anisotropic medium it is a tensor.

4

Note 2 fo entry: Generally ¢ is expressed as g =¢ —j&’ where &\(s the real relative permittivity and &' is the

dielectrjc loss index which represents dielectric losses.

[SOURCE: IEC 60050-121:2019, 121-12-14]

3.3
contapt current
<for himan body> current flowing into the“body resulting from contact with a conductive jobject
in an g¢lectromagnetic field.

Note 1 o entry: This is the localized, clurrent flow into the body (usually the hand, for a light brushing contaft).

3.4
coupling factor
factor|which correlates\the measured incident field to the induced field in the human body

3.5
current density,
<in a body><current density induced inside the body as a result of exposure to electromagnetic
fields.

3.6

device under test

DUT

device that is tested according to the procedures specified in this document.

3.7

direct effect

biological effect resulting from direct interaction of electromagnetic field with biological
structures.

[SOURCE: ICNIRP Guidelines:2010 [3]]
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3.8

dynamic wireless power transfer

DWPT

transmission of electrical energy by electromagnetic fields, in which the secondary device
(connected to the electrical load) is intentionally moving with respect to the primary device
(connected to the power source) or along a track of multiple power sources acting as the primary
device.

3.9
electric field strength

vector field quantity E which exerts on any charged particle at rest a force F equal to the product
of E and-the electric charge Q of the particle:

F=0l|E
[SOURCE: IEC 60050-121:1998, 121-11-18]

3.10
expogure
<of a|body> situation that occurs wherever a person is subjected\to electric, magngtic or
electrpmagnetic fields

3.1
incidgnt field
field that would exist in the absence of a person at a point. where a person could be located

Note 1 fo entry: In some documents, the incident field is called\an unperturbed field or environmental field.

3.12
indirect effect
bioIo;]‘caI effect resulting from indirect interactions of electromagnetic fields with biological
structlires such as contact currents

3.13
internal electric field

<in a pody> electric field induced inside the body as a result of exposure to electromalgnetic
fields

3.14
magnegtic field gradient
variation of the magnetic field with respect to the position

3.15
magnegtic field strength
magni e \Vec obtained a-givenp by sub
from the magnetic flux density B divided by the magnetic constant x

[SOURCE: IEC 60050-121:1998, 121-11-56, modified — "magnitude of the" has been added at
the start of the definition.]

3.16

peak spatial-average SAR

psSAR

maximum average SAR within a local region based on a specific averaging volume or mass,
e.g. any 1 g or 10 g of tissue in the shape of a cube
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3.17

phantom

physical model with an equivalent human anatomy and comprised of a tissue-equivalent
medium with dielectric properties specified in this document

[SOURCE: IEC/IEEE 62209-1528 [15]]

3.18

reference level

<of a field> field level derived from the basic restrictions under worst-case assumptions
(e.g. exposure to a homogeneous field) used for the assessment of incident fields

Note 1 [to entry: Examples of reference level can be found in Annex Il of the Council Recommendation
1999/519/EC [1], ICNIRP Guidelines [2], [3], [4], IEEE Std C95.6 [5] and IEEE Std C95.1 [6], [7], [8].

3.19
specific absorption rate
SAR
measyre of the rate at which energy is absorbed by the human body when exposed to g radio
frequgncy electromagnetic field

Note 1 fo entry: The SAR in the tissue-equivalent medium can be determingd‘by the rate of temperature ipcrease
or by Etfield measurements, according to the following formulas:

oF
SAR = —=
P
or
SdR = ¢, —
at =0
where
SAR is the specific absorption rate in\W/kg;
E is the RMS value of the eleectrig field strength in the tissue medium in V/m;
o is the electrical conductivity of the tissue medium in S/m;
P is the mass density of'the tissue medium in kg/mS3;
h is the specific_ heat/capacity of the tissue medium in J/(kg K);
oT . A Yor L ) . . .
— is the initialhtime derivative of temperature in the tissue medium in K/s.
ot t=0

[SOURGEEC/IEEE 62209-1528 [15]]

3.20

stationary wireless power transfer

SWPT

transmission of electrical energy by electromagnetic fields, in which the primary device
(connected to the power source) and the secondary device (connected to the electrical load)
do not intentionally change their relative position and orientation, throughout the duration of the
power transfer

3.21

wireless power transfer

WPT

transmission of electrical energy by electromagnetic fields

Note 1 to entry: SWPT and DWPT are WPT systems.


https://iecnorm.com/api/?name=9b4636e875510b31ecaed7a517a139ee

IEC PAS 63184:2021 © |IEC 2021 - 15—

4 Symbols and abbreviated terms

4.1

Physical quantities

The internationally accepted Sl units are used throughout this document.

Symbol Quantity Unit Dimensions

B Magnetic flux density tesla T

¢, Specific heat capacity Loelf\lﬁnper kilogram per J/(kg K)
E Electric field strength volt per metre V/m
ya Frequency hertz Hz
H Magnetic field strength ampere per metre A/m
J Current density ampere per square metre A/m?2
P Average (temporal) absorbed power watt w

T Temperature kelvin K

& Permittivity farad per metre Fim
A Wavelength metre m

o Electric conductivity siemens per metre S/m
NOTE [In this document temperature is quantified in degrees Celsius, as defined by: T (°C) = T (K) - 273,15%.
4.2 |Constants

Symbol Physical constant Magnitude

N Intrinsic impedance of free space 120m Q or 377 Q

& Permittivity of free space 8,854 x 10712 F/m

4y Permeability of free space 47 x 1077 H/m
4.3 |Abbreviated terms
BEM boundary element method
BR basic restriction
DUT device/under test
EV electric vehicle
FDFD finite difference frequency domain
FDTD fimitedifference time dommain
FEM finite element method
FIT finite integration technique
GGSM generic gradient source model
IM impedance method
MoM method of moments
RF radio frequency
RL reference level
RMS root mean square
RSS root sum square
SAR specific absorption rate
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psSAR  peak spatial-average SAR
SPFD scalar potential finite difference
WPT wireless power transfer

5 Assessment procedures

5.1 General

Figure 1 presents a flowchart for the assessment procedure for evaluating both the direct effects
(internal electrlc f|eld current den3|ty, and/or SAR) and |nd|rect effects (contact current) of
electrem : ; —Fhe—assessment—method these
quantities are d|fferent.

Identify product/product family EM-characteristics
- Power, current
- Frequency
- Other conditions

¥

Determination of user position and posture

J

Determination of limit sets

4

Conformity assessment considering
direct’effects (5.2)

Conformity
assessment considering
indirect effects?

Conformity assessment considering
indirect effects (5.3)

End <
J

IEC

Figure 1 — Flowchart for the assessment procedure
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5.2 Conformity assessment considering direct effects
5.2.1 General

This clause provides basic assessment methods considering the direct effects of
electromagnetic fields [2], [3], [4], [5], [6], [7], [8]. Evaluations are made either against basic
restrictions or against derived reference levels. In the international guidelines, different limits
on basic restrictions and reference levels are defined for thermal and stimulation effects.
Figure 2 describes four steps to assess exposure from WPT and demonstrate conformity with
the basic restrictions or reference levels. Any of the four steps can be selected, depending on
which is the most practicable for the exposure scenario. While the evaluation based on coil
current (5.2.2) is the easiest method, followed by the evaluation of incident fields against
referefice Tevels (5.2.3), those methods are more conservative than the contormity assessment
considering basic restrictions. The evaluation of internal E-field, current density and/of SAR
againgt basic restrictions (5.2.5) represents practical exposure conditions without ‘addjtional
assumptions. The evaluation of incident fields against basic restrictions (5.2.4)is apother
method to evaluate incident fields and to assess the in-body quantities from theyincident ffields.

<_ Start >

- Power, current
- Frequency
-Other condition

Or 5.2.2 Evaluation based on Pass
coil current

Fail

Or 5.2.3 Evaluation of‘ineident Pass
fields against reference levels

Fail

Or 5.2.4 Evaluation of incident fields Pass
against basic restrictions

| Fail

5.2.5 Evaluation of internal E-field,
current density and/or SAR against
basic restrictions

Fail

Noncompliant ( Compliant )

IEC

or Pass

Figufe 2 — Flowchart for the assessment procedure considering the direct effect

5.2.2 Evaluation based on coil current

The maximum permissible coil current J;,, can be assessed by evaluating the magnetic flux

density of a circular coil at a fixed distance of 1 cm and comparing it against the reference level
Byim- For a circular coil with radius r, Ij;,, can be calculated using Formula (1):

= 2250%m o (1)
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where

r is the coil radius (> 50 mm);

dy is the fixed distance of 10 mm at which the magnetic flux density is compared to By;,;
Biim is the reference level of magnetic flux density;

Ho is the free space permeability;

n is the number of turns of the coil;

o is a constant of 21,5 mm.

Formyla based-on—an—approximation—olthe Biet-Savartinteg 5 . The

accuracy of this approximation is better than 0,25 dB for coil radii within the limits given.above.
It is conservative for any coil shape if r is set to infinity.

AnneX A provides additional information regarding exposure evaluations usingtapproximations.

5.2.3 Evaluation of incident fields against reference levels

Both incident electric and magnetic field strengths are measured)or calculated at different
distanges including the closest distance and in all directions where the DUT can operat¢ near
peoplg¢. When the field is uniform over the area of interest, the{measured or calculated yalues
of ele¢tric and magnetic fields are compared to the referencé level. In the case of non-upiform
fields,| the measured or calculated field values may be spatially averaged over the exposed
regions of the body.

5.2.4 Evaluation of incident fields against basic restrictions
5.2.4.1 General

The reference levels of electromagneticifields are derived from the maximum coupling
conditjons between the fields and the human body, i.e. the maximum induced quantities|in the
human body exposed to the uniformyelectromagnetic fields. In many situations of lodalized
expospre, such as in the vicinity .of WPT systems, the evaluations are too conservative| when
the maximum or spatial average Walue is compared to the reference levels of EMF.

Coupl|ng factors can be applied for the incident field to mitigate the over-estimation and still
warramt conservativeness.with respect to the basic restrictions.

Qol =kxF )

where| Qol-isthe quantity of interest to be compared to the limits, &k is a generic coupling|factor
that slr;all be derived according to 5.2.4.2 for specific coil configurations and evaluation
distances’or according to 5.2.4.3 for the generic gradient source model (GGSM). and Flis the
measured incident field at the location of the evaluation.

Two methods are defined: the coupling factor & is estimated from localized exposure scenarios

based on the concept described in the IEC 62233 [9], and the generally applicable coupling
factor kg is characterized with respect to the incident field gradient at the location of the

exposure evaluation by applying the GGSM method [10].

5.2.4.2 Coupling factor k| based on the analysis of localized exposure scenarios

The coupling factor was originally introduced for exposure assessments in low frequencies in
IEC 62226-2-1 [11] and IEC 62311 [12], then amended in IEC 62233 [9]. The coupling factor
for the current density k_, is defined by Formula (3).


https://iecnorm.com/api/?name=9b4636e875510b31ecaed7a517a139ee

IEC PAS 63184:2021 © |IEC 2021 -19 -

_ Jmax /Bmax

s = Jiim/ Bim ©)
where
Jmax is the maximum current density induced in the human body;
Bnax is the maximum magnetic flux density in the absence of a person at a point where a
person could be located;
Jlim is the basic restriction of current density;
Biim is the reference level of magnetic flux density.

Using|this coupling factor, the measured magnetic field strength, multiplied by thé&)coupling
factor| can be compared to the reference level directly.

Insteald of estimating the coupling factor by the measured gradient of the magnetic field, the
coupling factor can be numerically derived by the incident magnetic field andthe current density
from Formula (3). If the typical value of the coupling factor is defined/for-a particular type of
WPT product, the compliance assessment can be performed by comparing the multiplied| value
of thelmeasured magnetic field strength and the coupling factor to<the reference level |of the
magnétic field strength.

The cpncept of compliance using coupling factor is expandéed to the internal electric fie|d and
local $AR [13], [14].

Emax /Bmax

4
Elim /Blim ( )

kL,E =

L -0 SR /B 5)
Y S4E \ SARIim /Blim

where
Enax is the maximum internal electric field induced in human body;
Elim is the basic restriction of internal electric field strength;

SAR 4y is the maxXimum SAR induced in human body;

SAR);,| is the-basic limit for local SAR.

Consgrvative coupling factors k_ are typically determined by numerical simulation with the ratio

of thelinduced quantities to the incident magnetic field [13], [14], e.g. for a specific freqliency,
field distribution, distance to human body and for different anatomies. Based on such an
evaluation, conservative values of the coupling factors can be derived.

Ein and By, depend on frequency. The coupling factor & is multiplied by the measured

magnetic fields to consider the effects of field non-uniformity. Compliance with basic restrictions
(internal electric field strength, current density or local SAR) is then assessed by comparing the
multiplied value to the reference level of the magnetic fields only.

The method may be applied only if the following are true.

a) The induced quantities such as internal electric field, current density or SAR caused by
incident electric fields are negligible compared to those induced by the incident magnetic
fields.
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b) The whole-body average SAR is negligible compared to respective limits and the
contribution of the localized average SAR (psSAR) or the internal electric field is dominant.

c) Evaluation conditions such as frequency, field distribution, distance to human body, etc.,
are identical to those used in the derivation of the coupling factor. Otherwise the uncertainty
due to the deviation must be determined.

5.2.4.3 Coupling factor kg based on the GGSM method

A generally applicable coupling factor kg(G,) was proposed using a GGSM in [10] to mitigate

over-estimation by incident magnetic field assessment in strong field gradients that are common
in the vicinity of WPT systems. The method is conservative for real sources, as the coupling

factor

s—are derived froma 2D —gradientmodet, wihereas Teatsources trave gradiernt

n 3D.

Howeyer, it requires measuring both the local field amplitude and the local gradient.
The mlethod is based on the following quantities of the incident magnetic field:
— frelquency;
— B-field amplitude (B,,.);
— logal B-field gradient G, (T/m/T) at any point in free space.
A GG$M source consists of a two-line magnetic field source. The induced fields are normlalized
to thelmaximum B-field amplitude and gradient at the skin. Based on a large-scale numerical
study [including human body models of different ages, heights, and weights [10], worsf-case
expospre conditions were determined for each gradient and frequency analysed. Colupling
factor$ kg(G,) are determined per Formula (6):
_ Qolpjax (Gn )/Bmax (Gn)
kG qor = (6)
Qolgr/BrL
where| Qol,,,(G,) represents the maximum of the induced metric of interest (electriq field,
current density or SAR) in the body when the field gradient is G,, B,44(G,) is the maximum
measyred B-field at the humapn-boedy surface, Qolgg is the basic restriction of the induced metric
Qol and By, is the reference level of the magnetic flux density B.
The cpupling factorsrelated to each specific induced metric defined by the guidelines arg then
expressed by physies-based approximation — Formula (7) through Formula (10) — as a function
of the|gradient:
ke, z:1icnrP 2010 (G ) = ! (7)
o " (4 nc anb /[~ \581(1/58)
LITU,\J LAY} \Un L3) —]
1
ke, p:1EEE 2005 (G, ) = 1 6.67(16.6) (®)
[1+4x107"%(G, /e3)°° |
1
ke, s:1cnirP 1998 (G ) = 9)

[1 +4x107°x(G, Je3 )° ](1/2'9)
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1

ke pssart0g(Gy) = 72
[1+2><10_1><(Gn/c3)1'2J( ?

(10)

where c3 =1 m~1.The trend of the approximation formulas as a function of the gradient is shown
in Figure 3. The method has been analytically verified (see Appendix of [10]).

To test compliance with basic restrictions, the WPT system is evaluated by measuring the
magnetic field amplitude (B¢4s) a@nd the field gradient (G, ,04s) @t any closest accessible

location from the source using equipment that provides both values or measures the field using

a fiel

density and SAR can then be predicted by Formula (11), Formula (12), and Formula13):

2 2
SAR = kg 45 ( Gy meas ) < SARsR X[M] X[i] x2x107*
By fo

wheref

k(G, rleas) is the value of the coupling factor calculated for the specific measured gr
Gn,meas;

Binc.meas I the local magnetic field measured by the field gradient probe;

Bg is the magnetic flux density, which corresponds to the Bg| of 6,25 uT for frequs
from 3 kHz to 1500kHz. For higher frequencies, the reference level neg
appropriately adjusted;

Jo is a constantsnormalization frequency of 100 kHz.

The method may be applied only if the following are true.

a) Thie inducedquantities caused by incident electric fields are negligible compared to

by

b) Thie jncident magnetic field is dominated by a single source.

meterat differenttocationsandderives the gradient—Themtermatetectric fietd; ©
B
inc,meas
E= kG,E (Gn,meas )XEBR X

RL

B
J= kG,J (Gn.meas )X JBR % e

incident-magnetic fields.

urrent

(11)

(13)

adient

Bncies
ds be

those

e) Quasi-static conditions (7.2) apply for the incident magnetic field.

and the
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Figure 3 — Trend of the approximation formulas as a function of the gradient [1

Evaluation of internal E-field, current density_land/or SAR against basic
restrictions

SAR gan be measured using a small probe in a liquid-filled phantom model of the human

which

is exposed to electromagnetic fields created\by the DUT. Measured values can be d

compared with basic restrictions. The evaluation and validation procedure are descri
IEC/IHEE 62209-1528 [15], whose frequency range is 4 MHz to 10 GHz. The asses
method is described in detail in 6.2.

Intern

bl electric field, current density-or SAR can be calculated by numerical simulation

anatomical human models, analytical methods, etc. for comparison with basic restriction
simulgtion model and methodelogy need to be validated prior to evaluation. The asses
method based on numerical.simulation is described in detail in Clause 7.

body,
irectly
bed in
sment

using
5. The
sment

5.3 |Conformity assessment considering indirect effect

This gqubclause describes the basic assessment methods considering the indirect effect of
eIect:Imagnetic fields. Contact currents are the only indirect effects considered ip this
document. Centact currents flow into a biological body via a contacting electrode or other gource
of curfent,

Contact—Turrents—Ttam be—assessed—either by —incident—etectromagnetic—fietfds—or—direct
measurement.

The following two considerations must be applied to ensure compliance by incident

electromagnetic fields.

— Incident electric field levels to prevent adverse indirect effects of contact current (shocks

an

d burns) are shown in the guidelines [2], [3], [4].

— Incident magnetic field levels to prevent adverse indirect effects of contact currents can be
calculated by the current induced in the loop formed with the grounded metal and the human

bo

dy with Formula (14).

Z
:—IC
2n f upS

(14)
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where

1

c is contact current (A);

VA is the impedance of the human body (Q) (see 6.3);

S is the area of the loop such as 1,5 m x 0,5 m.

Contact currents can also be directly measured by a contact current meter with an ungrounded
or grounded metal object placed in the vicinity of the WPT systems. Figure 4 shows exposure
situations for ungrounded and grounded metal objects.

