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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
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e replaced by a revised edition, or

e amended.
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INTRODUCTION

IEC TC 106 is tasked with preparing International Standards on measurement and simulation
methods used to assess human exposure to electric fields, magnetic fields, and electromagnetic
fields. Wireless power transfer (WPT) systems operating at 30 MHz to 300 GHz utilize electric
fields, magnetic fields, or electromagnetic fields to provide power to equipment nearby or at
distances up to several metres or more. Users or bystanders in close proximity to both the
transmitting equipment and receiving equipment or in between them could be exposed to these
fields. Assessment methods are needed to demonstrate compliance with applicable human
exposure limits. A working group (WG9) was established by IEC TC 106 to address assessment
methods of human exposure to WPT equipment.

This d
proced
exposu
For Iqg
IEC TR
subseq
and pr
standa
from th

bcument consists of an overview of radiative WPT, exposure assessment.‘m
ures, and case studies, to help in the development of international standards/fq
re assessment. This document addresses the frequency range of 30 MHz|to 30
wer frequencies, WPT equipment operating below 10 MHz Ais\ "cover
62905:2018, and below 30 MHz is covered by IEC PAS 63184:2021f with an ass
uent International Standard currently under consideration by IEC(FG’106. The m
pbcedures described in this document are based on the techniques of other ex
'ds covering the same frequency range. Other methods are réferenced when dey
ese assessment methods are needed.

pthods,
r WPT
0 GHz.
bd by
pciated
ethods
posure
iations
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PROCEDURES FOR THE ASSESSMENT OF HUMAN EXPOSURE TO
ELECTROMAGNETIC FIELDS FROM RADIATIVE WIRELESS POWER
TRANSFER SYSTEMS - MEASUREMENT AND COMPUTATIONAL

1 Sc

This Teechn : {bes—a66668 renrtmethods—to-ovaluate orplance—of+s

There are no normative references in this document.

3 Te

For the

ISO an
addres

e |EQ
e |SQ

3.1
basic |
BR

human
fields €

Note 1 t
absorpti

METHODS (FREQUENCY RANGE OF 30 MHz TO 300 GHz)

ope

range from 30 J

vest energy from the environment, are not included in the scope._of this docume

rmative references

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

d IEC maintain terminological databases for use in standardization at the fo
5es:

Electropedia: available atchttp://www.electropedia.org/

Online browsing platform: available at http://www.iso.org/obp

estriction

exposure limits for compliance with time-varying electric, magnetic, and electrom
valuated-ifnside the body that are based on established adverse health effects

eptry:) Within the scope of this document, the physical quantity used as a basic restriction is theg
n.rate (SAR) or absorbed (epithelial) power density.

diative
MIHz to
rength,
limited
egions
ystems
cations
nt.

lowing

hgnetic

specific

3.2

equipment under test

EUT

equipment that is tested according to the procedures described in this document

3.3

plane-wave equivalent power density
electromagnetic wave, magnitude of the power density of a plane wave having the same ratio
of electric (E) field strength to magnetic (H) field strength

Note 1 to entry: The Sl unit of plane-wave equivalent power density is watt per square metre (W/m?).
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3.4

exposure

<for a person> situation that occurs wherever a person is subjected to electric, magnetic, or
electromagnetic fields

3.5

far-field region

<of an antenna> region of the electromagnetic field of an antenna wherein the predominant
components of the field are those which represent a propagation of energy and wherein the
angular field distribution is essentially independent of the distance from the antenna

[SOURCE:-1EC 60050-712:1992 [1] 712-02-02 maodified — Hyphen added to the term _notes to
entry omitted.]

3.6
incident field
field that would exist in the absence of a person over a volume where a person could be |ocated

Note 1 t¢ entry: In some documents, the incident field is called an unperturbed field‘or-environmental field.

3.7
reactie near-field region
region |of space immediately surrounding an antenna, where<the predominant compongents of
the elefctric field and magnetic field are those that represent’an exchange of reactive |energy
betwegn the antenna and the surrounding medium, and where the electric field and magnetic
field cdmponents are 90° out of phase

[SOURICE: IEC/IEEE 63195-1:2022 [2], 3.2.10, modified — The word "region" has been|added
to the ferm.]

3.8
peak spatial-average SAR
psSA

maximyim SAR averaged within a {ocal region based on a specific averaging mass, e.g. any 1 g
or 10 ¢ of tissue in the shape 6fa cube

[SOURICE: IEC/IEEE 62209-1528:2020 [3], 3.37, modified — The note to entry ha$ been
omitted.]

3.9

phantgm
physical medel with an equivalent human anatomy and comprised of a tissue-eqyivalent
medium with“dielectric properties specified in IEC/IEEE 62209-1528:2020

[SOURCE IEC/IEEE 62209-1528 [3], 3.39, modified — The wording "in this document" is
replaced with "IEC/IEEE 62209-1528:2020".]

3.10

radiative wireless power transfer system

radiative WPT system

system that transfers power by radiation of electromagnetic energy from a transmitter to a
receiver in the frequency range from 30 MHz to 300 GHz

3.1

reference level

RL

level of field strength or power density derived from the basic restrictions using conservative
assumptions about exposure
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levels are exceeded, that does not necessarily mean that the basic restrictions will not be met.

[SOUR

3.12
specifi
SAR

CE IEC 62311:2019 [4], 3.1.22, modified — Abbreviated term "RL" added.]

c absorption rate

If the reference levels are met, then the basic restrictions will be complied with, but if the reference

measure of the rate at which energy is absorbed by the human body when exposed to a radio
frequency electromagnetic field

Note 1 to entry: The SAR in the tissue-equivalent medium can be determined by the rate of temperature increase
or by E-field-measurements—asccording-to-thefolowing-formula:
2
E T
SAR=2" = Cha_
p ot |0
where
SAR is the specific absorption rate in W/kg;
E is the RMS value of the electric field strength in the tissue-equivalent medium’in V/m;
o is the electrical conductivity of the tissue-equivalent medium in S/m;
P is the mass density of the tissue-equivalent medium in kg/m3;
h is the specific heat capacity of the tissue-equivalent medium in/J/(kg K);
oT . o - . . . L
— is the initial time derivative of temperature in the tissue~equivalent medium in K/s.
ot t=0
[SOURICE IEC/IEEE 62209-1528:2020 [3], 3.5(}, " modified — The two formulae now appear on
one ling and units have been formatted as symbols rather than as written words.]
3.13
beamwidth
<of an fantenna> in a specified plané containing the direction of maximum radiation or the axis
of symmetry of a beam or a radiation lobe, angle between two directions (correspond|ng, for
example, to a given fraction of the maximum radiation or to the first minimums) on both sides
of this firection or axis
Note 1 t¢ entry: The mostigenerally used fraction is half-power beamwidth.
[SOURCE IEC 60050-712:2021 [1], 712-01-33, modified — Note 2 to entry omitted.]
3.14
whole+ibody SAR
wbSAR

SAR averaged over the whole body

3.15

epithelial power density
power flow through the epithelium per unit area directly under the body surface

[SOUR

CE IEEE Std C95.1T™.2019 [5], 3.1, modified — Note 1 and Note 2 omitted.]

4 Symbols and abbreviated terms

4.1 Physical quantities

The int

ernationally accepted Sl units are used throughout this document.
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Symbol Quantity Unit Dimensions

h Specific heat capacity joule per kilogram per kelvin J/(kg K)
E Electric field strength volt per metre, RMS V/m

f Frequency hertz Hz

H Magnetic field strength ampere per metre, RMS A/m

J Current density ampere per square metre A/m?2

P Average (temporal) absorbed watt W

power

N Power density watt per square metre W/m?2

T Temperature kelvin K

& Permittivity farad per metre F/m

y) Wavelength metre m

o Electric conductivity siemens per metre S/m

u Permeability Henrys per metre H/m
NOTE |n this document temperature is quantified in degrees Celsius, as determined by: T (°C) = T (K) - 2[f3,15.
4.2 Constants

Symbol Physical constant Magnitude

o Intrinsic impedance of free space 120 Q or 377 Q

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

4y Permeability of free space 471 x 1077 H/m
4.3 Abbreviated terms
RF radio frequency
RMS root mean square
RSS root sum square
Cw continuous wave
WPT wireless_pewer transfer
DRL dosimetric reference limit
E-field electric field strength
ERL exposure reference level
EUT equipment under test
H-field magnetic field strength
ICNIRP International Commission on Non-lonizing Radiation Protection
IC integrated circuit
PD power density
TE transverse electric
™ transverse magnetic
TEM transverse electromagnetic
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5 Description of radiative wireless power transfer systems

5.1 General

Radiative WPT represents a solution to remotely charge low-power devices (e.g. sensors, RF
identification tags, mobile and wearable devices [6]7, [7]) and high power applications [8] over
large distances.

Radiative WPT allows for greater distances to be covered than non-radiative WPT and does not
require mutual coupling between the transmitter and receiver. However, the longer distances
generally result in lower beam efficiency at the receiving end.

In a fadiative WPT system, highly directional antennas are mostly used te [ffansmit
electromagnetic power and the system efficiency benefits from a highly directive” receiver
antennp when operated outside the near-field zone. The main theory of WPT ,via/RF Heam is
based pn the Friis transmission formula:

% G642 ]2 (1)

4nR
where
P.and P, are the receive power and transmit power, respegtively,

G, and|G, are the gains of the transmit antenna and reegive antenna,

A is thg wavelength representing the effective aperture area of the receive antenna, ang
R is th¢ distance between the two antennas.

A rectenna [9] is normally used to convert the\received electromagnetic power into usabl¢ direct
currenf (DC) power.

5.2 Radiative WPT systems techhology and applications
5.2.1 General

Radiative WPT systems canbe classified according to the following list of technologies,|and as
shown[in Figure 1:

a) wicje beamwidth transmission to multiple receivers at short range;
b) spdce diversity WPT to a single receiver (using multi-path propagation);

¢) narfow beamwidth transmission to a single receiver at either short or long range [10].

NOTE Narfow beamwidth and space diversity systems apply directed beams in order to maximize efficienfy of the
transmitted—powertowardsasmgte Teceiver—DBirective antermas camr beusedomthetramrsmitteramdforthe receiver
side. Wide beamwidth systems transmit power to multiple receivers and might not necessarily direct the transmitted
power towards them. Because of the large number of possible configurations of transmitter and receiver antennas,
a more detailed specification of wide and narrow beamwidth systems might be too restrictive for present and
upcoming technologies.

Each of the technologies in the preceding list can be used in different WPT applications
(Table 1). A detailed description of these WPT applications can be found in [10].

Energy harvesting is another wireless power technology that converts environmental
electromagnetic energy into electric power. Due to its typically low conversion efficiency and
low collection of power, it can be adequate to run or recharge small wireless micropower devices

T Numbers in square brackets refer to the Bibliography.
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such as remote sensors. It does not include a transmitter for the RF power and therefore does
not fall under the scope of this document.

Table 1 — Representative characteristics of
potential radiative WPT applications

WPT Frequency Condition Distance Tx antenna Transmit
application band gain power

Wirelessly 915 MHz band, Indoor, Several metres 6 dBi (Typically <50W
powered sensor | 2,45 GHz band, Outdoor to dozens of 915 MHz band),
network 5,8 GHz band metres 25 dBi

(Typically

’)’AR GHz and

5,8 GHz bands)
Wirelegds 2,45 GHz band, Indoor Several metres 25 dBi < 50\W
charging of 915 MHz band to dozens of (Typically
mobile [devices metres 2,45 GHz band)
WPT tg 2,45 GHz band, Indoor, Outdoor several metres 10 dBi to 30.dBi 50 W to 1 MW
movingfflying 5,8 GHz band to 20 km (Typically
target 5,8 GHzband)
Point-tg-point 2,45 GHz band, Outdoor 1 m to 20 km 100 W to|1 MW
WPT 5,8 GHz band
Wirelegds 2,45 GHz band, Outdoor 0,Tmto1m 100 kW t
charging for 5,8 GHz band 500 kW
electriq vehicle
Solar power 5,8 GHz band Space to ground | 36 000 kfm 1,3 GW
satellit¢
loT deyices, 24 GHz band, Indoor, Outdoor 1T to 1000 m 100 W
automdgtion, 61 GHz band,

point-tq-point,
etc.