Figure 5 presents a flowchart for the assessment procedure. Details of measurement conditions,

meas{rement setup, eic., are summarized in IEC TR 63167 [16]. The assessment met
descriped in detail in 6.3.
R M)
L
NN
AL oy
EM fields

IEC

a) |Currents when touching ungrounded metal

Flgure 4 — Two exposure situations for ungrounded and grounded metal objects

od is

b) Currents when touching grounded mefal

- Power, current
- Frequency
- Other condition

- Power, current
- Frequency
- Other condition

External E-field
to reference Iem

Rass

Fail

Con \r}ent
wi grounded

N\ ndition
Fail

Pass

External H-field
to Formula (14)

Pass

Fail

Contact current
with grounded
condition

Pass

Fail

CNoncompIiant) C Compliant )

IEC

a) ungrounded condition (incident E)

CNoncompIiant) ( Compliant )

IEC

b) grounded condition (incident H)

Figure 5 — Flowchart for assessment procedures for indirect effects
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6 Measurement methods

6.1 Incident fields
6.1.1 General procedure

IEC 61786-1:2013 [17] and IEC 61786-2:2014 [18] describe electromagnetic field basics,
measurement methods, and requirements of the measurement equipment at frequencies below
100 kHz. In addition, IEC 62233 [9] and IEC 62311 [12], [19] describe electromagnetic field
measurements based on guidelines conformity assessment.

a) Equipment for measuring electric fields, magnetic fields, and magnetic field gradient is
depcribed in 6.1.2.1, 6.1.2.2, and 6.1.2.3, respectively. The calibration methoqgs are
depcribed in Annex B.

b) Thle validation method is described in Annex C.

c) Bagth incident electric and magnetic field strengths are measured at a, specific distance
ingluding the closest distance and in all directions where the DUT may operate near pgople.
Thiese International Standards specify measurement positions based on_the size and regular
uspge of equipment. IEC 62311 [12], [19] specifies it as a [user’s usual pogition".
IEC 62233 [9] specifies the measurement position in detail forchousehold appliancgs and
similar apparatuses, including inductive battery chargers.

d) The measured value is based on the time average or maxitmum instantaneous value|of the
tanget electromagnetic field.

e) Inprinciple, the measurement is performed in the spacé without the human body. In ggneral,
the existing position of the human body against the WPT cannot be determined completely.
Thierefore, typical measurement positions thathare conservative with respect to human
exposure shall be selected.

f) When the measurement probe comes close to the source and metallic and/or |highly
inqulated objects, electromagnetic coupling may occur and the probe sensor impeldance
changes. In addition, large probes gnay cause electromagnetic field disturbances and
averaging of the field over the antenha area. These measurement errors cannot be ighored.
Thie measured value and its uncertainty need to be properly evaluated.

g) Infthe case of non-uniform fields, the measured field values may be spatially averagef over
the exposed regions of thebody, with the important proviso that the basic restrictigns for
logal SAR and internal electfic fields are not exceeded. In some cases, the concept of $patial
averaging may be applicable. Whether or not averaging is applicable highly depends pn the
sphptial field characteristics caused by the source and the distance of the exposed pergson to
the source. If averaging is applied in the case where one or more of the measured yalues
is pbove the reference levels or action levels, it is necessary to provide sound evidenge that
the assessment based on the averaged values does not lead to exceeding the underlying
bapic restrictions or exposure limit values, respectively.

h) Thle concept of spatially averaged exposure levels is applicable when the distance between

: field
method
must be prowded E|ther the peak or spatially averaged f|eId strength is compared to the
applicable reference levels to determine compliance.

Assessment procedures for SWPT, heavy duty EVs, and drones are described in |.1, 1.2, and
1.3, respectively. Examples of assessment results are introduced in Annex J.

If the incident field consists of non-negligible multiple frequency components based on the
guidelines, these contributions must be considered in the assessment. Summation regimes in
Annex B of IEC 62311:2019 [19] can be applied to consider spectral contributions.
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6.1.2 Equipment
6.1.2.1 Equipment for electric field measurement

Electric field strength can be measured by a calibrated antenna that is sensitive to electric fields
exclusively (e.g. small dipoles) and connected to the calibrated measurement equipment.

Electric field measurement equipment is divided into two classes: one-axis-sensor types, and
three-axis-sensor types in which three sensors are set perpendicular to one another.
IEC 61786-2 [18] recommends using the three-axis type. Using single-axis instruments is
possible in some cases, e.g. when the direction of the field is already known [17]. The electric
field of the three-axis component readings given in Formula (15) applies.

Eg =yEZ+E2+E? (15)

where
E, Ey and E, are effective electric field strengths for the three orthogonal-axes.

Threetaxis electric field measurement equipment has the advantage/of measuring the net field
ER irrgspective of the probe orientation.

In gerjeral, there are two classes of measurement equipment for the electric field: broagband
and narrowband. For both measurement systems, thé<equipment consists of an antenna
(incluging power feeding section), measurement part,and data recording and processing unit.
The fdllowing describes the system characteristics.and selection method.

a) Thie broadband system uses dipole antennas- It'is small enough to ensure uniform sengitivity
at leach frequency. To ensure isotropy, thfé€e antennas are generally placed orthogqgnal to
one another and each signal or the combined signal is extracted. This type of antepna is
sultable for near-field electromagnetic fields of complicated distributions. A broagband
isgtropic electric field strength meteridesigned for radio wave protection is typically uged for
measurement. Other systems may’include waveform observation equipment, such as|diode
defectors and oscilloscopes.

b) Thle narrowband system(is*tuned to each target frequency. The measurement system
geperally has broad_  measurement frequencies, high receiving sensitivity and| short
responses. It is thus+talso suitable for pulsed waves or multiple sources. However, for the
pulsed wave measurement, it is acceptable to measure in the frequency domain where the
tanget frequency range is broader than the passband width of the measurement sysfem. A
bigonical antenpa with broadband characteristics is often used for far-field region because
the size of-the antenna is not electrically small. A three-axis orthogonal small digole is
sultable for-near-field measurements.

c) For an-electromagnetic environmental assessment, a broadband isotropic electri¢ field
stiength meter is preferred unless the equipment cannot be measured properly with such a
device, in which case it must be replaced by another measurement system.

When selecting a measurement system, the required performance, frequency response, and
electromagnetic field strength range must be considered.

6.1.2.2 Equipment for magnetic field measurements

Search coil sensors are often used for a low frequency range of several hundred kilohertz and
less. In general, the search coil probe is used for measuring environmental magnetic fields. The
coil probe measures the induced voltage associated with the time-varying magnetic flux normal
to the plane of the coil, averaged over the coil area. In a field that is uniform over the area of
the coil, the induced voltage at the coil terminals is calculated according to Formula (16). All
the quantities are in phasor forms.
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V =—jwNBS

is the induced voltage;

is

the angular frequency (= 2xnf);

vV
w
N is the number of turns;
B

is the magnetic flux density (normal to the plane of the coil);

S is the cross-sectional area of the coil.
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and B, are effective magnetic flux densities for the three orthogonal axes.

R irrespective of the probe orientation.

B Equipment for magnetic field gradient

bs knowledge about'the local B-field amplitude and gradient.

agnetic field,amplitude and gradient can be measured by sampling the field spati
pund the Io¢ation of exposure. The measurement can be performed by one field {

Id at different locations of known spatial replacement, e.g. by a robot system if th
is répetitive and phase relation can be established. A probe with multiple sensors ¢

used t]o measure the gradient directly, e.g. an axial or planar gradiometer [9], [20], [21].

6.2
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axis magnetic field measurementequipment has the advantage of measuring the net

aluation method based on the coupling factor as a function of the magnetic field gradient
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SAR can be measured experimentally and directly compared with the basic restrictions. The
evaluation and validation procedures of SAR measurement for wireless communication devices
are described in IEC/IEEE 62209-1528 [15], whose frequency range is 4 MHz to 10 GHz. Similar
measurement procedures can be used for the WPT system. In this document, only the
deviations required to assess the spatial peak SAR values of WPT systems are described.
Clause B.2 describes the procedure for the measurement of the peak spatial-average SAR in a
phantom model that simulates a human body exposed to electromagnetic fields generated by
the WPT systems. Using an isotropic electric field probe, the local SAR inside an irradiated
body model can be determined. A SAR measurement system consists of a suitable phantom,

an ele

ctric field probe and a probe scanning system.
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The physical characteristics of the phantom model (size, shape, electrical properties, etc.) must
simulate the human exposure condition by the WPT system. Phantom models such as the
elliptic phantom defined in IEC/IEEE 62209-1528 [15] may be used. The phantom model must
consist of materials with dielectric properties similar to humans. At a frequency lower than
30 MHz, the electrical properties of the material are dominantly affected by the conductivity of
the material. The liquid defined in IEC/IEEE 62209-1528 [15] may be used (Table 1) at
frequencies between 4 MHz and 30 MHz. NaCl solution with an appropriate conductivity may
also be used (Table 2). The relationship between conductivity and NaCl concentration is
described in reference [22]. The dependency of SAR on phantom properties and size are shown
in Annex D.

Tahle 1 = Dielectric properties of the tissue equivalent liquid
as specified in IEC/IEEE 62209-1528

Frequency Real part of the Conductivity, o
complex relative
(MHz) permittivity, &/ (S/m)
4 55 0,75
6 55 0,75
30 55 0,75

Table 2 — Dielectric properties of the tissue equivalentyNaCl solution of 0,074 mol/L

Frequency Real part of the Conductivity, o
complex relative
(MHz) permittivity,\; (S/m)
4 (&4 0,75
6 77 0,75
30 77 0,75

The WPT system shall be operated at the closest compliance distance to the elliptical phantom.
Due t¢ the high SAR gradients jof the induced field, measurements closer than 2 mm frgm the
phantpm surface shall be ‘performed. If the boundary effect, which is caused by mutual
interagtion between thejprobe and the phantom surface, causes a large uncertainty |in the
measyrement, the measurement may be performed at a distance of up to 2,5 cm frgm the
phantpm surface as_long as it can provide a sufficient signal-to-noise ratio for the results. An
extrapolation method (see Annex E) of the induced field may then be used to determine the
SAR peak at the, phantom surface. In that case, uncertainty due to the interpolation methgd with
respe¢t to SAR values shall be included in the uncertainty budget. The extension of the Area
Scan pr Fast Volume Scan (preferred) is used to determine the location of maximum SAR. It
shall he.20 % larger than the source or as large as the phantom, whichever is smaller. The grid
for the—zoom scan 1o be performed around the locations of the SAR maxima (all peak SAR
values within 2 dB of the global maximum) shall be in compliance with the requirements set
forth in Table 4 of IEC/IEEE 62209-1528 [15].

6.3 Contact currents
6.3.1 General

IEC TR 63167 [16] introduces general information on the assessment of contact current related
to human exposure to electric, magnetic, and electromagnetic fields including assumed
situations and a proposed method for measuring contact currents.
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6.3.2 Equipment

An electrical equivalent circuit human body impedance model, which is frequency dependent,
is used to measure contact currents. Figure 6 shows an equivalent circuit, as depicted in
IEC 60990 [23], that simulates a human body. Recently, several studies have evaluated human
body impedance and proposed more precise equivalent circuits with a series of resistors and
capacitors [24], [25], [26], [27]. The frequency characteristics of human body impedance with
grasping conditions are compared in Figure 7. The impedance depends on area of contact and
usually the impedance for grasping contact is lower than that for point contact. The assumed
conditions of contact are "point contact" (area not specified) in ICNIRP guidelines [2], [3], and
"touch contact" with a contact area of 1 cm?2 and "grasping contact" (applicable only for a
controlled environment) with a contact area of 15 cm?2 for IEEE safety standards [5], [6], [7], [8].

Figurd 8 shows the configuration of a contact current meter. The contact terminal-isimade of
metal| If the target point of the contact part is painted, a 10 cm x 20 cm metal foil sholild be
attachled to it to simulate a hand palm contact, according to IEC 60990 [23}. A ‘metal |board
equivalent to the size of a foot is used as the ground electrode. The contact current is megsured
from the current flowing through the equivalent circuit of the human inside;the meter.

C 022F
| 1
1
— R 5000
L
R 15000

IEC

Figure 6 — Human body equivalent circuit proposed in IEC 60990 [23]
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Figure 7 — Impedance frequency characteristics of adult male and equivalent circuits
proposed in IEC 60990 [23] and evaluated values [24], [25], [26], [27]
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Figure 8 — Example of contact current measurement equipment

6.3.3 Measurements
The fdllowing issues must be considered for the measurement of contact currents.

o Sdlect measurement system properly.

e Avjid electromagnetic field disturbances caused by the measurer’and measurgment
systems as much as possible.

e Environmental conditions (temperature, humidity, vibration, electrgmagnetic field etc|) may
afJect the measurement equipment.

e Uge a calibrated measurement system.

There|are two types of measurements, depending on the expected exposure scenario.

a) Megasurement methods using an ungrounded metabboard
1

2)| Place an ungrounded metal board large enough at the location where metal objecis may
exist in the actual usage condition. Feran EV, a metal board larger than 1,2 m x{1,2 m
may be used. Choose the closest position in the actual usage, as the contact durrent
tends to become higher as metal’objects come closer to the WPT system. Find the
maximum condition of the contact current, as the metal board position (heighf) and
direction may change the contact current strength.

~

Place a ground electrode where the human tay stand.

3)| Touch the contact terminal-to the metal board where the human may touch. Find a stable
indicated value. Find the maximum value if there is a dependency on the touch position.

b) Mgasurement methodstusing a grounded metal board
1)| Place a ground ‘electrode where the human may stand.

2)| Place a grounded metal board at the location where metal objects may exist in the jactual
usage candition. Choose the closest position in the actual usage, as the contact durrent
tends.to)become higher as metal objects come closer to the WPT system. Find the
maximum position of the contact current, as the metal board position (height) and
diteetion may change the contact current strength.

3) Tuuuh thU \Jullta\dt tc||||i||a= tU thU IIIUta: bUald VVhCIC thc hulllall miay tUUbh. Thc |92 ntaCt
current becomes larger according to the magnitude of the interlinkage magnetic flux to
a loop created by grounded metal board and human body. The size of the rectangular
loop approximately 1,5 m (height) x 0,5 m (width) can be used to evaluate the contact
current. Find the loop arrangement which gives the maximum contact current value.
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7 Computational assessment methods

7.1 General

The internal electric field, psSAR or whole-body SAR for comparison with basic restrictions
shall be calculated by numerical simulation using a representative set of anatomical human
models. Calculations may be carried out using full wave methods or quasi-static methods
depending on the electrical size of the problem. For quasi-static problems, the effect of the
induced fields in the human body on the incident field source is assumed to be negligible. The
incident fields and the induced fields can be evaluated in separate simulations using separate
computational methods. For the calculation of the incident fields, analytical or quasi-analytical
meth i ' ' osure
evaluation. A brief description of computational methods is also given in Annex F. Annex H
describes averaging algorithms and code verification and model validation, respedtively.
Currently, there is no available body phantom to conservatively test for compliance of WPT
systems with safety limits. Hence, the relevant induced fields need to be.evaluated in a
repredentative set of anatomical body models. These models shall include the following:

e avhpilability of larger bodies, which have higher absorption rates of Jowfrequency maljgnetic
fields and smaller bodies (children), which can be closer to the field:source;

e individual segmentation of the tissues of the central and peripheral nervous systems for
evpluation with the respective basic restrictions;

e popgable or movable limbs for the modelling of realistic exposure scenarios.
NOTE |Numerical simulations can be also applied to assess the ingident fields with respect to the reference levels.

All computational algorithms should be verified for technically correct implementation. Guidance
is proyided in Annex H.

Table 3 — Computational methods

Calculation method Note

BEM (boundary element method) Full-wave computation

FPFD (finite difference frequency demain) Full-wave computation

FPTD (finite difference time demain) Full-wave computation

FEM (finite element method) Full-wave or quasi-static approximation computatior]
QS-FDTD Quasi-static approximation computation
F|T (finite integration technique) Full-wave computation

MoM (methodwof-moments) Full-wave computation

Hlybrid method (e.g. MoM + FDTD) Full-wave computation

SPFED,(scalar potential finite difference) Quasi-static approximation computation
INM-{mpedance-method) Quasi-static-approximation-computation

7.2 Quasi-static approximation

For the applicability of a computational method based on the quasi-static approximation, the
upper frequency limit is defined considering the dimensions of the exposed body region or
person, the size of the field source and the distance between them. The field source dimensions
are referred to as feature size D hereinafter. The frequency limit is then given by the quasi-
static approximation:

2
‘w2gyD2‘<x<<1<:>(§j <x<1 (18)
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or
2 2
o “R{e} uD” < x <1 (19)
and
a)OjuD2 <x<1 (20)
where

w is the angular frequency;
¢ is [he complex permittivity with the maximum absolute value within the exposed\.regiqn;
u is the permeability;

A is fhe minimum wavelength within the exposed region;
b real number which shall be much smaller than 1;

=
&

o is fhe conductivity.

For thHe calculation of the upper frequency limit for the application of quasi-static me¢thods
withoUt considering an additional uncertainty, a value of x = 0,005 shall be applied.

NOTE |If x 2 0,005, the uncertainty posed by the quasi-static approximation is determined and considered.
7.3 |Computational assessment against the basic restrictions
7.3.1 General

Depernding on the applicable safety guidelines and on the frequency range, the|basic
restrigtions on human exposure are defined in terms of:
e pepk spatial average SAR [2], [4]¢]6], [7], [8] (7.3.2);
e whole-body average SAR [2][4], [6], [7], [8] (7.3.3);
e avpraged current density on a surface [2] (G.1);

e avpraged E-field in accubical volume [3] (G.2);

e avpraged E-field along a line [5], [6], [7], [8] (G.3).

Differgnt limits may apply for these quantities depending on the exposed body region. The

p g pprop
Details are given in 7.3.2, 7.3.3, and Annex G. The implementation of these algorithms should
be validated according to the methods described in Annex H.

7.3.2 Peak spatial-average SAR

The peak spatial average SAR shall be evaluated according to IEC 62704-1 [28] for Cartesian
meshes and according to IEC 62704-4 [29] for unstructured meshes.