122 GHz band,
244 GHz band
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[SOURCE: Figure 3.1 of ITU-R SM.2392-0 [10]]24‘\Q’

Figure 1 — WPT system cla\if cation via radio-frequency beam technologie$

Omnidirectional radiative WPf}Ses a wide beam transmission to transfer power to sipgle or
multiplg users (receivers) over a distance. Figure 2 illustrates the beam pattern. The transmitter
transmijts electromagneb3 ves with high energy and the receiver(s), using a rectenna, ¢onvert
these Waves into po ue to low efficiency of these systems, only a small fraction of the
radiated poweris r gx ed by the receiver(s).

Q~
%O
&

2 Reproduced from ITU-R SM.2392-0, with the permission of ITU-R.
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The ba
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IEC
Figure 2 — Beam pattern diagram of omnidirectional radiative WPT

Operating principle of space diversity WPT

sic principle of the space diversity WPT system is shown in b) of Figure 1 and th
is illustrated in Figure 3. The main application of such systems is related to the
ment where strong multi-path reflection from the/walls is utilized to deliver the RH
eceiver. In a typical space diversity WPT system, a receiver IC chip, builtintoar
sends out a low-level beacon signal that\seeks the transmitter. Once receiv

transm

was received. Such a multi-path functionalityvallows it to continuously send power fr
transmjtter so that the power is then delivered mostly to the receiving antenna ar
elsewhere. This beacon process repeats,\for example up to 100 times per second, which

it poss
if peop
sufficie
regard

Nevert
the ref
operati

tter sends the RF power back through _all<the multi-paths from where the beacor

ble to send the power over a distance and while the receiving device is in motio
e or objects are in the ways The bandwidth of the transmitted signals is suppose|
ntly small not to affect the.pathway of the transmitted energy. Hence, the signals
ed as CW.

neless, in this application scenario, RF power could be delivered to other objects
ected beam, including human tissue. Considering this, the assertion of human
on is confirmed and demonstrated by the assessment results.

p beam
indoor
power
pceiver
bd, the
signal
bm the
d less
makes
1, even
d to be
can be

within
safety

N

ITx

NG |

IEC

Figure 3 — Beam pattern diagram of space diversity WPT
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5.2.3 Operating principle of narrow-beam WPT

Antenna arrays are typically used for narrow-beam radiative WPT systems. As illustrated in
Figure 4, the transmitter can transfer power at a distance to one or multiple receivers, by
directing the beam patterns using beamforming techniques. The beamforming techniques
consist of controlling the amplitudes and/or phases between radiating signals of the antenna
array.

Both space diversity WPT and narrow-beam radiative WPT utilize the antenna beamforming
technology but in different ways. Space diversity WPT illustrated in Figure 3 is implemented by
making use of the multi-path reflection from the walls to deliver the power to the receiver
"around" the human body or object. On the other hand, the narrow-beam radiative WPT system
typically operaies as a poini-to-point power fransmission 1o a receiver. Beamforming tec]hnique

is used to increase the gain of the transmitting array antenna to extend the operational d|stance
of WP[l. If a person moves to a line-of-sight between transmitter and receiver, the RF

transmjssion stops.

|

Receiver

RI=<F-<I

Transmitter array
IEC

Figure 4 — Beam pattern diagram-of narrow-beam radiative WPT

5.3 Jse cases and environment
5.3.1 General

Use cgses and those environments where radiative WPT systems are used are impoftant in
order {o discuss exposure ,assessment and other RF exposure items. The enviropments
descriged in 5.3.2, 5.3.3, 513.4, and 5.3.5 are considered.

5.3.2 Indoor, occupational environment

Figure b and Figlire-6 show typical use cases in indoor and occupational environments. Ip these
use casges, sensors and devices which received power by radiative WPT systems are ggnerally
located far/rom human bodies (Figure 5). In some cases, radiative WPT systems are lised in

an enyirenment with humans (Figure 6). The radiated power is generally small outside of
buildings~and/or rooms
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[SOURCE: Figure 2.3.5(a) of Report for the technical cond@ns of beam WPT, MIC, Japan [1 1]3

N
Figure 5 — Example of indo%hand occupational environments:

WPT to productio&\@quipment sensors in factory

B[

Machine and line managment in factory
IEC

[SOURCE: Figure 2.3.1(a) of Report for the technical conditions of beam WPT, MIC, Japan [1 1]4

Figure 6 — Example of indoor and occupational environments:
WPT to machine and line management sensors

3 Reproduced from the Report for the technical conditions of beam WPT, MIC, Japan, with the permission of the
Ministry of Internal Affairs and Communications, Japan.

4 Reproduced from the Report for the technical conditions of beam WPT, MIC, Japan, with the permission of the
Ministry of Internal Affairs and Communications, Japan.
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5.3.3 Indoor, general-public environment

Figure 7 and Figure 8 show typical use cases in indoor and general-public environments. In
these use cases, sensors and devices which received power by radiative WPT systems are
located near human bodies or within close contact. The radiated power is generally small
outside of buildings and/or rooms.

Children tracking and watching security system

L IEC

[SOURCE: Figure 2.3.2(b) of Report for the technical conditions of beam WPTyAMIC, Japan [1 1]]5

Figure 7 — WPT to children watching sensors

Age free care

IEC

[SOURCE: Figure.2-3.1(c) of Report for the technical conditions of beam WPT, MIC, Japan [1 1]]6

Figure 8 — WPT to watching sensors in nursing homes

5.3.4 Outdoor, occupational environment

Sensors and devices for industrial applications can be used in outdoor and in occupational
environments. In such cases, sensors and devices which received power by radiative WPT
systems are located far from human bodies or used in an environment without humans.