7.3.3  Whole-body average SAR

The whole-body average SAR shall be evaluated according to IEC 62704-1 [28] for Cartesian
meshes and according to IEC 62704-4 [29] for unstructured meshes.
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8 Combination of measurement and computational assessment methods

8.1

General

As internal electric field, current density, or SAR are difficult to measure directly, the evaluation
is often performed using computational approaches. However, it is difficult to accurately model
an actual exposure situation in numerical simulations including an electric vehicle body, ground
planes, etc. In addition, it is sometimes difficult to retrieve information about the size, shape,
and design of the WPT systems. It is possible to evaluate internal electric field or SAR by an
approach combining both the measurement of electromagnetic fields around the system and
numerical analyses of induced quantities. The magnetic near-field data are first measured in

the ar

=¥-) m‘mlpipd hy the human hndy Then the measured magnptir‘ fields are used as in

ident

fields

8.2

For th

Measurement of magnetic field

e measurement of the magnetic field distribution in a frequency range below 10

in the IM or SPFD to derive the internal electric field strength inside the human-body
modelf

MHz,

search coil sensors are often used. Both amplitude and phase of the miagnetic near-field shall

be me
one m

the ot

8.3

A realistic human model is used to calculate induced“quantities. Numerical methods f

calcul

measy

IM or
since
recon

asured in the area occupied by the human body. To measure thesphase of magneti

her sensor is moved over the area occupied by the human body.

Computational analyses of induced quantities

ption of induced quantities are summarizedain® Annex F. For a low frequency r

SPFD. Measured magnetic field data maybe directly applied as a source in IM. Ho
SPFD uses vector potentials as a saqurce to calculate the internal electric fiel

s field,

agnetic sensor should be fixed at a specific position to retrieve the reference phage and

or the
egion,

red magnetic field data is applied as the incident field in the numerical method suich as

vever,
d, the

struction of vector potentials from thesmeasured magnetic field (H) or the magnetic flux

density (B) is required. A finite number.af samples of B from numerical simulations copld be
used for field reconstruction. Otherwise a finite number of sample measurements colild be
collected through ad-hoc field meters:(monitor points). In this case the spatial coordinate|of the
collected measurement samplesistalso needed.
The procedure to reconstruct the B-field distribution in silico is described in [30]. The majgnetic
flux density is assumedtoe be B=u,B, +u,B, +u.B., which satisfies V-B=0, where u, |  are
unit vTctors. Hence if can be represented using a vector potential 4, so that V- 4=B. A pector
poteniial is given by\Formula (21), Formula (22), and Formula (23):
y z
1 ' 1 ’ ' 1 ’ 1 ’ !’
Ay == 3B (v02)+ 5 B (2.5.0) | &'+ [| 2B, (1.0.2)+ B, (x0,) | 02 @1
Q Q
Zr B X B
1 [ 1 ! ’ 1 J 1 ! !
Ay :—j ng (x,y,z )+€BZ (O,y,z) dz +J. EBZ (x,y,z)+EBZ (x,y,O) dx (22)
0- - 0~ -
Xr q yr A
A——IlB(' )+iB('0)d’+le( \2)+ B, (0,y2) | (23)
, = 0_3 (XL ),z 6 yx,,z_x 0_3 Xy, z 6 O ,y,zjy

Formula (21), Formula (22), and Formula (23) do not depend on electric or magnetic properties,
therefore they are valid for any arbitrary inhomogeneous, anisotropic or nonlinear media.
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Computational assessment against the basic restrictions

Details of the averaging algorithms are given in 7.3.

9 Uncertainty assessments

9.1

Measurement methods

In the following subclauses, the uncertainty sources that need to be assessed for estimating

the total

evaluation uncertainty are

listed. The budget is based on the concept of

ISO/IEC Guide 98-1, ISO/IEC Guide 98-3, [31], and [32]. For most methods described in this

docunpent, each source of uncertainty can be considered independent, and can theref
5ed separately. Table 4 summarizes

asses
measy

rements

the main parameters

related 10

Table 4 — Example of uncertainty evaluation of the exposure
assessment using measurement methods

bre be
H-field

Descriptions per item number of the uncertainty sources in Table 4:

1

Item Uncertainty source Tol(tzr;;\ce Distr. | Diw St?&;)nc.
Probe uncertainty

1 Amplitude calibration uncertainty norm 1
2 Gradient calibration uncertainty norm 1
3 Probe anisotropy rect \3
4 Probe dynamic linearity rect V3
5 Probe frequency domain response rect V3
6 Modulation response rect \3
7 Spatial averaging (maximum gradient) rect \3
8 Gradient uncertainty rect \3
9 Gradient detection uncertainty rect \3
10 Parasitic E-field sensitivity rect \3
11 | Detection limit rect V3
12 Readout elegtronics norm 1
13 Response-time norm 1
14 Probe positioning norm 1
15 Shaping, filtering, signal conditioning norm 1
16| Nominal position rect V3
17 Repeatability norm 1

Compbimeduncertaimty (F = 1)

Expanded uncertainty (k = 2) RSS

Uncertainty of the probe calibration system with respect to field amplitude.

Uncertainty of the probe calibration with respect to field gradient.

Probe anisotropy shall be tested in the incident field condition representative for WPT systems, covering

normalized gradients from 0 T/m/T to > 200 T/m/T.

Probe dynamic range shall be evaluated covering the dynamic range from 1 % of the general public exposure
limits to > 4 x the occupational exposure limit within the probe's specified operating range.

Probe frequency domain response is evaluated for a homogenous incident field over specified operational
frequency range.
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Probe modulation response shall be evaluated for modulated carriers in the specified frequency range with
rectangular pulse modulation, 10 % duty cycle, 10 Hz, 100 Hz, 1 000 Hz pulse repetition rate (whatever is
applicable at the carrier frequency).

Spatial averaging shall be tested in the incident field condition representative for WPT systems, covering
normalized gradients from O T/m/T to = 200 T/m/T.

Gradient uncertainty shall be tested in the incident field condition representative for WPT systems, covering
normalized gradients from 0 T/m/T to = 200 T/m/T with the probe oriented through all spherical gradient
directions.

Uncertainty in the accuracy of field gradient measurements.

Parasitic E-field sensitivity is tested with the probe in maximum hold swept through all possible spherical
E-field incidences with the E-field at the occupational exposure limit.

Detection limit is the contribution of the readout electronic noise at 1 % of the general public exposure limits.

6
7
8
9
10
11
12
13
14
15
16
17
For in
sensit
The p
a) ing
b) fre
c) ge
d) sy
e) ca
9.2
Table

Readout electronics is the uncertainty contribution by analogue-to-digital conversion.

If the probe is operated in swept mode, response time is the sampling response error for thesprobg¢ swept
through a gradient field of = 200 T/m/T.

If the probe is operated in spatial sampling mode, probe positioning is the error inya’gradient [field of
2200 T/m/T.

Shaping, filtering, and signal conditioning are the uncertainty contributions by analogue or digita] signal
conditioning.

Nominal position: positioning uncertainty with respect to assessing the worst:case exposure.

Repeatability is relative to the measurements performed at a specific point at the closest accessible distance
to the source. It is estimated by performing 10 repeated measurements.

cident E-field measurements the same components as-in Table 4 apply. Parasitic H-field
vity shall be evaluated instead of parasitic E-field sensitivity in element 10.

bssible variations caused by the exposure systems are:

ident field distribution (i.e. gradient);

quency;

pmetry of WPT source (size of the ¢oils, shape, alignment);
stem setup (closest accessible point, possible objects around the source not remoyable);
ibration differences.

Numerical methods

5 summarizes thessqurces of uncertainty for numerical methods.

Table 5.—Example of uncertainty evaluation of numerical methods

Item Uncertainty source ToI((;rBa;we Distr. | Div. | ¢; St((ia;)nc.
1 Numerical method rect N3 |1
2 Grid+resohution rect 311
3 Tissue parameters rect \3 1
4 Averaging method rect \3 1
5 Model and exposure location rect \3 1
6 Source representation norm 1 1
7 Convergence rect V3|1
8 Boundary conditions rect \3 1
9 Post-processing, interpolation rect V3 1

Combined uncertainty (k = 1)
Expanded uncertainty (k = 2) RSS
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Descriptions per item number of the uncertainty sources in Table 5:

1

The intrinsic uncertainty of the applied numerical method, e.g. uncertainty of the quasi-static approximation,
too weak field coupling in case of FDTD.

2  Grid resolution uncertainty is tested by increasing and decreasing the grid resolution by a factor of 2 from
its nominal state.
3 Tissue parameter uncertainty is tested by varying the nominal tissue dielectric parameter by +10 %.
The averaging method depends on the analysed metric (i.e. induced E-field, current density or SAR) and is
tested analytically and numerically as a function of tissue composition and grid resolution (1).
Placement uncertainty of the source with respect to the human model.
Validation uncertainty of the source. If the source is validated in absence of the human body the loading
effect of the body should be considered.
7 | Convergence of the numerical simulation, e.g. test by time-variant stability criteria or law 'of |energy
conservation.
Boundary condition uncertainty can be tested by modification of the boundary condition representat|on.
Numerical uncertainties in the post-processing, e.g. interpolation and extrapolation.
9.3 |Assessment of combining measurement and numerical methods
Sincelin practical exposure scenarios the magnetic flux density B is known in a finite number
of poipts, the described approach is approximate. Once the induced’ exposure in the human
body ¢ue to the field reconstructed in silico is assessed, an uncertainty budget needs| to be
carrieql out. According to [33] an example of an uncertainty analysis is shown in Table 6,
Table 6 — Example of uncertainty evaluation 6f the exposure assessment
combining measurements and_ numerical methods
. Tolerance . . Std{ unc.
Item Uncertainty source (dB) Distr. Div. | ¢; (dB)
Probe|uncertainty
1 Probe uncertainty of Table 6 norm 1 1
Numefical simulations
2 Numerical method
3 Grid resolution rect N3 |1
4 Tissue parameters rect V3 1
5 Averaging method rect \3 1
6 Model and exposurefocation rect \3 1
7 Convergence rect \3 1
8 Boundany eonditions rect \3 1
9 Post-ptocessing, interpolation rect \3 1
Field feconstruction
Reconstruction algorithm; i.e. calculation of vector
10 . . : rect V3|1
potential from measured magnetic flux density
Combined uncertainty (k = 1)
Expanded uncertainty (k = 2) RSS

Descriptions per item number of the uncertainty sources in Table 6:

Uncertainty determined according to Table 6.

The intrinsic uncertainty of the applied numerical method, e.g. uncertainty of the quasi-static approximation,
too weak field coupling in case of FDTD.

Grid resolution uncertainty is tested by increasing and decreasing the grid resolution by a factor of 2 from
its nominal state.

Tissue parameter uncertainty is tested by varying the nominal tissue dielectric parameter by 10 %.
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The averaging method depends on the analysed metric (i.e. induced E-field, current density or SAR) and is
tested analytically and numerically as a function of tissue composition and grid resolution (1).

Placement uncertainty of the source with respect to the human model.

Convergence of the numerical simulation, e.g. test by time-variant stability criteria or law of energy
conservation.

Boundary condition uncertainty can be tested by modification of the boundary condition representation.
Numerical uncertainties in the post-processing, e.g. interpolation and extrapolation.

Uncertainty for reconstruction algorithm when using SPFD method. In case of IM, this uncertainty is not
required.
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Annex A
(informative)

Exposure evaluations using approximations

Above 10 MHz, the upper limit of the peak spatial exposure of a device can be characterized
by the maximum transmit power P, ,, provided that it can be shown that the coupling to the

body is not better than with the receiving coil, per Formula (A.1).

Rllal\ = ‘QARIIIGA X (A1)
wheref
SAR 1 dx is the basic restriction of local SAR,;
m is the averaging mass.

For frJquencies from 3 kHz to 10 MHz and for inductive WPT, the indueed field levels angd SAR
can bhe calculated analytically for known geometry and loop @urrents ([34], [35])|using
Formyla (A.2), Formula (A.3), and Formula (A.4):

E:[NMa)Ij (A.2)

2nR

JZG( NMQ)IJ (A.3)
2nR

(A.4)

2 2
Sqp = J _o NM ol
po  p\ 2nR

N is the number of turns-in the transmitter coil;
is the RMS current in the coil;
is the angularfrequency;

1
[0
M is the mutyalinductance between the coil and induced current path of hypothetical radius R
indide the-body or phantom;

p is fhé/mass density of the tissue medium in kg/m3.

The mutual inductance can be calculated using Formula (A.5):

M = o R7 K%j_K}F(K)_EE(K) (A5)

K

with

__2Rr (A6)

(R+r)2 +d?
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the radius of the coil in m;

d is the distance between the coil and the body in m.

where F(x) and E(x) are the complete elliptic integrals of the first and second kinds [34], [35],
[36]. For a specific configuration R shall be determined over an interval from zero to the body
(or phantom) size to maximize M. The induced metric can be compared to the corresponding

basic

restriction limits to determine compliance.

For the application of Formula (A.2), Formula (A.3), and Formula (A.4), quasi-static conditions

(7.2)
parag

Accor

must apply. Additional limitations and considerations are specified in_the fol

owing

aphs.

jing to comparisons with numerical solutions, Formula (A.2), Formula {A.3

Formyla (A.4) can be assumed to be valid for coil radii less than half the width, of the ex
body phantom [36]. A validation for radii up to 75 mm has been carried out in\[35]. It sho

noted

that numerical results reported in [34] show a steady increase of\the induced

, and
posed
uld be
J and

10 g psSAR with respect to Formula (A.3) and Formula (A.4), which €an reach the order of

magni
theref

bre be limited to this distance.

fude 3 dB at a distance 200 mm. The application of the appreach given here should

Becayse Formula (A.2), Formula (A.3), and Formula (A.4) were derived for homogeneous body

phant
of the
body
indep
conte

bms, an additional correction factor should be applied 0 take into account enhance|
induced E and psSAR due to the dielectric contrasts of the tissues in the inhomoge
models [35]. From 100 kHz to 10 MHz, these)factors can be assumed to be |
ndent of frequency as the dielectric contrast.between tissues with high and low

corredtion factors should be applied. If this is @mot known a factor of 20 dB is consider

conse

rvative.

ments
teous

rgely
water

t does not change greatly [35]. For the induced E-field and psSAR, the apprqpriate

ed too

Formdla (A.2), Formula (A.3), and Faormula (A.4) do not consider coupling via strong local

incide

and miay lead to exposures above those induced by the magnetic fields.

ht E-fields that may be caused; e.g. by tuning capacitors, voltage drops between coils
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Annex B
(normative)

Calibration methods

In this Annex B, methods for calibrating E-field and H-field probes as well as dosimetric probes,
separately, are described. The proposed calibration method for E-field and H-field probes can
be referred to as Method B (IEEE Std 1309-2005 [37]), which is based on a calibration using

calcul
is cald
of the
IEC/IB
devicd

B.2

B.2.1

Table
gener
gener

E-field and H-field calibration

Standard field generation methods

bted field strengths, i.e. the probe under calibration is placed in a reference field,
ulated based on the geometry of the field generator and the measured input paran
field generator. For the dosimetric probes the calibration procedures escril
EE 62209-1528 [15] can be used. In the following, the probe under calibration
under test (DUT).

which
heters
ed in
is the

B.1 lists the devices and setups that are used in the _proposed calibration met
hte standard electric field (E-field) and magnetic field(H-field) for calibrations. Thg field
htion devices are classified with respect to thecusage, i.e. in frequency, time-domain

od to

calibration, or both and the frequency range of applicability. Related standards shiall be

consu

ted for details not included in this document.

Table B.1 — EM field generation setups for probe and sensor calibrations

. Field
Field type Usage @ generation Related standard cross-reference Procedyre
IEEE Std C95.3-2002, 5.5.1.3,
H, E F.T TEM cell IEEE Std 1309-2005 B.2.3.
) IEEE Std C95.3-2002, 5.5.1.4,
H F, gradient Helmholtz coil IEEE Std 1309-2005 B.2.3.]
verificatign
IEC 61786-1
IEEE Std 1309-2005
E E,T Parallel plate B.2.4.
IEC 61786-1

T = time, /= frequency

B.2.2 Characteristics to be measured

B.2.2.1 Frequency domain calibration parameters

B.2.2.1.1 General

In the frequency domain the parameters to be calibrated for both E- and H-fields are described
below.

B.2.2.1.2 Frequency response

Calibration may be performed at one or more frequencies, depending on the application (see
Annex A of IEEE Std 1309-2005 [37]).
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B.2.2.1.3 Dynamic range

Calibration may be performed at one or more field strengths depending on the intended
application (see Annex A of IEEE Std 1309-2005 [37] for example of applications).

B.2.2.1.4 Isotropy

The isotropic response is usually measured in terms of anisotropy (4). According to
IEEE Std 1309-2005 [37] this is defined as the maximum deviation from the geometric mean of
the maximum response and minimum response. The anisotropy is therefore defined as:

A=20Ig[&"¢]d8 (B.1)

\/SmaxSmin

In Formula (B.1), S is expressed in field strength units.

B.2.2.p Time domain calibration parameters
B.2.2p.1 General

In the|time domain the parameters to be calibrated for both E-field and H-field are descriped in
the following subclauses.

B.2.2.2.2 Amplitude

the trgnsfer function of the sensor for converting-an EM field component into an electrical signal.
The sensitivity for a sensor is normally specified, and the deviation of the actual gensor
response from its specified value must be calibrated.

Ampli{jde calibration is the calibration of the sensitivity of the sensor or probe, which reprg¢sents

B.2.2.2.3 Dynamic range

Calibrption may be performed ontone or more field strengths, depending on the appligation.
Annex A of IEEE Std 1309-2005.{37] provides requirements for specifying grades of califration
and sg¢lection of calibration amplitudes.

B.2.2.2.4 Rise time

Rise t|me is defined as the duration of the first transition in a pulsed waveform. Rise timg shall
be mdasured with™an instrumentation system that has a rise time at least five time fastgr than
the regponse\time of the sensor being calibrated. If this setup is not possible, then the response
time df the'instrumentation system shall be at least as fast as the sensor response timg, and
deconpolution techniques shall be used to determine the sensor rise time.

B.2.3 Frequency domain calibration
B.2.3.1 Frequency response
B.2.3.1.1 General

The H-field and E-field generation setup for frequency response calibration is shown in
Figure B.1. The devices used in the setup are described in Table B.2. Prior to calibration, the
cross coupling between E- and H-fields is characterized.

In order to electrically characterize the TEM cell the suggestions provided in Annex B of
IEEE Std 1309-2015 [37] can be followed. Besides the orientation with respect to the field, the
DUT should be placed within the TEM cell in the area of highest field homogeneity.
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Figure B.1 — H-field and E-field generation setup for probe calibration

Table B.2 — Main components of H-field and E-field generation setup
for frequency response calibration

Item Description
Voltage source Chosen according to the target voltage
Amplification Chosen with respect to the target maximum H-field

and/or E-field

Power sensor Chosen according to the target power

B.2.3.1.2 Procedure

a) Place probe inside the TEM cell with one sensor axis aligned to the H-field or E-field

b) Vdrify that the probe does not distort the incident catibration field.

c) St the generator to frequency f.

d) Set the generator amplitude to reach the desired target field strength.

e) Rgcord the exact power from the power:Sensor and relay it to the actual reference field

stiength in the TEM cell (Hrgp, ETem)-
f) Cdllect the measured H-field and E-field from the DUT (Hp 1 and Epy7, respectively).

g) Cdmpare the sensor output Hp,+to the reference field Hygy, or sensor output Ept|to the
reference field E1gpy-

h) Loparithmically sweep in frequency.

i) Rgpeat the procedureifor the other two axes.

i) Infcase of multiple sensors repeat the procedure for each sensor in the DUT.
k) Rgport the maximum deviation Hp1/H1gym and Epyt/Etem @s a function of frequency.

B.2.3./1.3 Uncertainty for frequency response calibration

Table |B:3 shows a template for the uncertainty of frequency response calibration.
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Table B.3 — Template for uncertainty in frequency response calibration

Item Uncertainty source Tol(?jr';;\ce Distr. | Div | ¢; Stt(i';;)nc.
Frequency response system
1 TEM cell field variation rect V3 | 1
2 TEM cell attenuation rect | V3 | 1
3 Field homogeneity rect | V3 | 1
4 H-field pre-calculation norm 1 1
Probe
5 Probe anisotropy rect VN3 |1
6 Probe dynamic linearity rect N3 | 4
7 fFi’:;;ja?]ig:: FIEE-ffii:IIc? s;rilbsrig;/ii)t%)(for H-field calibration) or H- rect e B
8 Spatial averaging rect N3 |1
9 Gradient detection réety | V3 | 1
10 | Detection limit rect | V3 | 1
11 Readout electronics norm 1 1
12 Response time norm 1 1
13 Shaping, filtering, signal conditioning norm 1 1
14 Probe position norm 1 1
Procefure
15 | Nominal position rect | V3 | 1
16 Repeatability norm 1 1
17 Post-processing rect V3 | 1
Instrumentation
18 Power sensor calibration norm 1 1
19 Power sensor linearity rect V3 | 1
20 Power sensor SNR rect N3 |1
21 Attenuator/splitter uneertainty rect V3 | 1
22 Mismatch uncertainty rect VN3 |1
23 Broadband hartmonic distortion rect V3 | 1
Comb|ned uncertainty
B.2.3.p H-field dynamic range

B.2.3.2.1 General

The linearity of the H-field probe sensors over the whole dynamic range is checked. The
dynamic range test is repeated for all sensors in the DUT. Figure B.2 shows the setup for the
generation of H-field for dynamic range calibration, whose main components are described in

Table B.4.
IEC

Figure B.2 — H-field generation setup for dynamic range calibration
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Table B.4 — Main components of H-field generation setup for dynamic range calibration

Item

Description

Voltage source

Chosen according to the target voltage

H-field source

Magnetic field source (MFS), e.g. Helmholtz coil

Calibrated shunt resistance

Calibrated shunt resistance chosen to reach the

maximum target H-field

)

b)

c) Lo

d) Cd

e) Dsg

f) Re

g) E/
me

B.2.3.2.3

Table

t the generator at the chosen frequency.

llect Hp,t and Epyt from each sensor axis.

peat the procedure for each sensor in the DUT.

Uncertainty for H-field dynamic range calibration

garithmically sweep the H-field amplitude over the dynamic range to be calibrated,

termine the maximum deviation from linearity of Hp;1/MFS for eachcsensor axis.

1 crosstalk: maximum ratio between sensitivity of Hp,trand Epyt from all col
asurements at step d).

B.5 shows a template for the uncertainty of H-field’dynamic range calibration.

Table B.5 — Template for uncertainty in.H-field dynamic range calibration

Item Uncertainty source ToI((;rBa;we Distr. | Div Stc(ia;)nc.
Dynamic range system
1 Resonant Helmholtz coil*field variation rect V3
2 Resonant Helmholtz coil cell attenuation rect V3
3 Field homogeneity. rect | V3
4 H-field pre-caleulation norm 1
Probe
5 Probe.anisotropy rect \3
6 Ptfobe dynamic linearity rect V3
7 Parasitic E-field sensitivity rect \3
8 Spatial averaging rect V3
9—Gradient detection rect— 3
10 | Detection limit rect | V3
11 Readout electronics norm 1
12 Response time norm 1
13 Shaping, filtering, signal conditioning norm 1
14 Probe position norm 1
Procedure
15 | Nominal position rect | V3
16 Repeatability norm 1
17 Post-processing rect V3
Combined uncertainty

lected
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B.2.3.3 H-field measurement isotropy

B.2.3.3.1 General

The DUT isotropy is estimated in a homogeneous field for the calibrated range and in a gradient
field (> 5 T/m/T), separately. Isotropy is determined by measuring the deviation of the DUT
sensor output from target, under rotation of the DUT around its main axis from 0° to 360° with
15° steps.

B.2.3.3.2 Procedure

o O T

)
)
)
)

Place the probe with the main symmetry axis aligned to the field, i.e. polar angle 0°.

Sdt the frequency and amplitude of the generator.
Sweep the azimuthal angle between 0° and 360° with 15° steps.

Isgtropy is the maximum deviation of Hp, from the target, compared to the target

over all angles.

B.2.4 E-field calibration

B.2.4/1 Frequency response (alternative approach)

B.2.4./1.1 General

An alt

showr] in Figure B.3. The devices used in the setup are described in Table B.6.

N

D
Parall%) tes

-®¢_ RF circuit

Figure B.3 — E-field generation setup for frequency response calibration

Differential probe
IEC

Table B.6 — Main components of E-field generation setup
for frequency response calibration

ltem Description
Voltage source Selected according to the target voltage
RF circuit Generation of a fully differential voltage
E-field source Parallel plates
Voltage sensor Differential voltage probe

B.2.4.1.2 Procedure
Place the DUT in the centre of the parallel plates with one axis aligned to the reference

E-field (Epp) direction.

Set the frequency in the generator.

Measure the voltage across the parallel plates.
Logarithmically sweep in frequency.

Collect Epyt and Hpy-

Determine frequency response parameters: Ep1/Epp.

Repeat the procedure for the other two axes.
Repeat the procedure for each E-field sensor in the DUT.

value

brnative to the TEM cell for calibration of the frequency, response of the E-field senpsor is
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i) E/H crosstalk: maximum ratio between sensitivity to Ep 1 and Hp 1 from all the frequency
points tested across all sensors.

B.2.4.1.3 Uncertainty for E-field frequency response

Table B.7 shows a template for the uncertainty of the E-field frequency response calibration.

Table B.7 — Template for uncertainty in E-field frequency response calibration

Item Uncertainty source Tol(zr;;'\ce Distr. | Div | ¢; Stt(i';;)nc.
Fregueney-respense-system
1 Parallel plates field variation rect V3 |1
2 Parallel plates field attenuation rect V3 |1
3 Field homogeneity rect | V3 |1
4 E-field pre-calculation norm 1 1
Probe
5 Probe anisotropy rect N3 1
6 Probe dynamic linearity rect V3 |1
7 Parasitic H-field sensitivity rect VN3 |1
8 Spatial averaging rect VN3 |1
9 Gradient detection rect | V3 |1
10 | Detection limit rect | V3 |1
11 Readout electronics norm 1 1
12 Response time norm 1 1
13 Shaping, filtering, signal conditiehing norm 1 1
14 Probe position norm 1 1
Procedure
15 | Nominal position rect | V3 |1
16 Repeatability norm 1 1
17 Post-processing rect V3 |1
Instrumentation
18 Voltage sensor calibration norm 1 1
19 Moltage sensor dynamic rect V3 |1
20 Voltage sensor frequency response rect N3 |1
Combined uncertainty

B.2.4.2 Dynamic range
B.2.4.2.1 General

The E-field generation setup for the dynamic range calibration is shown in Figure B.4. The
devices used in the setup are described in Table B.8.

. -

Parallel plates

A Differential probe
IEC

Figure B.4 — E-field generation setup for dynamic range calibration
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Table B.8 — Main components of E-field generation setup for dynamic range calibration

B.2.4.

Item Description
Voltage source Selected according to the target voltage
Transformer Amplification of voltage
E-field source Parallel plates
Voltage sensor Differential voltage probe

2.2 Procedure

a) Place the DUT in the centre of the parallel plates with one sensor axis aligned
reference E-field (Epp) direction.

b) S
c) Lo
d) Cd
e) Dsg
f) Rsg
g) Rs
h) E/
B.2.4.
Table

t the generator at the chosen frequency.

llect Hpyt and Epy-
termine the deviation from the linearity of Ep1/Epp.

peat the procedure for the other two axes.
peat the procedure for each E-field sensor in the DUT¢
1 crosstalk: maximum ratio between the sensitivity«f E5t and Hpyt from all poin

2.3 Uncertainty for E-field dynamic range

B.9 shows a template for the uncertainty of\the E-field frequency response calibra

to the

garithmically sweep the reference Epp amplitude over the dynamic range. to be caligrated.

ion.
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Table B.9 — Template for uncertainty in E-field frequency response calibration

B.2.4.8
B.2.4.3.1

The DUT isotropy is estimated in a homogeneous field. Isotropy is determined by mea

Item Uncertainty source Tolerance | Distr. | Div Std. unc.
(dB) (dB)
Dynamic range system
1 Parallel plates field variation rect \3
2 Parallel plates field attenuation rect V3
3 Field homogeneity rect | V3
4 E-field pre-calculation norm 1
Probe
5 Probe anisotropy rect \3
6 Probe dynamic linearity rect \3
7 Parasitic H-field sensitivity rect V3
8 Spatial averaging rect \3
9 Gradient detection rect | V3
10 | Detection limit rect | V3
11 Readout electronics norm 1
12 Response time nofm 1
13 Shaping, filtering, signal conditioning gorm 1
14 Probe position norm 1
Procedure
15 | Nominal position Rect | V3
16 Repeatability norm 1
17 Post-processing rect \3
Combined uncertainty

E-field measurement isotropy

General

suring

the dgviation of the DUT sensor output from the target, under rotation of the DUT around its

main axis from 0°t0~360° with 15° steps. The setup for dynamic range calibration is use

B.2.4.3.2

a) Place the DUT with the main symmetry axis aligned to the field, i.e. polar angle 0°.

P

rocedure

.

Isotropy is the maximum deviation of Ep 1 from the target Epp, compared to the mean over all

angles.
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B.3 Gradient response verification

B.3.1 General

The gradient estimated by the DUT will be verified by comparison to the one analytically
calculated in numerical simulations. The gradient is verified by means of a well-defined
magnetic gradient field source.

B.3.2 H-field gradient verification: Main steps

a) a numerical model of the reference coil is developed, and the H-field is registered with a
constant step dx, starting at 5 mm from the coil wire and moving in horizontal and vertical

ditctions.
b) The gradient (Grgg) at each step is analytically estimated as:
GHEF = (Bmax = Bmin)/dr/0,5 x (Byax *+ Bmin)-

c) Megasurements of the H-field generated by the reference coil with the DUT are collegted at
thg¢ same distances used in the simulation. The DUT estimates the gradient (GpT) af each

step.
d) G{yt is compared to Grgg for <1 T/m/T to > 80 T/m/T.

B.3.3 Uncertainty for H-field gradient verification

Table [B.10 shows a template for the uncertainty of the H<field gradient verification.
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Table B.10 — Template for uncertainty in H-field dynamic range calibration

Item Uncertainty source Tolerance | Distr. | Div | ¢; | Std. unc.
(dB) (dB)
Gradient verification system
1 Coil field variation rect | V3 |1
2 Coil cell attenuation rect V3 |1
3 Field homogeneity rect | V3 |1
4 H-field pre-calculation norm 1 1
Probe
5 Probe anisotropy rect N3 |1
6 Probe dynamic linearity rect VN3 |1
7 Parasitic E-field sensitivity rect V3 |1
8 Spatial averaging rect VN3 |1
9 Gradient detection rect | V3 [ 1
10 | Detection limit rect | V3
11 Readout electronics norm 1 1
12 Response time nofm 1 1
13 Shaping, filtering, signal conditioning gorm 1 1
14 Probe position norm 1 1
Procedure
15 | Nominal position rect | V3 |1
16 Repeatability norm 1 1
17 Post-processing rect VN3 |1
Numerical simulation
18 | Grid resolution rect | V3 |1
19 Model and exposure\ocation rect V3 |1
20 Source representation norm 1 1
21 Convergence rect VN3 |1
22 Boundaryeonditions rect V3 |1
23 Postsprocessing rect VN3 |1
Combined uncertainty

B.4 | Dosimetric probe calibration

B.4.1 General

The calibration method for the dosimetric (SAR) probe is defined in IEC/IEEE 62209-1528 [15].
A two-step procedure and a one-step procedure are described. Recently, a one-step calibration
method using a short dipole antenna was proposed [38].

B.4.2 Calibration with short dipole antennas via transmit antenna factor

The reference antennas used here are short dipole antennas designed for operating within the
appropriate tissue equivalent liquid.
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a) The transmit antenna factor of the reference dipole antenna (see Figure B.5) is determined
as a function of the distance by the two-antenna method according to the following protocol.

1)

Position the antennas in the liquid such that their main-beam axes are aligned and at a
specified distance d. The antennas shall be placed at least 10 cm away from the walls
of the liquid container.

Measure the S parameters between the antennas as a function of the distance d.
Calculate the power transmission coefficient n by S parameter:

2
|521(d)|
\/

n(d)= (B.2)

(1—]511 (d)i?)“—ib'zz (d)r)

where [S,4(d)| is the transmission coefficient and |S4(d)| and |S,5(d)| are the reflection
coefficients of the transmit antenna and receive antenna, respectively.

The transmit antenna factor is given by Formula (B.3):

12
F(d){ "(d)} . (B.3)

K(d)

K(d) is given by Formula (B.4), assuming a current distribution of piecewise hypgrbolic
sinusoidal function on the dipole antenna:

1 JHo /€ g .
K(d)=ae | — YL | [ (2 0)sinh[ y(1/2—|2]) ]z (B4)
() 1671 [lesinh(;/l/Z)J _E|;2 (=)sin [}/(/ ||)J

where
; e—7R1 e—J/Rz 2 h 2 e—?’Ro B
)= + —2cosh(y/ 59
e (&) R, R, (y/)RO (B-5)
cosh(y//2)-1
le__2—(7//) (B.6)

7 sinh(y/2)

Ry=Nd?+22, Ry=\d*+(z=1/2)*, R,=+d®+(z+1/2)

£ 1s The lengtn oT the retference dipole antenna,

y= a + jpis propagation constant of the liquid.

b) The following protocol shall be used for evaluating the sensitivity coefficients of the probe
(see Figure B.6):

1)

2)

Position one antenna in the tissue-equivalent liquid. The antenna shall be positioned at
a minimum distance of 10 cm away from the walls of the liquid container.

Connect a power source to the input port of the reference antenna. The average electric
field produced by the short dipole antenna Eg (d) in the near-field region is given by
Formula (B.7):

B3 (d)=[ 8 e (1—|r|2)T/2 F(d)K(d)=| 8Py (1—|F|2)WK(d)T/2 (8.7)
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where

Pine is the incident power;

r is the reflection coefficient of the short dipole antenna.
It is recommended to connect a bi-directional coupler to control the input power. Tune
the input power so that Eg) (d) ~ 30 V/m.

3) Position the probe in the liquid so that the centre of the detectors is at a distance d from
the antenna.

4) Orient the probe to align the direction of the sensor with the polarization of the reference
antenna.

5)[ Measure the voltage V1 45 at the transmitting antenna port.
6)| The sensitivity coefficient K for this antenna is K, = m’meas/Et?]V (d).
7)| Repeat Steps 4) to 6) for the other two sensors to evaluate K, and K.

c) Using the sensitivity coefficients of the probe, SAR is determined by the Formula (B.8):

SAR = V1,meas + Vz,meas + V3,meas ] (B.8)
K1 K2 K3

180 deg hybrid
coupler (B)

VNA port 2

Liquid phantom
Reference dipole

Lossless
dielectric

Reference dipole

Liquid container i
(470 mm x 470 mm x 390 mm) |

VNA port 1
180 deg hybrid

coupler (A)

iy

Figure B.5 — lllustration of the transmit antenna factor evaluation setup [38]
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v
—>
Liquid phantom
Ey,
~ Lossless
dielectric
—_—
Reference dipole

B.4.3 Uncertainty

When|[performing an uncertainty analysis of the @alibration with reference antennas, at lea

(470 mm x 470 mm x 390 mm)

Liquid container

parameters included in Table B.11 shall be considered.

Pin
<—
180 deg hybrid
coupler (A)
IEC
Figure B.6 — lllustration of the sensitivity coefficients evaluation setup [38]

Table B.11 — Uncertainty template for evaluation of average electric field
produced by short dipole antenna via transmit antenna factor

Source of uncertainty Uncertainty | Probability | Divisor | c. Standard v, or

value distribution uncertainty |
t % u, % eff

Probe position rect 1,73

Antenna length rect 1,73

Liquid conductivity norm 2

Liquid permittivity norm 2

Transmission coefficients rect 1,73 1

Reéflection coefficient for Tx rect 1,73

Reflection coefficient for Rx rect 1,73

Input power rect 1,73 1

Combined standard uncertainty RSS

st the
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Annex C
(normative)

Verification and validation methods for measurement

C.1 General

In this Annex C the system verification and system validation procedures are described to
enable users and third parties to verify the performance of the measurement system and
procedure by applying well-established protocols.

e Mgasurement system verification: procedure that uses specific reference sources) to| verify
that the measurement system is operational and repeatable for the intended measurements.

e Mgasurement system validation: procedure that uses specific reference sources to validate
that a measurement system meets the accuracy, performance and uncertainty specifications
reIuired before it is deployed and also after hardware or relevant software changgs are
pefformed.

C.2 | Objective

the mpasurement system is operational with no system/component failures, including [probe
defects, drifts or deviation from target performance requirements. The system verification also
verifiels the repeatability of the measurement system ‘before compliance testing.

The N'Easurement system verification provides a fast and reliable method to routinely verify that

The gystem verification consists of a complete measurement using simple well-defined
referehce sources. The system verification,i§ successful if the measured results are |within
establjshed tolerances. The instrumentation\and procedures used for system verification $hould
ensur¢ the system is ready for performing compliance tests.

The njeasurement system validation provides a means to independently evaluate the siystem
against its specifications and its_specified uncertainties. The system validation assures that the
measyrement system provides accurate results.

The vjlidation tests should cover the frequencies and field amplitude and gradient |levels
suppofted by an individual measurement system.

C.3 | Measurement setup and procedure for system verification and systen
validation

In Clquse’C.3 the measurement setups for magnetic and electric fields measurements are
described. Recommended test setups for magnetic and electric field measurements are shown
in Figure C.1.

The requirements of the components used in the setup shown in Figure C.1 are described as
follows.

e The signal generator and the amplifier should be stable (after warm-up). The signal to the
reference source should be high enough to avoid the influence of measurement noise.

e For frequencies up to 150 kHz, the coil could be connected to a shunt resistance.