5 Reproduced from the Report for the technical conditions of beam WPT, MIC, Japan, with the permission of the
Ministry of Internal Affairs and Communications, Japan.

6 Reproduced from the Report for the technical conditions of beam WPT, MIC, Japan, with the permission of the
Ministry of Internal Affairs and Communications, Japan.
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5.3.5 Outdoor, general-public environment

In this use case, sensors and devices which received power by radiative WPT systems are
located near human bodies or within close contact. There are some possibilities that the
unwanted power could be radiated in an open space.

6 General exposure assessment considerations

6.1 General

This Clause 6 describes the basis for exposure assessments. Figure 9 shows the steps of an
eXpOS LA ~Z GOOUQOIIIUIIt fUI |ad|at|vc ‘VAVIPT cyctclllc, ;Ilb:Ud;lly pIUpGIGt;UII Uf thU AdAooT Oment,

measufements or calculations and uncertainty.

Some form of proximity sensing can be used to detect the presence of a persoh within the
exposgd area. This information is used to lower the transmitted power or’modify thg beam
directign to reduce the maximum exposure. Time-period power control reduces the maximum
output [power of the antenna after a fixed period of time to keep the exposure below the limit
over thle specified averaging time. The technologies and methods fofdevaluating the effect of
mitigat|on techniques such as the proximity sensor and time-period-power control are described

in Anngx C.

Preparation of assessment

Measurement or calculation

N

Uncertainty

End
IEC

Figure 9 — Assessment process for radiative WPT

6.2 Preparation of assessment

6.2.1 Géneral

In preparation for the assessment, the key parameter, limit set, and assessment method are
determined.

6.2.2 Determination of key parameters
6.2.2.1 General

To perform an exposure assessment, it is necessary to determine the assessment purpose,
assessment region, and RF emission characteristics of the considered device. Examples of
radiative WPT systems are shown in Clause 5.

6.2.2.2 Assessment purpose

Assessment purposes are summarized in Clause 6 of IEC 62232:2017 [12]. For the assessment
of radiative WPT systems, the purpose is divided into two parts:
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e Product compliance,

e Product installation compliance.

For product compliance, a manufacturer or other legal entity that will provide a WPT product on
the market is typically required to provide RF exposure information to the end user of the
product. In this case, the assessment is performed in the appropriate experimental site, such
as anechoic chamber, near-field test labs, SAR labs, etc., before it is placed on the market.

For product installation compliance, an installer of WPT products is typically required to provide
RF exposure information to the end user of the product. It requires the determination of the total
exposure levels in accessible areas from the product. The assessment is performed in the real
environmentof the device inr\hmling indoor and outdoor situations In such an eova uation’
contribptions from other relevant sources and possible effects of the environmgnt are
considégred.

For comsumer type products, in the user manual, the user is made aware in what conditipns the
radiatiye WPT devices are tested and therefore deemed compliant. The preduct is used|as per
the condition set for compliance testing.

Devicep can be excluded from testing if their maximum output pewer is below the thfeshold
descrifed in IEC 62479:2010 [13].

6.2.2.3 Assessment region

Charadteristics of the electromagnetic fields from the WP T device highly depend on the d|stance
from thle device. Therefore, the exposure region can\be classified into three different digtances
from thie device:

— thelreactive near-field of the source,

— thejradiating near-field of the source,

— thelfar-field of the source.

For anlaccurate assessment, an appropriate method is selected for each region.

The m3dximum human exposure can occur in the close near-field as well as at greater didtances
(» seyeral metres) from.the transmitter. The effects of tissue layering and partial-body
resonapces can be excluded for distances closer than 200 mm. Additional coupling factprs are
considg¢red for greater’/distances when simplified homogeneous bodies are applied for the
exposuyre assessment. These coupling factors are described in Annex A. Signal coherece for
induced fields can occur at any distance.

6.2.3 Determination of applicable limits

At frequenciesabove 30 MHz, thedomimanteffect of etectrommagmneticfietdexposure—s known
to be thermal. There are international guidelines and standards regarding human safety due to
exposure, e.g., [5], [14], [15], [16]. The basic restriction (or DRL) is established based on the
thresholds for established health effects as the specific absorption rate or the absorbed
(epithelial) power density. The reference level (or ERL) is also provided as the equivalent level
of protection to the basic restriction for conservative-case exposure scenarios. The limit set
depends not only on the assessment region and frequency range but also on the exposure
situation such as whole-body exposure and local exposure. Both whole-body exposure and local
exposure need to satisfy the guideline limits simultaneously.

NOTE 1 ICNIRP guidelines of 1998 [14] are still referenced by many national authorities.

NOTE 2 There are some differences in the exposure metric for the radiative WPT systems for whole-body and local
exposure in other RF exposure guidelines such as Health Canada Safety Code 6 [17]. For instance, in the reactive
near-field, E-field and H-field reference levels are specified.
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6.2.4 Determination of assessment method
6.2.4.1 General

The assessment method is selected considering the exposure metrics and the applicability of
the assessment methods. The process to determine the assessment method is summarized in
Clause 7 of IEC 62232:2017 [12].

RF field strength, power density, SAR or a combination of these metrics can be evaluated by
measurement and computation. If specific assessment methods are specified in
IEC 62232:2017 [12], these specifications can be used for WPT. When defining the assessment
configuration, national (e.g., regulatory and legislative) requirements can apply. Computational
standa[ds for exposure assSessment i terms of SAR are tECHAEEE 62704-120t7 18] and
IEC/IEEE 62704-4:2020 [19].