To avoid unacceptable field level drifts during system validation and system verification, the

equipment should be allowed to warm-up for the duration recommended by the manufacturer(s)
before any measurement.
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For both system verification and validation, target values from the reference sources are
previously characterized. The measurements are normalized with respect to the input current

or volt

age used for the characterization of the validated sources.

Signal

generator [—>| Amplifier || Coil L5 Voltmeter

IEC

Signal

Parallel
generator >

b —> Voltmeter

Amplifier |—>

Cc.4

The sy
resultg

The s

e th¢ difference between the normalized measured field level and the numerically val

tan
m6

e for
is

The rIeasured reference value is determined for the individual measurement systen
r

calib

C.5

The v|
syster

System validation should cover the range of frequencies applicable to the system.

meastl
be pe
and 5

IEC
b)

Figure C.1 — A recommended magnetic and electric field setup
for measurement system verification and validation

Measurement system verification: test procedure

stem verification is a magnetic and electric field measurehient at a specific positio
b are normalized and compared to the validated target values.

stem verification is successful if both of the followirng conditions are satisfied:

get value is within the combined uncertainty. of the reported expanded uncertainty
asurement system and that of the target yalues (< 10 %);

gradient probes, the difference between' the target gradient and the determined gr|
hot larger than its uncertainty.

tion using the same source.

Measurement system validation: test procedure

nlidated source-used for system validation might be different than the ones us
h verifications

rementsystem covers the entire frequency range of this document, the validation 5

n. The

jdated

of the

adient

after

ed for

If the
hould
I/'m/T,

formed at 3 kHz, 85 kHz, 6,78 MHz, and 30 MHz and gradients from 10 T/m/T, 25 ]

valida

at the

D\T/m/T. If the measurement system does not cover the entire frequency rangle, the

ithin the
frequency range used by the system. The reference sources should be calibrated in amplitude

defined reference distances.

System validation is a magnetic and electric field measurement. Magnetic field measurements
are performed with respect to the calibrated plane at a specific distance from the source, while
electric field measurements are performed within a cube of side 5 cm centred in the parallel
plates. Results are normalized to input current/voltage at the reference source and compared
with the numerically validated target values. A comparison of the target values and the field

distrib

ution is performed.

The system validation is successful if the following condition is satisfied: the difference between
the normalized measured field level and the numerically validated target value is within the
reported expanded uncertainty of the measurement system.
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Annex D
(informative)

Dependency of SAR on phantom property and size

D.1  Phantom property

The SAR dependence on the phantom material properties for the WPT exposure assessment
is considered in Clause D.1. The results of SAR calculations for the WPT systems operating
close to the elliptical phantom and the heterogeneous human body model are compared for the

phantpm, tissue material properties have been used in the EM simulations, as shown.in T3
Simulation models are depicted in Figure D.1 and Figure D.2. Three different’exy
conditjons (A, B, C) for the various orientations of inductive coils with respect\to”the
body a@re considered as shown in Figure D.2. Similar cases A, B, and C havetbeen use
the elljptical phantom. In the calculation, two types of WPT coils are considéred. The first
relativiely large circular spirals with an outer diameter of 50 cm and small squared spirals
as L L=10cm x 10 cm.

differ}nt coil orientations with respect to phantom and human body surfaces. For the gl

SARs jare calculated for the input power of 1 W with the hybrid MoM/FDTD method. In this
10 g-gveraged SAR values are obtained and compared at two frequencies where tk

parameter of WPT system without human body is at the maximum. The analysis frequ
are 6,5 MHz to 7,54 MHz for the cases A, B, and C.

Figurd D.3 compares the obtained SARs between the’ elliptical phantom and the humar
modell For both the elliptical phantom and human model, relatively higher SAR value is
for case C, in which the vector of the incident magnetic field is normal to the flat surface

iptical
ble 2.
osure
uman
d with
is the
sized

study,
e S21

Bncies

body
found
of the

phantpms. In some cases, the results produced with the elliptical phantom substantially

undergstimate the SAR values obtained with the high-resolution heterogeneous body mg

Similar calculations and comparisons'were carried out for the WPT system utilizing small
coils (see Figure D.4). Squared spirals with the dimensions 10 cm x 10 cm were used
simulgtions. Resonant frequency-of WPT system is 6,59 MHz. Similar to previous WPT 1
two eX¥posure conditions (cases)A and C) were considered here since Case B can be cons
the same as Case A. The comparison results obtained for the elliptical phanton
hetergqgeneous human-body model are shown in Figure D.5. The elliptical phanton
provides the conservative SAR values for WPT exposure assessment unlike the case
large $ize coils.

As compared tothe case of the elliptical phantom exposure, heterogeneity introduces a t
increalse in“SAR values for some exposure conditions for relatively large WPT sys
Howeyer, for small WPT systems, SAR obtained with the elliptical phantom are consern

del.

-sized
in the
nodel,
dered
n and
N Now
of the

wvofold
stems.
vative

compared” to those obtained with the human body model. Therefore, in order to p

rovide

conservative results with the phantoms having uniform dielectric properties, as shown in

Table 2, the phantom dimensions must be chosen with respect to that of the WPT sy
under test.

stems


https://iecnorm.com/api/?name=9b4636e875510b31ecaed7a517a139ee

— 56—

IEC PAS 63184:2021 © IEC 2021

u=40cm d
v=60cm
d=
d=
&=T774
6=0,752 S/m
IEC
a) Elliptical phantom b) Huma%ls.@ly model
Figure D.1 — Simulation model of large WPT syste @perating close to
a) elliptical phantom and b) human tz\o\ model
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Figure D.3 — Calculated SAR for circular coils with@ 50 cm diameter operating
at 6 cm from the elliptical phantom and hetetrogeneous human model

Homogeneous
u=40.cm heterootreneous
v=60cm &
d=

eg=774
0=0,752 S/m
IEC ' IEC
a) Elliptical phantom b) Human body model

Figure D.4 — Simulation model of small WPT system operating close to
a) elliptical phantom and b) human body model
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D.2

For tH
dimen
the ag
simulg

are cg
phant

are similar to those described in Clatse D.1.

In casfes A and C, the distance’ from the circular coil to the elliptical phantom is fixed a

while
phant

(15 cnp). The shape af the elliptical phantom is maintained by the unchanged ratio u/v = 1
ch next valué.of u the value of v is changed accordingly. 10 g-average SAR hag been
nted for eaeh set of u and v at two frequencies where the S, parameter of WPT system

for ea
calcul

is at t
follow

for ca

011 1 1 |

Case A Case C
JEC

e D.5 — Calculated SAR for the small squared coils withdimensions 10 cm x 1

gperating at 2 cm from the elliptical phantom and heterogeneous human modgl

Phantom size

e human exposure assessment of WPT systems, phantoms of different shape
sions can be used. The effect of phantom 'size variation on the SAR values obtai
sessment of WPT systems should be considered. In Clause D.2, the results of t

nsidered as shown in Figure D.6sNarge circular coils are placed normal to the el
bm (case A) and parallel to the elliptical phantom (case C). Here, the exposure con

he distance between the coils is 20 cm. Under these conditions, the dimensions

ne maximum. These frequencies have been obtained by the EM simulations and
5 figw = 6,64 MHz and fi,q = 7,54 MHz for case A, fj,,, = 6,14 MHz and f,ign = 7.1

5e C.

Ocm

s and
ned in
ne EM

tion of simple WPT coils operating close to the elliptical and rectangular phantoms are
presented. The following application scenarios of WPT systems operating near the phaL\toms

iptical
itions

2 cm
of the

bm are changed by varying the ellipse axes u and v and keeping the phantom height fixed

5,i.e.

are as
B MHz

The calculated SAR values versus the smaller ellipse axis v normalized by the outer diameter
of the circular coils D are presented in Figure D.7. The results are normalized with the input
power of 1 W. For case C (Figure D.7 b)) when the coils are parallel to the phantom, SAR
remains almost unchanged for the larger dimensions of the phantom. However, there is a
substantial increase of the SAR values when the phantom size decreases and becomes
comparable to the coil dimension. Such an effect is not observed in case A (Figure D.7 a)) when
the coils are normal to the phantom. SAR experiences a small decrease when the phantom size
becomes comparable to the coil dimension.
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Similar calculations and comparisons have been carried out for the WPT system utilizing small-
sized coils (see Figure D.8). In this calculation, only case C was examined. The calculated SAR
values versus the smaller ellipse axis v normalized by the small square coil diagonal K (as the
largest dimension of the coil) are presented in Figure D.9 a). The frequencies of maximum Sy
parameter for the case C of small-sized coils are fj,,, = 6,6 MHz and g, = 7,64 MHz. Similar
to the large WPT system, the SAR values increase when the elliptical phantom dimension
decreases though the increase factor is somewhat smaller. For the larger phantom sizes, the
SAR remains practically unchanged. Similarly, the SAR values versus the width of rectangular
phantom W normalized by the square coil diagonal K are presented in Figure D.9 b). Again, the
SAR values increase significantly when the phantom width decreases and becomes equal to
the coil dimension.

SAR increases substantially (by a factor of 2) with a decrease in the phantom dimensigns for
the case C of coils placed parallel to the phantom. 10 g-SAR reaches the maximum)when the
coil sige is comparable to the size of the phantoms. Such an effect is not observed’when coils
are placed normal to the phantom. It is recommended that the dimension of théphantomg used
should be at least two times larger than the size of the WPT coils to perform a correct SAR
evaluation in the exposure assessment of WPT systems.
IEC
a) case A b) caseC
Figure D.6 — Layout of large WPI system for exposure condition of a) case A
and b) case C with respect to the elliptical phantom surface
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Figure D.7 — Calculated 10 g-averaged SAR versus the smaller axis of
elliptical phantom v normalized by coil outer diameter D for
a) case A (fhigh = 7,54 MHz) and b) case C (fj,, = 6,14 MHz, f},;5,, = 7,18 MHz)


https://iecnorm.com/api/?name=9b4636e875510b31ecaed7a517a139ee

- 60 - IEC PAS 63184:2021 © IEC 2021

IEC

a) elliptical phantom b) rectangular phantom

IEC

N
Figure D.8 — Layout of small WPT system for exposure conditions of qig C
with respect to a) elliptical phantom and b) rectangular phantog@.
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E.1

Annex E
(informative)

Extrapolation methods of SAR measurement

General

Measurements of SAR inside a human-equivalent liquid phantom are a practical method for
exposure assessment. However, accurate measurements of SAR are sometimes difficult,
especially at a location close to the phantom boundary, owing to the boundary effect; i.e. field

disturlpance due to the SAR probe itself. Hence, it is necessary to use an extrapolation.mn
to detérmine the internal electric field or SAR.

E.2

E.2.1

Two s

Stép 1: Measure the electric field distribution inside a liquid phantom (denoted as |E|)
depth direction with a regular interval of Ax. The closest\distance to the phantom bol

fon

Stép 2: Determine the fitting parameters for ansextrapolation function using the me3

ele

fumction.

The parameter with the minimum distance from the phantom boundary d,;,;, should be as

possik

field by the measurement probe. However, d,,;, should also be as close as possible due
rapid decay of the internal electric field and the limitation of sensitivity of the measur

probe

The p
possik

E.2.2

An ex
decay
loss i
extrap

Measurement and interpolation of electric field inside a phantom

General

the measurements is set to d,;,,.

ctric field data. Then, calculate |E| near theyphantom boundary from the extrapg

le to avoid the boundary effect, which is caused by the perturbation of the internal e

The parameter d,,,;, may e determined experimentally to fulfil the above require

arameter of the measurement interval Ax should also be determined as accurat
le to maintain sufficient accuracy for the proposed extrapolation method.

Extrapolation functions
rapolation function for the internal electric field should include the effect caused

n terms>of an exponential decay [39]. Based on these considerations, the fol
olation functions (indicated as Type-A and Type-B) may be used to determine the in

ethod

eps to extrapolate the electric field strength inside a liquid phantom are described pelow.
Note that the total electric field is used for all extrapolations performed in this study.

in the
ndary

sured
lation

far as

lectric
to the

ement
nents.

ely as

by the

of reactive near-fields, which depends on the distance from a source, and the medium

owing
ternal

electri

c\field close to the phantom boundary.

Type-A:

A —0gX
Fron O
2

(E.1)

where o is an attenuation constant, 4, and 4, are fitting parameters, determined by a nonlinear

regression method using the Levenberg—Marquardt algorithm [40]. The other ty
extrapolation function is defined as a polynomial function as

pe of


https://iecnorm.com/api/?name=9b4636e875510b31ecaed7a517a139ee

- 62 - IEC PAS 63184:2021 © IEC 2021

Type-B:

Ep0|y (X) =D1X2 +D2)C+D3 (E2)

The polynomial function in Formula (E.2) is actually applied to an extrapolation of the internal
electric field strength inside a liquid phantom placed in the vicinity of a mobile phone, as
described in IEC/IEEE 62209-1528 [15]. The fitting parameters D4, D,, and D5 are determined

by a linear regression method using the least-squares algorithm.

E.2.3 —Three steps for determimationm of spatial-peak SAR

The extrapolation function in E.2.2 is utilized to evaluate the maximum local SAR avéragep over
a 10-g cube or 10 g averaged SAR, which is a basic restriction defined in the safety guid¢lines.
The 1P g averaged SAR is calculated and compared with the exposure limit prescribed|in the
ICNIRP guideline. The calculation method for 10 g averaged SAR is described as follows.

e Steép 1: Measure the SAR distribution with a coarse interval of 20 mm-on a two-dimenjsional
plgne located 25 mm away from the phantom boundary to search for the peak pf the
mgasured SAR location. The measurement interval was sefl in accordance with the
procedures prescribed in the IEC/IEEE 62209-1528 [15], which states that the maximum
grid spacing should be 20 mm for frequencies below 3 GHz,

e Step 2: Measure the three-dimensional SAR distribution in’a cube volume of 7 x 7 x 7 |points
at the local maxima locations identified in Step (1)-Again, a fine interval of 4 mm is|set in
cohformity with the measurement procedures presgribed in the IEC 62209-1528 [15].

e Step 3: By the proposed extrapolation method, estimate SAR in the region close [to the
phantom boundary. It should be noted that the 10 g averaged SAR was determined from the
SAR averaged over 13,96 g and 8,08 g byusing 73 and 63 extrapolated data with the|4-mm

interval from the measurement, respectively. The measurement procedure proposed here

is pot versatile, but it conforms to thetwell-established IEC/IEEE 62209-1528 [15].

E.2.4 Validation of measurement methods using extrapolation

For SAR measurements, a measurement system is constructed and two types of WPT sysgtems,
i.e. sojenoid and flat-spiral types, are fabricated. The schematic diagram and photograph|of the
constructed measurement.system are shown in Figure E.1 and Figure E.2, respectively. The
SAR probe was calibrated in-house by a calibration system for a SAR probe, which was
fabricated by the National Physical Laboratory (NPL, United Kingdom) [41]. The input power
was sé¢t as 30 W forthe temperature measurement and 1 W for the voltage measurement|of the
probe| The calibnation factor for the electric field probe was determined as 9,90 and 9,88 at
6 MHZ and 13,56 MHz, respectively. The calibration factor at measurement frequenciels was
determined by a linear interpolation of the value at these two frequencies. The data rgadout
unit (DAE4) was calibrated by the manufacturer.

The water tank is made of glass. The effect of the glass tank on the SAR inside the liquid
phantom was investigated in advance by the method of moments (MoM). The difference in
maximum SAR in the measurement plane located 2,5 cm away from the boundary of the glass
tank is less than 0,8 % for the analysis model with and without the glass tank. Consequently, it
was confirmed that the effect of the glass tank can be ignored.

Figure E.3 and Figure E.4 show the measured and simulated electric field distributions in the
measurement plane located 2,5 cm away from the phantom boundary for the solenoid and flat-
spiral-type WPT systems, respectively. Both experimental and simulation results show similar
distributions with differences in maximum |E| of 14 % and 6 % for the solenoid- and flat-spiral-
type WPT systems, respectively. The difference in measured |E| can be attributed to the
uncertainty of the probe calibration (10,3 %) and the other sources of uncertainty such as probe
position, WPT system position, variation in input power, linearity, etc.
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Figure E.5 shows the results of 10 g averaged SAR estimated using the type-A extrapolation
function when the input power is 10 W. The difference between the measured 10 g averaged
SAR with the type-A extrapolation and the MoM-derived 10 g averaged SAR was found to be
less than 29 % for the experiment in this example. It was confirmed that the type-A extrapolation
function provides a smaller difference in 10 g averaged SAR than the type-B functions in this

example.
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Figure E.2 — Measurement system

Experiment Simulation

Figure E.1 — Schematic diagram of measurement system
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Figure E.3 — Measured and simulated electric field distributions in the
measurement plane 2,5 cm away from the phantom boundary in the case

of the solenoid-type WPT system
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Figure E.4 — Measured and simulated electric field distributions in the
measurement plane 2,5 cm away from the phantom boundary in the case
of the flat-spiral-type WPT system
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Figure E.5 — 10 g averaged SAR'obtained by measurement with extrapolation
and MoM-derived 10 g averaged SAR

E.2.5 Uncertainty

The measurement procedure for determining 10 g averaged SAR described in E.2.4 in¢ludes
some |uncertainty factor)and it should be considered. Table E.1 shows the measurgment
uncerfainty, which has been experimentally derived for the phantom conductivity and the|probe
calibration and numetically derived for the distance, density, and type-A extrapolation mgthod.
In this| study, th&/uncertainty factors include the distance (2 % at 2,5 cm) from the vertical axis
to the|phantem_boundary, conductivity and density of the liquid phantom, the uncertainty due
to thg probe calibration (5,15 %) and the type-A extrapolation method (8,11 %). Relative
iftivity“is not considered in this study because its influence is negligible to the total

I i = i jual to

approximately 22 %.

The 10 g averaged SAR derived by MoM is determined exactly at its maximum position. The
position of 10 g averaged SAR determined from the experimental data may have shifted away
from the real maximum position since the measurements were conducted with a coarse interval
of 2 cm.
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Table E.1 — Measurement uncertainty of 10 g averaged SAR

Tolerance Probability Sensitivity Degrees of Standard
[%] distribution coefficient freedom uncertainty [%]
Distance 2,0 rect 4,56 11 5,26
Conductivity 1,21 norm 1,0 o 0,61
Density 1,0 rect 1,0 [ 0,577
Probe calibration 5,15 norm 2,0 © 5,15
z;?r‘;%?)?:tion method 8,11 norm 2.0 " 8.1
Combj|ned standard uncertainty 11)0
Extengled standard uncertainty (k = 2) 2270
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Annex F
(informative)

Numerical calculation methods

F.1 General

Different calculation methods can be used for the determination of induced quantities in the
human body by an external magnetic field emitted from WPT systems. This Annex F provides
an overview of different calculation methods. As the information given in this Annex F is not
sufficipnt for application, the source materials referred to should be reviewed.

All these methods are based on the resolution of the macroscopic Maxwell’s €quatiop. The
choicg of a precise method for the resolution is based on various criteria including calcylation
time.

F.2 | Quasi-static finite element method

The fipite element method (FEM) with cubic elements may be used to assess exposures from
WPT systems. Under the quasi-static assumption and simply-cennected domains, the eflectric
field ip the body can be represented as

oA

E=-Vo S

(F.1)

where| ¢ is the electric scalar potential and A}y is the vector potential of the incident majgnetic

field. Pue to the continuity condition, the electric scalar potential in the body satisfigs the
follow|ng elliptic partial differential equation

V-0V¢=—V-02AO (F.2)
ot
with the boundary condition
0 0
n-o(Vop+—Ay))=— F.3
(Vo P 0) ath (F.3)

whereleistheconductivity and-0 isthe surface-charge-induced-bythe incidenteleciricifield.
For modelling the exposure to a magnetic field, O, was set to zero and A, was calculated

analytically. The exposure to the external electric field was modelled in two steps. First, the
external electric potential in air was determined assuming that the body is a perfect electric
conductor by solving the following equation and boundary conditions:

V-SOVth :0 (F4)

n-Vg¢,. =-n-Ey, on outer boundary
V¢, =0, on bodysurface
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where E; is the incident electric field and ¢, is the permittivity of air. In Formula (F.5), it is

assumed that the outer boundary is at a sufficient distance so that the perturbation in the
incident field due to the body is negligible at the boundary.

The induced charge Qg in each voxel on the body surface was calculated from the normal

component of the external electric flux density, and the internal potential was determined by
solving Formula (F.2) and Formula (F.3).

The electric scalar potential equations — Formula (F.2) and Formula (F.4) — were discretized
using Galerkin FEM with piecewise linear basis functions. The elements were cubical, and the
degrees of freedom were the values of the electric potential at the corners of each cube. This
result¢d in a sparse matrix equation for the unknown scalar potential values. The matrix
equation may be combined with the geometric multigrid method and solved iteratively.

F.3 | Scalar potential finite difference method

The s¢alar potential finite difference (SPFD) method sets the branch current instead of the loop
currer]t. Defining scalar potentials (unknowns) at each node of a voxeli;abranch current flowing
from gne node to a neighbouring one along the side of the voxels is/derived, which inclydes a
vectorn potential due to the applied magnetic fields and impedance between the nod¢s. By
applyipng Kirchhoff’s current law at all nodes, simultaneous equations are then set. The potential

is thep solved iteratively. The electric field along the side ofithe voxel is obtained by dividing
the di?ﬁerence of the potentials between the nodes of the voxel by the distance across the nodes
and a@lding the vector potential.

6 6 6
ZSn@l _[zSn]% Ny ]a)Z(_1)n SnlnAOn (FG)
n=1 n=1

n=1

where|S,, ¢,, [, @, and 4,, denote the"edge conductance derived from tissue conductivity, the

scalar| potential, the length between-nodes, the angular frequency and the magnetic yector
potenfial, respectively. The matrix-equations for SPFD were solved iteratively by an itgrative
matrix| solver. An algebraic or@@éometric multigrid method can be also combined into the method
to accelerate the computation42], [43].

F.4 |Impedance method

The impedance.method (IM) models an inhomogeneous human body as a three-dimensional
impediance network [44], [45]. Each voxel is associated with dielectric constants correspgnding
to the|location in the human body model. Since the impedance is assigned at each edge|of the
voxel,|the impedances are determined by an average of the dielectric constants of four adliacent

£ ; o ! Ll A & .
Voxel\., e grorantmpetancearongmex~airectot

L L (F.7)

jw‘gOéa |i,(/',k lylz

Zy |i,j,k:
where w and gy are the angular frequency and free-space permittivity, respectively. [, ly, and

[, are the edge lengths in the x-, y-, and z-directions, respectively. ¢, denotes the average
complex relative permittivity, i.e. for the x-direction,

) Eli ke Tl jorn el ot Yelijurprr . ik
a li,j k= 4 " ] s Elij k=& ik .' (F.8)
J@ég
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&l ik and ‘7|iJ,k are the relative permittivity and conductivity, respectively, associated with the

voxel at the location indexes i, j, and k. Once the impedance network has been constructed,
the induced loop currents at each voxel face are then determined by applying an electromotive
force due to Faraday’s law and solving the system of equations with the successive
overrelaxation (SOR) method. After the loop currents are obtained, the line currents along the
edges of each voxel can be calculated from four loop currents surrounding each edge and the
current at the centre of each voxel is determined by averaging the four-line currents in each
direction. Finally, the internal electric field is then computed using the following equation, e.g.
for the z-component electric field,

m Lt 4
E; |i,j,k: — /1 (F.9)
0l jx Fioege, |ijx L,

where| I7 |, ;, is the z-component current at the centre of the voxel at the location indexegs i, j,
and k.

F.5 | Finite-difference time-domain method

The fipite-difference time-domain (FDTD) method, as first proposed by Yee in 1966, is a method
for full-wave analysis [46]. It was first used to evaluate absorption in heterogeneous tissjues in
1975 |47]. In this method, electric and magnetic fields are directly discretized in the time and
space| domain, respectively, and the central difference is used in the discretization prpcess.
The mesh is based on cubical cells. Mathematically*speaking, the algorithm is called 4 leap-
frog. The update equations are used in a leap-frog §¢heme to incrementally march the E|and H
fields |forward in time. Since the method is an~explicit time domain method, the matrix
computation which is usually complicated is notheeded. Also, the method is suitable for pjrallel
computing [48], [49], [50]. The computational‘region must be truncated by a perfectly matched
layer absorbing boundary [51], [52].

F.6 | Hybrid technique of MoMand FDTD method

The cpncept of the hybrid MOM/FDTD method [53], [54] can be used. There are two arnalysis
regions: the MoM, which includes metallic structures such as coils or loops of WPT systems,
and the FDTD methodwhich includes biological bodies such as a human body. J, and JJ,, are
electric current densities residing on the WPT systems and displacement current depsities
inside|a biological.bedy, respectively. The displacement current densities J, are determifed as
follows [68], [69)

J, (") = jo ér 0 p(r') = joo (8 — e ) E(X) = jwzg (gr —1-;-2Z WE(r') (F.10)

Cr N wen J

where o, ér, e &» and o are angular frequency, complex relative permittivity, free-space

permittivity, relative permittivity and conductivity of biological tissues, respectively. E(r') is the
total electric field at a location r'. Then, the displacement current over a volume cell having
dimensions of Ax x Ay x Az, where Ax, Ay, and Az are the spatial intervals in the x-, y-, and z-
axes, respectively, is determined as

o

&g

I, (r") = 3, (A AxAyAz = jowe, (gr 1 JE(r')AxAyAz (F.11)

This displacement current will be used in the calculation of the scattered field from biological
bodies.
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Calculation procedures of the MoM/FDTD method are as follows.

F.7

Step 1: Apply an incident voltage at the antenna terminal and determine the current
distribution J, on the WPT system.

Step 2: Radiated/scattered electric fields ES! at an observation point in the FDTD region are
calculated by using the following equation:

. 1 1 1 1] ]
ES'(r) = jkOI’IOJ.|:Ja(l‘)+%VV 3, (1") | Gydr

wh

frege-space Green’s function, R = |r — r'|, r is an observation point, r' is a source

CH
to

St
wi
co
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big

wh
ce
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co

they are treatedyas an additional source in the MoM. J, obtained in this step must be
those obtained in the previous iterations. Steps 2 to 5 are then repeated until the

to
Cco

Iculated electric field ES1 is then transformed into the time-domain sinusoidal"wav
be used as an incident field in the FDTD method.

bp 3: The total electric field, along with the SAR, inside biological bedies are calc
h the FDTD method. After the variation in the SAR or internal\electric field
hsecutive time step is less than 1075, the FDTD calculation stops:

bp 4: The displacement current inside biological bodies is calculated. Since the c¢g

the FDTD method is small (on the order of one-tenth to one-twentieth of the wave
bnalysis frequency) the displacement current inside a celhcan be considered infinite

logical bodies can be calculated by using the following equations:

Ny —jkoR,

. e . D .
E%(r) = —Jkozm{no (¥ —p,,)+z970(1p —3pp)}
p=1 P

R, -j, )R
Rp Rp ]kORp

ere N, is the number pf voxels comprising biological bodies and i, = Ih(rp)
htre coordinate of the pth voxel.

’ rp

bp 5: Induced voltages on metallic elements in the MoM region are calculated
hventional MoM procedures using the scattered field in Step 4 as an incident field.

hvergence of the antenna input impedance or input power is reached.

(F.12)

ere ky is the wavenumber, 7 is the intrinsic wave impedance, G, represents theg dyadic

point.
eform

ulated
at the

Il size
ength
simal.

nsequently, the scattered electric fields at an arbitrary observation point outside the

(F.13)

(F.14)

is the

by the
Since
added

Hybrid technique of FEM and SPFD method

In this hybrid technique [55], the external magnetic induction field B is solved using any finite
element method (FEM) approach [56], [57], while the internal electric field E is evaluated with
the SPFD described in F.3. Specifically, the values of the current on the coils are needed to
calculate the magnetic field behaviour while taking into account the ferromagnetic materials
(e.g. shielding ferrite) and conductive materials (e.g. the car chassis). The resulting magnetic
field is then exported with a fixed grid resolution and imported in any low-frequency (LF)
magneto-quasi-static (MQS) solver based on the SPFD method, which has shown to work up
to about 10 MHz [58]. In this method, the electric field is obtained starting from the knowledge
of the magnetic vector potential A.
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Annex G
(informative)

Averaging algorithms

Current density averaging over an area

General

The averaged current density J,, according to [2] is calculated on a circular surface with an

area A
follow

- Cce

o- The tissues of the anatomical models in which J, is calculated should distingui
ng groups:

htral nervous tissue;

- pelipheral nervous tissue;

- ot

Deper
arem
a sing
condu
select
tissue

For th

or tetn
maxini

G.1.2

For C
calcul
of the
using

er tissues.

sh the

ding on the numerical algorithm to calculate the induced fields| the anatomical models

pshed using either Cartesian voxels or tetrahedra. Each voxel or tetrahedron is asg

igned

e tissue which belongs to one of the three groups and which has one particular electric

ctivity value. For the calculation of J,, in an anatomical model, its tissues sho

ed from one or more of the groups listed above. Xoxels or tetrahedra with unse
5 should be disregarded by the averaging algoritim.

e calculation of J,,, the current density vectoer'should be determined for each voxel (

ahedron (G.1.3) and then averaged overcone or more voxels or tetrahedra (G.1.3)).

um J,, of all voxels or tetrahedra should be reported.

Calculation of the current density in a Cartesian voxel

artesian computational meshés or voxel based meshes, a current density veq
ated for each voxel. The twelve E-field components are calculated by linear interpq
vector components on the E-fields on the voxel edges (Figure G.1) into the voxel
Formula (G.1), Formula (G.2) and Formula (G.3).

X

E = %(Eh +Ey, +Es, +Ey,)

ild be
lected

tor is
lation
centre

(G.1)

(G.2)

1
E, = Z(Ew +Ey, +Ey, +Ey, |

E :%(Ek +E22 +E3z +E4z)

z

(G.3)

The current density vector is calculated by multiplying the interpolated E-field vector by the

electri

cal conductivity assigned to the voxel.
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G.1.3

For th
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G.1.4

Jav
or altg

a) Ds

sh

Ccu

Ddtermine a circle with the area 43and the direction of the current density of the

ve
Tr

Ini
co

1)

2)
3)

Cdlculate the contribution of each triangle ¢ in the circle to the averaged current densJ

Y

E7r

7
E1x

X IEC
Figure G.1 — Field components on voxel edges

Calculation of the current density in a tetrahedron

pated in the gravitational centre of each tetrahedron by evaluation of the respectivg
hts. It should then be multiplied by the conductivity assigrned to the respective tetrah

Calculation of J,,

rnatively for each voxel or tetrahedron according to the following steps.

termine the direction of the current density vector j, at point v or in the centre
rent voxel v or tetrahedron v in termsof the normalized vector n,,.

ctor.
angulate the circle with a.maximum edge length of sqrt(4,)/10.

htributing to J,, ofithe current voxel v or tetrahedron v.

Determing.the current passing through each triangle /, by multiplying the current
vector 'calculated in its centre by the normalized vector n, and the dimensions
respeetive triangle.

NOTE 1 The current through the triangle + may be very different from the current of the vox
tetrahedron v for which J,  is evaluated. Only the part of the current that is parallel to the current o

the voxel v or tetrahedron v is considered.

If 7, is positive, add it to /, and add the area of the current triangle ¢ to 4,,.

After iterating over all triangles of the circle, calculate J,, by dividing I, by 4,,.

e calculation of the current density in the tetrahedra, the electric field vector shopld be

finite
edron.

buld be evaluated for all points sampled on a rectilinear grid at a step width of sqrt(4,)/10

of the

ormal

fialize two variables_/; and 4, to zero. These variables contain the current and the¢ area

ty Joy:
ensity
of the

el v or
f the of

NOTE 2 This algorithm automatically adapts the size of the averaging area to structures or current paths
of the cross sections which are thinner than the area of the averaging circle (e.g. peripheral nerve cords)
and reduces the dimensions of the averaging area at tissue-air interfaces. As a result, excessive

overestimation due to a reduced averaging area is prevented.
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G.2 E-field averaging in a cubical volume

The averaged E-field in a selected tissue group within cubical volumes should be evaluated
using the following algorithm:

a) The magnitude of the local E-field should be sampled with a grid step of dy < 0,7 mm at the
centre points of virtual voxels with an edge length of d,. For evaluation in anatomical voxel

models, the virtual voxels should be aligned with the anatomical voxels such that the virtual
voxels do not intersect with anatomical voxel surfaces, but are each fully contained in an
anatomical voxel. For example, for a 2 x 2 x 2 mm3 resolution anatomical voxel model, each
anatomical voxel could contain 125 virtual voxels of 0,4 x 0,4 x 0,4 mm3.

b) Edch virtual voxel belongs to the tissue evaluated at its centre.
c) Foreach sample point, a cube C,,4 with initial edge length 44 = 2 mm should be-constructed.

d) For each virtual voxel which belongs to the selected tissue group, its volumie insid¢ C
shpuld be added up to V,g.

avg
e) While Vavg is smaller than 8 mm3, the edge length d4 should be increased to approximate
Vag = 8 mm3, but only as long as dy < dq pax = 4 Mm.

NQTE With this limitation, in the case of a voxel model with a thin nerve’of*0,5 mm diameter, the E-field in this
nefve would be averaged over a length of 4 mm, i.e. 8 voxels, instead of 82 mm with 64 voxels. A larggr d

of ¢.g. 8 mm could also be used.

f) Thie final V.

avg
its|centre point should be reported.

g) For the final Vavg all local E-field magnitudessshould be multiplied by their virtual Joxel’s
partial volume inside C,, 4y and summed up_ The sum should be divided by V4. The resulting

E,f,4 should be assigned to the virtual centre voxel.

1,max

should not exceed 8 mm3 by more than 0,1 %, the smallest 7,

avg 1ts ¢4 and

G.3 | E-field averaging along an averaging distance

G.3.1 General

The averaged E-field along an averaging distance should be evaluated by calculating the
voltage difference AV on-two points in a tissue or a group of tissues and dividing it by the
averaging distance dg\IVis assumed that quasi-static conditions are met (G.1.3) such tHat the

E-field integral overthe distance d, can be regarded as independent from the actual integration

path. For exposdre-to E-fields at higher frequencies or to magnetic sources, the E-field integral
can np longef be assumed to be independent of the integration path. The E-field avefaging
algorifhm n&eds to consider this by finding a path that maximizes the integral of the E-field
vector]{along this path. For typical mesh resolutions in anatomical models, the computational
effort [forfigorous search of the path that maximizes the E-field integral can be assurI

significantly exceed available resources.

ed to

Hence, the integration path of the E-field is constructed following the direction of the E-field
vector through the tissue groups that are evaluated. For the quasi-static case, this method will
identify the path that correctly calculates the voltage difference AV if the mesh resolution is
sufficiently fine. For the general case, this method is expected to yield convergent results if the
mesh resolution is refined.

If the E-field in the domain of interest is assumed to depend on the phase of the field source,
the maximization should be carried out by integrating the real part of the E-field vector for seven
different phase steps of 45° of the field source.
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The tissues of the anatomical models in which E, is calculated should distinguish the following
groups:

e central nervous tissue;

e peripheral nervous tissue;

e other tissues.

Depending on the numerical algorithm to calculate the induced fields, the anatomical models

are meshed using elements, i.e. either Cartesian voxels or tetrahedra. Each element is assigned
a single tissue which belongs to one of the three groups. For the calculation of E,, in an

anatomical maodel, its tissues should be selected from one or more of the groups listed above.
Elemgnts with unselected tissues should be disregarded by the averaging algorithm.

To improve the accuracy, e.g. in case of large tetrahedra of higher finite element aorder, yirtual
voxelq can be used as elements in the following algorithm. These should be created by sampling
the volume with a constant sampling step dg < d,/5.

G.3.2 Algorithm to construct the integration path

The irftegration of the E-field vector along a path with the length™of the averaging distapce d,
should be carried out based on the following assumptions:

e Edch element that belongs to the selected group of the“three tissue groups listed |n G.3
shpuld be used as a starting point for the integration path.

e For each element, the E-field vector should be Jinearly interpolated into or evaluateq in its
gravitational centre. The reference location foreach element should be assumed tg be in
the gravitational centre, as well.

The integration path should be determined.in the following steps.
a) Ddfine two variable arrays that store\a) the dot product of the E-field vector and its difection

and b) the location of the gravitational centre of the element.

b) At|the starting element, determine the direction of the E-field vector and the dot prodquct of
the E-field vector and its direction. Store the result and the location of the vector in their
respective variable arrays.

c) ldentify the face of-the voxel or tetrahedron through which the current direction pector
pagses. If the direction vector passes through an edge or vertex, all faces adjacent fo this
edge or vertex should be considered in the next steps.

d) Fof the faces/identified in Step c), identify the elements that share these edges.

e) If po elements can be identified in Step d), disregard the current starting voxel and prpceed
to the next one.

f) Folr_all elements identified in Step d), determine the one with the maximum |E|. Store this
|E|] and its location as part of the path for the current starting element.

g) Calculate the distance covered by the path. If the distance is less than d, return to Step c)
and add the next element.

h) Calculate the sum of the stored |E| and scale it to the target distance d,. Assign it to the
current starting element.

i) Proceed to the next starting element and return to Step b).