Measufement instrumentations and computational tools and their validatiehs."are already
descrifjed in other standards for the same frequency range. A standard for assessing the local
absorbgd (or epithelial) power density is not available at the time of publicatign of this dogument.
The dejvelopment of such standards is envisaged in the future. In many. cases, the assefsment
of the|exposure by radiative WPT systems is most effectively .«campleted by combining
computation with measurement procedures, e.g., determination~of the maximum exposure
configyration and distance by computation and determination ‘of the actual exposure by
measufements. Maximum exposure assessment methods have also been proposed in Aphnex C
of IEC/J|EEE 63195-2:2022 [20].

6.2.4.2 RF field strength and power density measurements

RF field strength and power density measurement are applicable for both product compliance
and prpduct installation compliance without présence of a human body. In the reactive and
radiating near-field, both the incident E-field and H-field need to be measured and both ;Eeed to
be compliant with the reference levels. The.same applies for far-field if the values are compared
to the pplane-wave equivalent power density. The requirements for the laboratory bage field
strength and power density measurements are summarized in Clause B.3 of IEC 62232:2017
[12].

For logal exposure over 6 GHz) the power density measurement requirements descrjbed in
IEC/IEEE 63195-1:2022 [2].can be applied. The same method can be used to verify that the
measufement systems operate within their specifications.

The methods for evaluating RF fields strength and power density are summarized in Anhex B.

6.2.4.3 SAR-measurements

In the
procedL ; A :
strength measurements SAR measurements are not constramed to the f|eld characterlst|cs At
distances less than 200 mm, the SAR measurement for both whole-body exposure and local
exposure can be performed using measurement equipment and procedures described in
IEC 62232:2017 [12] and IEC/IEEE 62209-1528:2020 [3], respectively. For greater distances
up to 1 000 mm, the procedures as described in IEC 62232:2017 [12] can be applied. The SAR
measurement procedures as described in IEC 62232:2017 [12] have no technical limitations
that would prevent their applicability at greater distances. Hence, they can be applied at
distances greater than 1 000 mm.

reactlve and radlatlng near- -field of sources and up to 6 GHz SAR measu

For local SAR, the SAR measurement requirements as described in IEC/IEEE 62209-1528:2020
[3] can be applied to demonstrate compliance with SAR limits. More information is provided in
Annex B.
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The detailed explanation for whole-body SAR measurement is described in Clause B.3 of
IEC 62232:2017 [12]. If the maximum RF transmit power of the product is less than the values
specified in Table 2, it is not necessary to perform whole-body SAR measurement.

NOTE IEC 62232:2017 [12] describes whole-body SAR measurement from 300 MHz to 6 GHz. Development of a
measurement method below 300 MHz is necessary.

Table 2 —- Whole-body SAR exclusions based on RF power levels

Exposure condition Maximum transmitted RF power [W]
General public exposure General public whole-body SAR limit [W/kg] x 12,5 [kg]
Occupational exposure Occupational whole-body SAR limit [W/ka] x 46 [kg

NOTE The whole-body SAR exclusion power levels have been derived based on the following assumptiops: 1) all
of the pgwer emitted from the antenna is absorbed in the body, 2) children below the age of,4 \years do pot have
access tp the antenna at a distance of less than 20 cm and 3) the body masses for a 4-year-old child (12,4 kg) and
a 16-yegr-old worker (46 kg) have been derived from body weight statistics published by WHQO/[21] and US|National
Center for Health [22].

6.2.4.4 Computational methods

The rellevant computational methods for RF field strength, powet/density and SAR assegsment
are summarized in Clause B.4 of IEC 62232:2017 [12]. Therg _are two types of compuiational
methods. One is basic computations to assess RF field _strength, power density, or $AR by
conseryative formulas specified for far-field with a spherical coordinate system, which|do not
requirel uncertainty estimations and can be utilized ifi/cértain limited applications. The RMS
electriq field strength E and magnetic field strength #.can be evaluated using Formula {2) and
Formulia (3)

J30P,
5 N30 hetGay (2)

while the spatial-peak(equivalent power density can be calculated per Formula (4)

PG
S = netvo,¢ (4)

42

where g and G, , are net average power transferred into the antenna port and antenna
directive gain in the main beam, respectively.

NOTE For the estimate of S, E, or H to be conservative, P, and Gy ¢va|ues are the upper bounds of the uncertainty
(see B.4.2.1.1.2 of IEC 62232:2017 [12]).

To consider reflection from ground plane, S can be calculated per Formula (5)

2 FetGy g

S:(1+|F|) 2

(%)

4y

with reflection coefficient |I'| = 1 for the perfectly conducting plane and |I'| = 0,6 for typical
ground reflection condition. Use of the far-field spherical formulas in the near-field region will
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overestimate the field strength levels. This is especially true in the calculation of field quantities
of the radiative WPT transmitter operating at microwave (over 900 MHz) frequency bands. In
such a case, the conservativeness of the calculations is ensured. However, in WPT
implementations at 30 MHz when inductive coupling is used in the reactive near-field region
Formula (2) through Formula (5) cannot be considered conservative.

The second method uses the advanced computations for some scenarios where more accurate
assessments are required. The examples include field calculations in the near-field of an
antenna and SAR assessments to the side of the transmitting antenna. The advanced
computational methods are presented in B.4.4 of IEC 62232:2017 [12]. Full uncertainty analysis
is carried out if an advanced technique is used.

Compdtational SAR assessment can be applied as described in IEC/IEEE 62704-1:2017|[18] or
IEC/IEEE 62704-4:2020 [19] to demonstrate compliance with peak spatial SAR]| limits,
deviatipns from which are described in this document. Whole-body exposures @re” evaluated
accord|ng to IEC 62232:2017 [12]. More information is given in Annex B.

Computational assessment of the power density for local exposure over~6'GHz is applied as
descrifjed in IEC/IEEE 63195-2:2022 [20]. Computational methods are’introduced in Anphex D.