Report the overall maximum of all elements. If no maximum could be determined (see Step e))
over the entire computational domain, report an error message.
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Annex H
(informative)

Code verification and model validations

H.1 Code verification

H.1.1 Introduction

The implementation of a numerical code used in analyses should be verified for technical
correjtness by the manufacturer or the user according to the benchmarks defined in Annex H

and in the referenced standards. The verification carried out by the manufacturer §hould be
docunmented such that the user can reproduce it. Only a code which has been verified_accprding
to the|methods described here can be used for determining the induced quantities’ in the human
body [for wireless power transfer systems. The following sections describe or refgrence
benchmark tests for the verification of full-wave and quasi-static methods as‘well as the reguired
averaging techniques listed in 7.1.

Full wave finite element and finite-difference time-domain codes should be verified accprding
to the|protocols specified in [28], [29].

NOTE |Definition of verification benchmarks for other numerical full wave~codes will be provided in a next rgvision,
but [28], [29] can be consulted.

H.1.2 Quasi-static codes
H.1.2/ Introduction

Accorgling to Table 3, different quasi-static algorithms can be applied to numerically gyiantify
the eXposure of the human body. Hence, ne comprehensive methodology can be defingdd that
would| be appropriate for the verificationZof all applicable codes and their implementations.
Therefore, to verify the implementation of a quasi-static algorithm, its numerical results $hould
be compared to those given for the benhchmark.

H.1.2.2 Homogeneous sphere exposed to magnetic field

The clirrent density indueed in a homogeneous sphere by a Helmholtz coil should be evajuated
and compared to reference results. The sphere has a radius of 0,5 m and is positioned|in the
centrd between twg circular concentric loops. Its conductivity is o = 0,2 S/m. The radii|of the
loops fand their séparation distance is 1 m. The current density should be evaluated within the
spher¢ on theraxXis of the two circular loops starting in the centre of the loop and using p step
size of 10 mm.-The results should be compared to the analytical solution of [59], [60].

The Btfield on the axis of the Helmholtz coil is given as

o 1—a2—ﬁ2

= E(x)
na«l(1+a)2+[5’2 “ (1+06)2+,32—40c

where [ is the loop current, « is the radius of the loops, a = r/a, f = dl/a, r is the position on the
axis, and 2d is the separation distance between the loops. F(x) and E(x) are the complete
elliptical integrals of the first and second kinds.

By, + F(x) (H.1)

The current density in the lossy sphere can then be calculated as

J(r)y=nfoBr (H.2)
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where f'is the frequency.

H.1.3 Quasi-static codes for the calculation of the incident magnetic field
H.1.3.1 Introduction

Depending on the application, quasi-static codes for the calculation of the induced field

s may

merely calculate the fields in coils with known currents or may additionally calculate induced

eddy currents in metallic conductors in the environment of the coil or the exposed body.

H.1.3.2 Loops with known currents by evaluation of Biot-Savart’s law

The correct implementation of interpolation and superposition of vector field components s
be vetified by evaluating the fields from three loops L4, L, and L3 with DC currents-of . di

hould
ferent

amplitudes and phase offsets. The loops should have diameters of 200 mm. The naormal axis of

the firgt loop should be aligned with the z-axis of the coordinate system, the normal axis
seconfd loop should be aligned with the x-axis of the coordinate system centred with it
point ¢n the origin, and the normal axis of the third loop should be aligned(with the y-axis
coordinate system. The distances between the feed points should be 150-mm. The loops 5
be madelled as perfectly conducting filaments.

The amplitudes and phases of the loop currents are given in Table'H.1. The x-, y- and z-
compagnents of the magnetic fields should be evaluated on two cubical surfaces with

ing to the format defined in Annex B aof,IEC/IEEE 62704-4:2020 [29]. The ma
deviatjon of the H-fields should be reported in.Table H.1. The maximum permissible de
from the reference results is +1,0 %.

of the
5 feed
of the
hould

vector
edge
cube,
vector
red to
field
a file
imum
iation
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Table H.1 — Interpolation and superposition of vector field components;
maximum permissible deviation from the reference results is 1,0 %

Excitation

Amplitudes
and phases

Maximum deviation from
reference on 175 mm cube

Maximum deviation from
reference on 300 mm cube

consecutive

I=1A, ¢=0
:1=0,5A, ¢=90°

(I1=2A, =180°

:I=2A, $=0

TT=2A, g=90

(I=2A, $=0°

:I=1A, ¢=180°
:1=0,5A, ¢=90°

(I1=2A, =180°

simultaneous

“I=1A, 4=0
:1=0,5A, ¢=90°

(I1=2A, =180°

I=2A, $=0
(I1=2A, ¢=90°

:I=2A, $=0

:I=1A, ¢=180°
:1=0,5A, ¢=90°

(I1=2A, =180°

H.1.4
H.1.4.

Curre
Subcl

H.1.4.

For n
verific

1 General

Averaging algorithms

2 Peak spatial-average SAR

tly code verification is only available for calculating the peak spatial average
use H.1.4 describes recommended procedures for other averaging algorithms.

Limérical algorithms operating on Cartesian meshes, such as FDTD or QS-FI

SAR.

D, the

ording

to [28]. For numerical algorithms operating on other meshes, the verification should be carried

out according to [29].

H.1.4.3

Whole-body average SAR

A constant electrical field vector with an amplitude of 1 V/m should be assumed inside the
anatomical model. The anatomical model should be discretized with voxels or tetrahedra with
edge lengths of up to 1,0 mm. The direction of the field vector should be varied over the solid
angle in steps of 45° in theta-direction (five steps) and phi-direction (nine steps). For all
combinations of phi and theta, the whole-body average SAR according to 7.3.3 should be
calculated considering a) central nervous tissue, b) peripheral nervous tissue and c) all body
tissues.

NOTE Anatomical model and results of the whole-body average SAR should be reported.
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H.1.4.4 Averaged current density over an area

A constant electrical field vector with an amplitude of 1 V/m should be assumed inside the
anatomical model. The anatomical model should be discretized with voxels or tetrahedral with
edge lengths of up to 1,0 mm. The direction of the field vector should be varied over the solid
angle in steps of 45° in theta-direction (five steps) and phi-direction (nine steps). For all
combinations of phi and theta, the averaged current density should be calculated according to
the algorithm of Clause G.1. It should be applied over a) central nervous tissue, b) peripheral
nervous tissue and c) all body tissues. The area 4, should be set to 1cm?2,

NOTE Anatomical model and results of the averaged current density should be reported.

H.1.45 Averaged E-field in a cubical volume

The SAR Star specified in [28] is exposed to a magnetic field with a constant amplitude of (1 A/m
at a frequency of 100 kHz. Three averaged E-fields should be evaluated for orientation |of the
H-field vector along the x-, y-, and z-axes. The SAR Star should be centred about the orjgin of
the coordinate system. The following conductivities should be assigned to.the different r¢gions
of the|SAR Star:

e | outer layer: &, = 1; 0= 0,1 S/m;
e [ core and inner cube: & =1; = 0,02 S/m.

NOTE |At a frequency of 100 kHz, the impact of the permittivity on the field distribution is negligible. It is specified
here bgdcause it may be required, e.g. by full wave solvers, which can also operate in the quasi-static frgquency
range. The mass density of the layers of the SAR Star is not relevant.

The Elfield should be averaged over a volume of 1:¢m3. Results should be reported usipg the
table format specified in Annex C.3.2 of [28], where the column for the mass should be filled
with zeros, and the columns for the local SAR”and averaged SAR should be filled with the
amplitude of the local E-field and of the averaged E-field. The result of the verification ghould
be compared to reference results. The maximum permissible deviation of the averaging vplume
is 0,000 2 % and the maximum permissible deviation of the local and averaged E-field is 10 %.

H.1.4.6 Averaged E-field along a line

A conptant electrical field vector with an amplitude of 1 V/m should be assumed insigle the
anato1nica| model. The anatomical model should be discretized with voxels or tetrahedrja with
edge lengths of up to #;8-mm. The direction of the field vector should be varied over thg solid
angle|in steps of 45°;in theta-direction (five steps) and phi-direction (nine steps). For all
combihations of phiiand theta, the algorithm of Clause G.3 should be applied over a) gentral
nervolis tissue, H)_peripheral nervous tissue and c) all body tissues.

The Ejfield-should be averaged over a distance d, of 10 mm. Results should be reportefl over
the er]tire body.

H.2 Model validation

H.2.1 Introduction

Evaluation of the compliance with basic restrictions can be carried out in an entirely numerical
approach or in a combined numerical and experimental approach. While the entirely numerical
approach requires the development and validation of a numerical model of the field source (or
the device under test) and the integration of both the model of the field source and the
anatomical body model or phantom in the computational domain, a combined numerical and
experimental approach may directly feed the incident field in the computational domain which
then contains only the anatomical body model or the phantom. While the latter case is
particularly suitable for exposure evaluation using the quasi-static evaluation, both approaches
require the experimental assessment of the incident field at the location of the anatomical body
model or phantom. In the frequency range where a full-wave evaluation is required, the impact
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of the electrical load of the anatomical body model or phantom on the field source should be

considered appropriately.

H.2.2 Recommendations for the development of the numerical model

The development of a numerical model of a field source for compliance testing requires the

selection of the appropriate details to be represented in the computational domain. In

many

cases, not all required information may be available. Hence, only general recommendations for

the development of the numerical model are provided here.

e The model of the field source should be based on its original CAD data.

o |f kammmﬁmﬁhmm - i i i i
the model.

e Al parts of the environment that are relevant for the distribution and amplitude
ingident fields should be integrated in the model (body of a car, magnetic shielding, §

e Dgpending on the frequency range, coil currents may be assumed to be'constant oV
enLire extension of the coils.

e Thle real operation conditions of the field source should be considered to determi
cufrent amplitudes in the coils. These include charging control<gircuits, charging st3
the battery, etc. The inductances of the coils are generally not sufficient to determi
cufrent amplitudes in the coils.

H.2.3 Determining the validity of the field source

The validation of the numerical model of the field sourcevshould be carried out according
follow|ng steps.

d into

of the
tc.).

er the

ne the
tus of
he the

to the

a) Ddfine a set of evaluation points encompassing the volume of the exposed anatomical body

maqdel or phantom.

b) Inthe frequency range where a full wave evaluation is required, i.e. when the conditig
the quasi static approximation do.net hold, the coupling/back scattering caused
diglectric load (human tissue) should be considered. The dielectric load can be a ph
that is equivalent to the exposed human body at the location where the expos
evpluated.

c) If ho dielectric load is present, measure the incident field (E-field or H-field ampli
digtribution in the volume defined in Step a). The probe should be sufficiently small, i
erfor due to the field*gradient should be smaller than 1 dB. The measurements ;5
inglude the entire exposed volume. If this is not possible, the distance to the exy
boundary shall.not exceed 10 mm. If a dielectric load is present, measure the incidern
on|the surfaces both in front of and behind the dielectric load, or measure the induce
us|ng a dosimetric probe.

d) Ngrmalize the experimental field data, Vs, , to the measured output power or coil cu

ns for
by the
antom
ure is

udes)
e. the
should
osure
t field
d field

rents.

e) Determimethreexperimemntatuncertainty, U 5, of theevatuation

f) Normalize the numerical near-field data vy, , (simulated E-field or H-field amplitude)
simulated output power or coil currents.
g) Determine the numerical uncertainty Ug;,

h) At every point n for which Vi, or Vgn, is larger than 5 % of the maximum measu

to the

of the near-field evaluation according to Table 5.

red or

simulated value MAX(vsim,n \vref,n) validate whether the deviation between the measured
n

value at point n, Ve, and the simulated value vy, are within the combined uncerta
U,ef and Uy, by evaluating

inty of
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2
E :\/ (Vsim,n_vref,n) <1 (H3)

n 2 2
Vsimn *Usim@=2))" + (retn X Urefk=2))

If the deviation is within the combined uncertainty, i.e. if £, <1 for any considered point, the
DUT model is valid. If U, < U, U.:. is the uncertainty for the DUT model, otherwise U

ref sim» Ysim
If £, > 1, the DUT model is not valid and should be revised.

ref-

NOTE The subscript reference in the expressions above refers to the experimental reference results.
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Annex |
(informative)

Use cases

EV (SWPT)

Determination of user position

Three physical regions are defined, to facilitate EMF safety management of the wireless

charging system as shown in Figure 1.1 and Figure [.2.

e Argea 1 is the entire area underneath the vehicle, including and surroundingcthe wi
power assemblies. Area 1 should not extend beyond lower body structure edges*(e.g.

pa

e Ar
an

e Ar

Itis n

normdlly accessible to public and vehicle passengers. The\procedure at Area 1 ¢

refere

Areas

procedlure covers only Areas 2 and 3 to assess compliance to public exposure guideline

Key
Area 1:

Area 2:

els or lower edge of bumpers).

ba 2 is the region outside the periphery of the vehicle. The boundary-between Re
d Region 2 extends downward from the lower periphery of the vehicle body sides.

ba 3 is the vehicle interior (vehicle cabin).

bt within the scope of this Annex | to define a procedure at Area 1 because Area 1

hced from Annex K.

2 and 3 are both accessible to public and vehicle/passengers. Therefore, this asses

/5

@ (o @
e
0 L)
(1)

Regioni 1} width
(same as lower body)

IEC

Area.of.operation

Area_surrounding the vehicle

reless
rocker

gion 1

is not
an be

sment

b.

Area 3:

venicle interior

Figure 1.1 — Example for areas of protection,
for ground mounted systems (vehicle) [61]
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Key
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T
1
.

IEC

1 Area of operation

2 Aref surrounding the vehicle

3 Vehlicle interior

1.1.2
1.1.2.1

There
the b3

Any of the four steps can be selected, depending on which is the most practicable fi
expospre scenario.

Figure 1.2 — Example for areas of protection, for ground mounted systems
(using vehicle mimic plate)

Assessment procedures considering direct effects for WPT system for EV|
General

are four steps to assess the WPT exposure for EV use ahd-demonstrate conformit
sic restrictions and/or reference levels as described in¢Figure 1.3 and based on Fid

y with
ure 2.

or the
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START

WPT

Low frequency (< 100 kHz)

A4

Evaluation based on transmit power or current Pass

(O Possible exclusion power level (1.1.2.2)

fait

Evaluation of incident fields against reference levels
> reference level by spatial sampling and average method (1.1.2.3)

* Hp,,ax Measurement or calculation
* 3 points H,,,, measurement or calculation

Pass

Fail

A 4

Evaluation of incident fields against basic restriction

> coupling factor k| based on the analysis of localized‘exposure
scenarios (1.1.2.4a)

> coupling factor kg based on the generic gradient source model
method (GGSM) (1.1.2.4b)

Pass

Fail

Evaluation of internal electric\field against basic restrictions
> human models and calculation methods (1.1.2.5)

Pass

lFai.

Noncompliant

Figure 1.3 — Flowchart for EV and vehicle
mimic plate assessment (direct effect)

1.1.2.2 Evaluation based on coil current

A

4

Indirect effect

IEQ

The eyaluation based on coil current for EV can be used. The procedure of the evalua

defineld\in/b.2.2.

tion is

1.1.2.3 Evaluation of incident fields against reference levels

1.1.2.3.1 Vehicle

a) Assessment of incident H-fields of Area 2

1) The offset (x,y) in Figure 1.4 should be determined experimentally or based on
specifications provided by the device manufacturer because the maximum offset to allow
energy transfer as well as the stray fields strongly depends on the design of the WPT

coils.

2) Transmit efficiency should be kept at more than 80 % at the offset position.

3) The maximum magnetic field strength in Area 2 is measured at 0,2 m from the charging
automobile using the WPT system and compared to the reference level as shown in

Figure 1.4.
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4) If it exceeds the reference level, it is possible to use the spatially averaged value in the
area occupied by human body. In that case, the averaged magnetic field strength which
is measured on a plane at 20 cm from the closest accessible point and three points
(0,5 m, 1 m, 1,5 m) in height, as shown in Figure 1.4, can be used.

b) Assessment of incident H-fields of Area 3

1) The maximum magnetic field strength in Area 3 is measured during charging. The field
at 0 cm or 10 cm surface for the driver’s seat and the closest seat to the primary coil is
measured and compared to the reference level of the magnetic field strength. The field
at the surface for each seat can include the floor flat surface, as shown in Figure 1.5.

2) It is possible to use the spatially averaged value. In that case, the spatial averaged
mngnpfir‘ field ernngfh can be calculated based on the average of four values measured

ata, b, cand d in Figure 1.5.

M 0,2

Primary coil centre
02 3 Y

Secondary coil centre

=° T

Primary coil centre,  Secondary coil centre IEC

Key

N

Primary device
Secpndary device
EV

Virtyal\area for scanning the worst-case position

Probe (P)

a b WO N

Figure 1.4 — Area 2 measurement position (SWPT)
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@

. travel range forward/backward, centre position

i
ii. travel range in height, centre position

-

centre

_________________________ _— -

~~- centre Key

. centre position of headrest
. centre position of backrest

Key

o O T o

. centre position of seat
. centre position of-floop flat surface

o 0T

centre

Cq

Cq

Cq

Cq

1.1.2.3

a) Asjsessment of incident H-fields of Area 2

1)

vel range forward/backward, centre position
vel range in height, centre position

ntre position of headrest

ntre position of backrest

ntre position of seat

ntre position of floor flat surface

.2 Using vehicle mimic‘plate

centre centre
IEC

Figure 1.5 — Area 3 measurement position

The offset (x,y) in .Figure 1.6 should be determined experimentally or based on
specifications proyided by the device manufacturer because the maximum offset tq allow
energy transferas well as the stray fields strongly depends on the design of thg WPT
coils.

Unless stated otherwise in this Annex I, the setup should be performed according to
IEC 61980-3.

Transmit efficiency should be maintained more than 80 % at the offset position.

The maximum magnetic field strength in Area 2 is measured at 0,2 m from the Vehicle

ADT oy eamnarad o |r\\lr\l a5 Sh‘:’wn In

A mlota ot tha ) atom ond tha rafaranaa
T e PTratC— aSTiy aic— vVl T oyStoTi altad ouThparcU—to— e ToTeTeTTot

Figure I.6.

If it exceeds the reference level, it is possible to use the spatially averaged value in the
area occupied by the human body. In that case, the averaged magnetic field strength
which is measured on a plane at 20 cm from the closest accessible point and 3 points
(0,5m, 1 m, 1,5 m) in height as shown in Figure 1.6 can be used.

Assessment of incident H-fields of Area 3

1)

2)

The maximum magnetic field strength in Area 3 is measured during charging. The field
at 0 cm or 10 cm surface on the vehicle mimic plate is measured and compared to the
reference level of the magnetic field strength.