6.3 Assessment conditions

The aspessment is valid for any distance and location whereca~human could be exposed to the
fields gmitted by the radiative WPT system. In the far-fieldlzone of a beam-forming trangmitting
antennp (field impedance of 377 Q), the assessmenf\is performed within the broad area
coverirlg not only the main beam but also all the side I6bes of antenna radiation pattern{ In the
case of a broad radiation pattern, it is necessary to“evaluate the whole-body exposure/| At the
distandes corresponding to the reactive near-field,and radiating near-field zones where the field
impedgnce can deviate from 377 Q, the cases of local body exposure with the relevant
applicgble RF exposure limits (E-field and Hxfield, power density, psSAR, etc.) are evdluated.
Following this procedure, maximum valuesof E-field and H-field are recorded by the apprppriate
assessment method. Depending on the applicable conditions for WPT environment, the
assessment can also consider possible reflections from the objects located close|[to the
transmijtter or the effects of backscattering. During the assessment process, the trangmitted
power [s fixed at the maximum-operating power output level of EUT.

6.4 Uncertainty

The ejposure assessment includes comprehensive uncertainty budgets for the frefuency
ranges| from 30 MHz\to 6 GHz and above 6 GHz that have been determined for the gpecific
exposyre situations. These uncertainty budgets are described in dethil in
IEC/IEEE 62209-1528:2020 [3] and IEC/IEEE 63195-1:2022 [2], respectively. They incjude at
least tHe parameters listed in Table 3 for the psSAR for frequencies from 30 MHz to 6 GHz and
in Table® for the incident power density at > 6 GHz. The clauses and subclauses of
IEC/IEEE:62209-1528:2020 [3] and IEC/IEEE 63195-1:2022 [2] that describe how to evaluate

the uncertainty sources are referenced in Table 3 and Table 4 of this document.

IEC 62311:2019 recommends a relative expanded uncertainty (k = 2) of +30 % (-1,55 dB,
+1,14 dB) as permissible maximum value of the uncertainty budget for EMF assessment. This
uncertainty value applies to electronic and electrical equipment for which no dedicated product
or product family standard regarding human exposure to electromagnetic fields applies.

For power density assessment over 6 GHz requiring amplitude and phase assessments of the
electric field and magnetic field in the near-field of sources, IEC/IEEE 63195-1:2022
recommends a relative expanded uncertainty (k=2) of 2 dB (-37 %, +58 %) as the
permissible maximum value of the uncertainty budget for power density assessment between
6 GHz to 300 GHz.
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If the assessment uncertainty is less than or equal to the permissible maximum uncertainty,
then the measured value can be compared directly with the applicable limit for the assessment
of compliance.

Where acceptable by national requirements, if the expanded uncertainty is greater than the
permissible maximum uncertainty, the reported data needs to take into account the percentage
difference between the actual uncertainty and the permissible maximum uncertainty (see
IEC 62311:2019 [4] for details).

Table 3 — Template of measurement uncertainty budget for
assessment of the psSAR for frequencies from 30 MHz to 6 GHz

Soufce of uncertainty Ref. of Prob. Unc. Div.? u(x) = c; uy) £ v,
IEC/IEEE 6 Dist.? a(x,) q, a(x)/q. c u(x)
2209- PDF, o
1528:2020
Measurement system errors
Probe chlibration 8.4.1.1
Probe chlibration drift 8.4.1.2
Probe liphearity and detection 8.4.1.3
limit
Broadband signal 8.4.1.4
Probe igotropy 8.4.1.5
Other pfobe and data 8.4.1.6
acquisitjon errors
RF ambjent and noise 8.4.1.7
Probe plositioning errors 8.4.1.8
Data prpcessing errors 8.4.1.9

Phantom and device errors {(EUT or validation antenna)

Measurgment of phantom

conductjivity(c) 8.4.2.1

Temperpture effects (medium) 8.4.2.2

Shell pgrmittivity 8.4.2.3
Distancg between the
radiating element of the EUT 8.4:2.4

and the|phantom medium

Repeatability of positioning
the EUT| or source against the 8.4.2.5
phantom

Device polder effects 8.4.2.6

Effect of operating mode, on
probe sgnsitivity
Time-aerage SAR 8.4.2.8

Variatioh in SAR due to drift
in outpyt of EUT

8.4.2.7

8.4.2.9

Validatibp-antenna
uncertainty 8.4.2.10
(validation measurement only)

Uncertainty in accepted
power (validation 8.4.2.11
measurement only)

Corrections to the SAR result (if applied)

Phantom deviation from target 8.4.3.1
(¢',0)
SAR scaling 8.4.3.2

Combined uncertainty

Expanded uncertainty (k = 2)
and effective degrees of
freedom

@ Other probability distributions and divisors may be used if they better represent available knowledge of the
quantities concerned.
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Table 4 — Template of measurement uncertainty budget for
assessment of the incident power density for frequencies above 6 GHz

Source of uncertainty Ref. of Prob. Unc. Div.? ulx) = ¢ | u0) = cpulx) Vi
IEC/IEEE | pist.? a(x) q; a(x.)/q.
63195- PDF. o
1:2022 !

Uncertainty terms dependent on the measurement system

Calibration 8.4.1
Probe correction 8.4.2
Frequency response 8.4.3
Sensor cross coupling 8.4.4
Isotropy 845
System I|nearity error 8.4.6
Probe scpttering 8.4.7
Probe positioning offset 8.4.8
Probe polsitioning repeatability 8.4.9
Sensor njechanical offset 8.4.10
Probe spptial resolution 8.4.11
Field imgedance dependence 8.4.12
Measurement drift 8.4.13
Amplitudp and phase noise 8.4.14
Measurement area truncation 8.4.15
Data acquisition 8.4.16
Sampling 8.4.17
Field recpnstruction 8.4.18
Signal-tofnoise ratio 8.4.19
Forward pnd backward transformation 8.4.20
Power dgnsity scaling 8.4.21
Spatial ajeraging 8.4.22
Exposurg combining 8.4.23
Uncertainty terms dependent on the EUT and environmental factors