It is possible to use the spatially averaged value. In that case, the spatially averaged
magnetic field strength can be calculated based on the average of four values measured
ata, b, canddin Figure I.7.
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Figure 1.6 — Area 2 measurement posﬂ\‘&'l of vehicle mimic plate (SWPT)
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Vehicle mimic plate
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Figure 1.7 — Area 2 measurement position of vehicle mimic plate (SWPT)
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1.1.2.4 Evaluation of incident fields against basic restriction

a) Coupling factor k| based on the analysis of localized exposure scenarios

1) Vehicle — The coupling factor & 0,15 for ICNIRP 2010 [3] and 0,035 for ICNIRP 1998 [2]
and ICNIRP 2020 [4] can be used for EV use case [62]. The conformity assessment

procedure is defined in 5.2.4.2.

2) Using vehicle mimic plate — The coupling factor £ 0,15 for ICNIRP 2010 [3] and 0,035
for ICNIRP 1998 [2] and ICNIRP 2020 [4] can be used for EV use case [62]. The

procedure of conformity is defined in 5.2.4.2.

b) Coupling factor kg based on the generic gradient source model method (GGSM)

1)

1.1.2.5

Calcu

1.1.3
1.1.3.1

Figure
Figure

system.

defined in 5.2.4.3.

Evaluation of internal electric field against’ basic restriction

ation methods are described in Clause 7.

General

5.

Assessment procedures considering indirect effects for WPT system for EV

Vehicle — Evaluation of the GGSM can be used. The compliance against the|basic
restrictions can be confirmed directly. The measurement procedure is definedin,5(2.4.3.

The local peak magnetic field amplitude and the local gradient generated by thg WPT
system are measured at less than 0,2 m from the charging automobile,using the WPT

Using vehicle mimic plate — Evaluation of the GGSM can be used. The compliance
against the basic restrictions can be confirmed directly. The medasurement procedure is

The local peak magnetic field amplitude and local gradient'generated by the WPT slystem
are measured at less than 0,2 m from the charging automoébile using the WPT system.

I.8 presents a flowchart for the.'assessment procedure for EV use, which is baged on
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.3.2

Conformity assessmen No
considering
contact currents

Yes

WPT
Low frequency (< 100 kHz)

.3.21

Or T External H-Tield to [Fass
Formula (14)

(H1.3.2)

lFaiI
Or_| Contact current with

| grounded condition
(H.1.3.3)

v

0 External E-field
| | to reference level
Fail (H.1.34)

l Fail

o Contact current with
| ungrounded condition| |

Pass

=

(H1.3.5)
Fail Pass

IEC

Figure 1.8 —.Flowchart for EV use and
vehicle mimic plate assessment (indirect effect)

Assessment of external H-field to reference level

Vehicle

Thie maximum external*H-field in Area 2 is measured at 0,2 m from the charging automobile

us|ng the WPT syStem and compared to the reference level as shown in Figure 1.4.

If it exceeds thelreference level, it is possible to use the spatially averaged value in th

e area

ocfupied hy:the human body. In that case, the averaged magnetic field strength which is
megasured.on a plane at 20 cm from the closest accessible point and 3 points (0,5 n{, 1 m,
1,% m)dntheight as shown in Figure 1.4 can be used.

The maximum external H-field in Area 2 is measured at 0,2 m from the vehicle mimic plate

using the WPT system and compared to the reference level as shown in Figure 1.6.

If it exceeds the reference level, it is possible to use the spatially averaged value in the area
occupied by the human body. In that case, the averaged magnetic field strength which is
measured on a plane at 20 cm from the closest accessible point and 3 points (0,5 m, 1 m,
1,5 m) in height as shown in Figure 1.4 can be used.
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.3.3 Assessment of contact current with grounded condition
.3.3.1 Vehicle
The vehicle should be placed on the ground plane as shown in Figure 1.9.

After conducting the assessment of 1.1.3.2, the grounded metal plate should be placed at
the maximum external H-field. The plane of the metal plate should be placed vertical to the
vehicle body surface. The separation distance between the vehicle body and the grounded
metal plate should be determined by the surface of body or body part edge. (e.g. side mirror
for the body side or bumper for the front or rear) as shown in Figure 1.9.

If the external H-field is not measured, the grounded metal plate is moved to obtain the
maximum contact current

Thie mimic vehicle should be placed on the ground plane.

Affler conducting the assessment of 1.1.3.2, the grounded metal plate should be plaged at
the maximum external H-field. The plane of the metal plate should be placed vertical|to the
vehicle mimic plane surface. The separation distance between the vehicle mimic plate and
the grounded metal plate should be determined by the surface of the'body or body parf edge
as|shown in Figure 1.10.

If the external H-field is not measured, the grounded metal\plate is moved to obtdin the
mgximum contact current.

Dimensions|in metre

X Measurement point

0,5
<>
x Meter Tangent line of side mirror end
N—
< ——— >
. m
i T Secondary coil centre
L;,——— ———————— SR N I A Primary coil centre

v
<—>|

Primary coil centre

Secondary coil centre
IEC

Figure 1.9 — Configuration example of contact current with grounded condition:
(1) with vehicle
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.3.1.: Using vehicle mimic plate
h

Dimensions in metre

Primary coil centre
Secondary coil céntre

Primary coil centre Secondary coil centrée Ec

Figure 1.10 — Configuration example of contact current with grounded condition:
(2) with vehicle mimic plate

.3.4 Assessment of external E to'reference level
.3.4.1 Vehicle
Thle maximum external E in*Area 2 is measured at 0,2 m from the charging automobilel using

the¢ WPT system and compared to the reference level.

If it exceeds the reference level, it is possible to use the spatially averaged value in the area
ocfupied by the human body or the averaged electric field strength measured at the height
of 0,5 m, 1 m and.?,5 m above the ground.

Thle maximum external E in Area 2 is measured at 0,2 m from vehicle mimic plate usipg the
WIPT system and compared to the reference level.

If it exCeeds the reference level, it is possible to use the spatially averaged value in the area
occupied by the human body or the averaged electric field strength measured at the height
of 0,5 m, 1 mand 1,5 m above the ground.

.3.5 Assessment of contact current with ungrounded condition
.3.5.1 Vehicle
The vehicle should be placed on the ground plane as shown in Figure 1.11.

The ungrounded metal plate should be larger than 1,2 m x 1,2 m, as defined in 6.3.3 and
as shown in Figure 1.11.

The ungrounded metal plate should be placed on a non-conductive, low relative permittivity
(dielectric-constant) material (¢, < 1,4), at 100 mm (+0 mm, -25 mm) above the ground.
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After conducting the assessment of 1.1.3.4, the ungrounded metal plate should be placed at
the maximum external E. The plane of the metal plate should be placed parallel to the
vehicle body surface. The separation distance between vehicle body and the grounded
metal plate should be determined by surface of the body or body part edge (e.g. side mirror
for the body side or bumper for the front or rear) as shown in Figure 1.11.

If the external E is not measured, the ungrounded metal plate is moved to obtain the
maximum contact current.

.3.5.2 Using vehicle mimic plate

The mimic vehicle should be placed on the ground plane as shown in Figure 1.12.

(di

Affer conducting the assessment of 1.1.3.4, the ungrounded metal plate should ‘be placed at
the maximum external E. The plane of the metal plate should be placed jparallel to vehicle
mimic plate. The separation distance between the vehicle mimic plate-and the ungrounded
megtal plate should be determined by the surface of the body or body part edge. (e.g. side
mifror for the body side or bumper for the front or rear) as shown in-Figure 1.12.

If the external E is not measured, the ungrounded metal plate is moved to obtafin the
maximum contact current.

Dimensions [in metre

v7Z al

Meter
N

Insulating support 100 mm (+0 mm, —25 mm)

“_I Secondary coil centre
r=|- J' ------ ‘I ------ - - - Primary coil centre

Secondary coil centre  Primary coil centre

IEC

Figure 1.11 — Configuration example of contact current
with ungrounded condition: (1) with vehicle
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Dimensions
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Figure 1.12 — Configuration example of contact current
with ungrounded condition: (2) with vehicle mimic plate

Heavy duty vehicle EMF ‘'measurement procedure

General

VPT should operateiwithin 50 % and 100 % of the rated transmission power
Argeable Energy'Storage System] in charging mode) during the test. For determini
n of the worst-ease for testing the following procedure should be applied.

Step™

RESS
ng the

an with the field-probe according to IEC 62233 (100 cm? coil area) over the complete

fdee of an imaginary vertical plane which is located at 20 cm distance (centrg

) and

pa

allsl to each of the four sidesof the vehicle, see Figure .13 and Eigure 114

b) The 20 cm should be measured from the most outstanding point of the vehicle surface. The
plane should be limited by the size of the vehicle (sides, top) and the ground floor. The
centre of the probe should be in the imaginary surface. At least one point should be
measured and recorded in the test report for each of the four sides of the vehicle.

c) The centre of the measurement probe should at least be positioned in the middle of the
distance between the ground floor and the vehicle under the body during this scan
measurement.

d) No measurement is necessary at 50 cm above the height of the vehicle.
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Dimensions in metres
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4 Virtual area for scanning the worst-case position

P Probe

Figure 1.13 — EMF measurement for heavy duty vehicle: top view

Dimensions in metres
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1 Primary device
2 Secondary device
3 WPT bus
4 Virtual area for scanning the worst-case position
P Probe

Figure 1.14 — EMF measurement for heavy duty vehicle: side view
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1.2.3 Step 2

a) Atthe positions where there is the maximum reading (worst-case point) during the first step,
a final measurement should be performed for a minimum of 10 seconds. The reading at this
point should be recorded together with the exact position (x and y) in the test report and
should meet the applicable limits.

b) Measurements should be conducted in a nominal position and offset conditions which are
defined by system specifications. Measurements should be conducted in the optimum
operating position, see also Figure 1.13 and Figure 1.14.

c) The measurement is indicated as the arithmetic mean of the measured values (i.e. at 0,5 m,
1,0 m and 1,5 m), as depicted in Figure 1.14.

ssible
dicate
98 [2]

red on
the primary device(s). Manufacturers can use other methods‘te prove compliance w(th the
limits.

NOTE IEC 62233 provides information about MPE (maximum permiissible exposure).

NOTE 2 Exposure limits given in IEC 62233 Annex B (informative)“are for information purposes only and fthey do
not represent an exhaustive list of limits. It is the responsibility.ef the users of this standard to ensure that they use
the curfent version of the limit sets as specified by national @uthorities.

NOTE 3 The limitation follows the values of ICNIRP.“Guideline 1998 [2], ICNIRP Guideline 2010 [3] and
IEEE Sjd C95.6-2002 [5], etc.

1.2.4 Step 3

a) At|the positions where there isxthe maximum reading (worst-case point) during thI third
step, a final measurement should be conducted for a minimum of 10 seconds. The rgading
at each point should be recorded together with the exact position (x and y) in the testjreport
and should meet the applicable limits.

b) Thle measurement is indicated as the arithmetic mean of the measured values (i.e. at p,5 m,
1,0 m and 1,5 m) such as shown in Figure 1.15.

c) The measurement”values obtained are used to determine whether the fields comply with
exposure limitssby comparing them with the field limits for general public exposure slich as
the reference levels or basic restrictions from the ICNIRP, MPE (maximum permissible
exposure)sfrom the IEEE or in national regulations.
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Dimensions in metres

1.3

1.3.1

Drone
gener
limiteq

Virtual area for scanning the worst case position on all floor
IEC
Key
1 Measurement point of driver floor.
2 Virtual area for scanning the worst-case position on entire floor

Figure 1.15 — Measurement _points on the inside floor of WPT bus

Drone

Introduction

s refer to unmanned* aerial vehicles (UAV) that can be controlled by radio waV
hl, the operating\time of a drone is currently less than 20 minutes to 40 minutes

es. In
Hue to

battery capacity. In order to increase the operating time, the WPT technology is a

to chs
huma

evaluated human exposure to EMFs should conform to electromagnetic exposure guid
recommendations, or legislation.

rge the drene. As the WPT systems for drones are used above several tens of
exposuré. to electromagnetic fields (EMFs) is increasing accordingly. Therefor

pplied
watts,
e, the

Tlines,

1.3.2
1.3.2.1

Assessment procedures of WPT system for drone

General

a) 1.3.2 provides the assessment procedures for considering the direct effects of EMFs from
the WPT system for drone. The direct effect deals with the internal electric field or current

de

nsity, and/or SAR.

b) According to the exposure guidelines both stimulation and thermal effects need to be
considered for the WPT system for drone at the frequency range between 100 kHz and
30 MHz, and the stimulation effects are applicable to the WPT system for drone at frequency
less than 100 kHz.

¢) A human body may be situated close to the WPT system for drone (e.g. 20 cm or less).
Therefore, it is possible to assess the exposure in an area at a distance < 20 cm from the
WPT system.
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1.3.2.2 Assessment of incident field around the WPT system for drone

Testing of the WPT system for drone should be assessed during the maximum charging current
state, but consistent with the normal operating conditions as specified by the manufacturer. For
evaluating the incident field against reference level, the following procedure should be applied;

The spatial averaging may not be practical if only a small part efithe body is exposed
WPT system for drone. Electric and magnetic field strengths mady be spatially average
the exposed regions of the human body, with the important provision that the basic restr
for locial SAR and current density or internal electric field are not exceeded. The detailed m
of sp

Step 1: Scan with the field-probe over the complete imaginary vertical plane which is located
at the normal user distance (d) (e.g. 20 cm or less from the WPT system) and parallel to
each side of the WPT system (charging station). Figure 1.16 shows the measurement
position for the WPT system for drone. The edge of the probe should be on the imaginary
surface. At least one point should be measured and recorded in the compliance testing
report for each side of the drone.

St
megasurement should be performed. The reading value at this point should he_ req
together with the exact position in the compliance testing report.

Stép 3: The maximum field strength is compared to the reference levelof the exp

g

Step 4: If the electric and magnetic field strength exceed the reference level, proceed

n

ujdelines.

ekt evaluation step using the coupling factor k| or kg according t0-572.4.2 and 5.2.4

ial averaging is not mentioned in this document.

s

-————

Top view

bp 2: At the position where there is the maximum reading point (worst-case poin|t), the

orded

osure

to the
3.

to the
1 over
ctions
ethod

Key

Primary devices
Secondary devices
Charing station
Drone

Virtual area for scanning the worst-case posit

Front view

Field probe
IEC

LT WN

Measurement distance

Figure 1.16 — Measurement position

ion
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Assessment of incident field against basic restrictions

1.3.2.3.1 General

As the reference levels are derived from the uniform EMF exposure in a human body model,
the evaluation for the incident field may be too conservative for localized WPT exposure. In
such a condition, coupling factors can be applied to an evaluation as a corrective method for
the non-uniformity of the EMFs.

If the coupling factors are not applicable, proceed to the next evaluation step using basic
restrictions.

1.3.2.3

Coupl

intern
opera
the co

When
factor

.2 Assessment using coupling factor &

bl electric field) and incident magnetic field strength. Evaluation conditions su
ing frequency, field distribution, distance to human body, etc., should“be equiva
ndition used in the derivation of the coupling factor.

the operating frequency of the WPT system for drone is below 100 kHz, the co

ng factor & is specified by the ratio of induced quantities (current density, .local SAR, or

ch as
ent to

upling

for stimulation effects should be used. Between 100 kHz and 10 MHz, the coupling factors

for stimulation effects and thermal effects should be used. Abéye 10 MHz, the coupling|factor
for thgrmal effects should be used.
The eyaluation procedure using the coupling factor is_as follows:
e Step 1: Compute or measure the internal electricfield or current density, and/or SAR|.
e Step 2: Check the following criteria.
— | Induced quantities, such as an internal'electric field, current density or SAR cauged by
an incident electric field are negligible compared to that by incident magnetic field.
— | The whole-body average SAR™is marginal compared to the respective limits and
contribution of the local average SAR or the internal electric field is dominant.
e Step 3: Calculate the coupling factors using Formula (3) through Formula (5) descriped in
5.2.4.2.
e Step 4: The maximum.incident magnetic field strength (/. nax) is multiplied by the coupling
fagtor and compared to the reference level:
qu_yJ = kL,J ><]_Iinc,max (1.1)
HkL,E = kL,E X Hinc,max (|2)
Hy sar = ki sar X Hine,max (1.3)
where
k. g kg, kLsar are coupling factors for current density, internal electric field, and local

H

SAR, respectively;
o H_ g, H__sar are computed magnetic field strengths using coupling factors.

Step 5: If computed magnetic field strengths using the coupling factors exceed the reference
level, proceed to the next evaluation step using basic restrictions.
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1.3.2.3.3 Assessment using coupling factor kg

The assessment method using the coupling factor kg is based on frequency, magnetic flux

density magnitude (B

xyz) and the local magnetic flux density gradient (G,) at any point in free

space.

The evaluation procedure using the coupling factor kg is as follows:

1.3.2.4 Assessment against basic restrictions

Step 1: Measure the magnetic field gradient (G,) using a gradient field probe at the closest
accessible location around the WPT system for a drone.

Ste —C3
(s¢e 5.2.4.3).

Stép 3: The internal electric field, current density and SAR are estimated using'Fermula (11)
thjough Formula (13).

a (10)

Step 4: If the estimated current density, internal electric field, and/or_loeal SAR usipng the
coppling factor kg exceeds the basic restrictions, proceed to the next evaluation using basic

restrictions.

SAR ¢an be measured using a small probe in a liquid-filled ‘phantom model simulating the
human body, which is exposed to EMFs created by the WPT system for frequencies over 4 MHz,
and when the evaluation against basic restrictions sugh‘as WPT system for drone using the
measurement method may not be practical. Therefore{the current density, internal electri¢ field,
and SAR to be compared with basic restrictions, should be evaluated by numerical simdlation

using the WPT system model and human body madel.

The apsessment procedure of the WPT system for drone compliance testing with respect to

basic festrictions using numerical simulation is as follows:

Stép 1: Select and validate the ndmerical computation method.
Stép 2: Model the WPT system:for drone.

Thie requirements for the Aumerical modelling of the WPT system are listed below, and they
shpuld be provided by.the manufacturer.

1)| Electrical and physical specifications:
— operating frequency;

— geometries of the primary device and secondary device (size of device, ghape,
alignment);

— (interval of primary device and secondary device;

metal and magnetic material.

2) Operating conditions:
— maximum amplitude of currents for primary device and secondary device;
— primary device to secondary device relative phases condition.

Step 3: Validate the modelling of the WPT system for drone is valid by comparing
electromagnetic fields with the numerical computation results and measurement results at
the validation data point. The validation method of modelling is described in detail in
Clause G.2.

Step 4: Select the worst-case exposure scenario considering various WPT operational
conditions.

Step 5: Select a numerical human body model and evaluate the induced quantities.

Step 6: Calculated the induced quantities for comparison with the basic restrictions.
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