Probe coupling with EUT 8.5.1
Modulatipn response 8.5.2
Integratign time 8.5.3
Responsg time 8.5.4
Device hplder influence 8.5.5
EUT alighment 8.5.6
RF ambi¢nt conditions 8.5.7
Laboratofy temperature 8.5.8
Reflectiops in laberatory 8.5.9
Immunity] / seeondary reception 8.5.10
EUT drift 85 11
Combined standard uncertainty 8.6

Expanded uncertainty (k = 2) 8.6

(95 % confidence interval)

Determination of the reconstruction and forward/backward transformation directly using actually measured or
simulated measured data such that uncertainty propagation and SNR is already considered.

a8 Other probability distributions and divisors can be used if they better represent available knowledge of the
quantities concerned.
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Annex A
(informative)

Coupling factors and correction factors

General

Limits on human exposure to electromagnetic fields are established in terms of basic
restrictions and reference levels (e.g., [5], [14], [15], [16], [23]). Basic restrictions refer to
quantities that describe the electromagnetic fields induced inside the human tissues. Reference
levels | Tt i i i et
the rep
or by a
are apf
levels
expos¢g

This an
the far-

The

tha
par

resentation of the human body, e.g., by an appropriate anatomical computatioha
mannequin or phantom depending on whether computational or experimental
lied. The assessment of the electromagnetic field exposure with respectto the re
bnly requires the quantification of the incident field to which users or bystand
d.

nex describes coupling factors for the near-field (Clause A.2),and correction fac
field (Clause A.3):

coupling factors (Fcpl) for near-field-like exposure desgribe the coupling mec
correlates the fields in free space with those induced in the body, i.e. the dg

estimate.

Thd
tiss
mo
sub

The
are

1)
2)
3)
4)

An4
bod

1)
2)

correction factors (F,,,) take into account a possible increase in the SAR dug

jels when the transmitter is placed at distances greater than 200 mm from the e
ject where far-field effects dominate.

dominant characteristics of the ingident field that the coupling mechanism depe

frequency;

physical field componept(electric field and/or magnetic field, power density);
polarization and angle of incidence;

electrical distancefrom the field source,

tomical parameters that are relevant for the quantification of the fields induceg
y are:

body height and volume or body mass index (BMI);
postlre of the body and limbs;

3)

ers are

ors for

hanism
minant

bmeters for a particular exposure situation redquired for a conservative exposure

to the

ue layering effects, or due to partial-body resonances in heterogeneous humah body

Kposed

nds on

in the

length of the limbs and other body parts, such as fingers, relative to the wavelen

gth;

4)
5)
6)

grounding conditions and termination of the limbs;
dielectric tissue parameters;

tissue composition and layering,

The interaction of the incident field and the exposed body is characterized by:

1)

2)

electric loading of the near-field (i.e. interaction of the source and body) by the presence

of the exposed body as a scatterer;

standing wave effects due to possible reflections from the field source and the body in

the far-field.

For radiative WPT systems only a subset of the parameters listed above is relevant. Within the
scope of this document, user exposure can be both near- and far-field conditions, as well as
whole-body or partial-body or very localized exposure. The coupling mechanisms considering
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this range of characteristics of the radiative WPT systems under typical and worst-case
exposure situations are reviewed in Clause A.2 to Clause A.4.

A.2 Coupling factors for near-field exposure

A.2.1 Characteristics of the near-field

In the reactive near-field of an electromagnetic field source, the E-fields and H-fields are
determined by the charge distribution or current distribution on the elements of the EUT that
conduct RF energy, such as antennas, ground planes or open transmission lines. A significant
part of the electromagnetic energy in the near-field belongs to the reactive field, i.e., it does not
propaggteaway fronrthe fietdsource T ypicatty; the Poymtimg=vectorimthe rear-fietdisTtpmplex
and chpnges its direction when regarded as a function of time. The E-field and H-field/gre not
directly coupled, and a person could be exposed to only one dominant field compohent. For the
WPT systems within the scope of this document, near-field conditions are considered at the
lower gnd of the specified frequency range, which makes the application of separate cpupling

factors|necessary, i.e., Fp, g for E-field and F, y for H-field.

The transition range from near- to far-field occurs in a range ‘from R=0,62\/B3//1 to
R=2Pp2/s and is referred to as the Fresnel zone [24]. Recent studies on the absorption of

electromagnetic fields in the human body have shown that far-field effects are already dgminant
at distgnces of 1/(2n), which corresponds to a range of approximately 0,16 mm to 1,6 mj|for the
upper frequencies of the range within the scope of this document [25], [26].

A.2.2 Coupling of electromagnetic energy in.the near-field

In the pear-field of antennas or other RF conduetors, the fields induced in the human body are
mainly |caused by eddy currents. These are induced by the incident magnetic field. Hence, the
coupling mechanism that describes the absorption is based on the RF currents that giverise to
the mapnetic field and the tissue conductivity. Absorption of RF energy mainly occurs in fissues
with higher water content, such as skiny muscle or brain tissue above 300 MHz. Details|can be
found ip [27].

Capacil;ive coupling can occur-in situations where charges are accumulated at fractjons of
wavelejngths (< 4/10), e.g.,\at the antenna tips. If the minimal distance from the radiative WPT
source|is greater than A/10, capacitive coupling is not considered.

A.2.3 Considerations for whole-body exposure in the near-field

Radiative WPT-systems operating at the lower end of the frequency range covered|in this
document or,geometrically large antenna arrays can expose larger body areas or thg entire
body tp.their reactive near-field. For E-fields polarized parallel to a limb or the body axis,

ke ££ to or [H Lot i i o oy th ot 1o oirailor o for £ia1A OO
resonance—erects—are TRCTYy O OCC T ma way oarat S Simrarr U Tar nCTU CAPUSUTCS

A.2.4 Derivation of the coupling factors for E-field or H-field exposure

To derive independent coupling factors F, g and Fp,  for assessment of the induced fields in
a human body for frequencies of 30 MHz and above, the body model is exposed to E-fields and
H-fields independently.7Fcp| g and Fg, y quantify the ratio of the incident E-field or H-field

amplitude and the induced SAR in the body. They can be determined by quantifying the induced
fields as a function of either the incident E-field or H-field. Such field conditions can be obtained
by exposing a body model to:

7 For correction factor and coupling factor quantities, this document uses a notation of variable symbol F with
subscripts. Such notation is consistent with IEC 60027-1 and ISO/IEC Directives Part 2 principles.
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— superimposed propagating plane waves with localized E-field or H-field maxima and the
corresponding H-field or E-field minima, respectively,

— exposure to a reactive plane wave component having a wave impedance significantly higher
or lower than the free-space wave impedance [28].

Derivations of F, g and F, y can be carried out numerically or analytically. Depending on the
characteristics of the body model or phantom for which F, g and F,  are determined, the
correction factors F F or F.,3 described in Clause A.3 might need to be considered
additionally.

corl: 4 cor2: cor

For both options, the field amplitude is not constant over the exposed domain. The reactive
plane waves decay rapidly, which corresponds to their real world characteristics.

The complex dielectric properties of the exposed body characterize transmission) penztration
and aldsorption of the electric or magnetic field energy. As the permeability\of the body is
identical to free space, magnetic fields can be assumed to penetrate easily>\Hence thqg tissue
condudtivity is the relevant quantity that determines the coupling factor ifthe’incident magnetic
field is|dominant [27]. For characterization of F the dielectric contrast between thie body

and frele space are considered.

cpl E»

A conglervative assessment of the coupling factors mainly considers the dielectric prgperties
and composition of the tissues. Enhancement of the coupling-due to resonances can ogcur for
near-figld exposure, e.g., due to induced currents if the body or its subregions (limbs, fingers)
have ah approximate length of 1/2 or A/4 depending onstheir termination or grounding.

A.3 [Correction factors for far-field exposures

A.3.1 Characteristics of the far-field

In the far-field region, the Poynting vector (which is the vector product of the electric field vector
and the¢ magnetic field vector) has a<negligible imaginary part; i.e. it is constant over a| period
Ty of the signal (where Ty = 1/fgqa)); @and its direction is away from the transmitter. The fatio of
the elegtric field and magneticfield amplitudes corresponds to the free-space wave impgdance,
and th¢ body is exposed to propagating E-fields and H-fields simultaneously. With respect to

the exgosure of the human.\body, far-field effects are dominant at distances above 1/(2x) [25],
[26], [29].

NOTE Because some WPT systems control the direction of their transmitting beam, the direction of the Poynting
vector c@n change,aséa function of time. The time scale of these changes can be assumed to be significantly greater
than 7,.

0

A.3.2 Tissue layering

With respect to their dielectric properties at RF, body tissues can be categorized into those with
high water content, such as skin, muscle, or brain tissue and those with low water content, such
as bone, fat and the stratum corneum. In body regions with mainly stratified tissue, such as the
torso, standing wave effects can occur in sequences of tissue layers with alternating water
content, such as skin tissue followed by a fat layer that is electrically terminated in a muscle
layer. For fat layer thicknesses of approximately 1/4, constructive interference (matching effects)
can lead to an increase in local absorption in the skin layer, [30], [31], which can cause an
increase of the psSAR by more than 2 dB in comparison to the homogeneous tissue. These
effects can also have an impact on the whole-body SAR and are considered in Clause A.1.
These effects are relevant for frequencies up to approximately 10 GHz.

Above 10 GHz, absorption occurs in the layers of the skin tissue because of the lower
penetration depth. Moreover, the conductivity of fat tissue increases leading to additional
absorption. Hence, constructive interference effects in the different tissue layers are no longer
relevant for the absorption [26]. Body regions with a higher stratum corneum thickness, such


https://iecnorm.com/api/?name=516083861dcd76ab086e1470ec58e75c

IEC TR 63377:2022 © IEC 2022 - 29 -

as the palm or the soles of the feet, can lead to impedance matching effects and an increase
in the absorption of RF energy by approximately 3 dB [31].

A.3.3 Whole-body absorption and resonance

Whole-body absorption can be estimated by calculating the absorption in a prolate spheroid
phantom [32]. This strongly simplified model of the human body serves as a basis to determine
the correlation of the basic restriction on the whole-body SAR with the incident field strength or
power density [5], [12], [15]. While the prolate spheroid phantom considers the absorption
enhancement at the resonance frequency of the body, more recent studies have shown that it
underestimates the exposure of children under resonance conditions [33]. However, radiative
WPT systems mostly require focusing of the energy on the receiving elements in order to be
energyLemment, which Teads to pariial exposure of the body only. In these cases, whole-body
resonapces do not have to be considered, and the whole-body SAR is evaluated as"de$cribed
in A.4.3. Partial-body absorption is considered according to A.4.4.

A.3.4 Conservative correction factors

Conselvative correction factors (F,,;) accounting for tissue layering effects are spedfied in

B.3.2.3 of IEC 62232:2017 [12] for whole-body plane wave-like exposures in the freguency
range ¢f 300 MHz to 6 GHz, and are summarized in Table A.1.

Table A.1 — Summary of correction factors accounting
for tissue layering effects specified in IEC 62232:2017 [12] for psSAR and wbSARS®

Distance d source-object pPsSAR F_, 4(d) WbSAR F__ ,(d
d <200 mm 1 1+0,84d/400
200 mm < d < 400 mm d /200 1+0,84d/400
d 2400 mm 2 1,8

The cqrrected psSAR and WbSAR, SAR,g o and SARyy, oo are determined accorgling to
Formula (A.1) and Formula (A.2):

SARps cor (d)ZSARm (d)XFcorl(d) (A1)

SAR,(d) is the uncorrected measured peak spatial-average SAR, averaged over either 1 g
(SAR1g or10g (SAng), d is the EUT distance (mm) measured from the liquid surfage, and
Foori(d) corresponds to F,¢(d) or F.,3(d) depending on the human body part; see Clause A.4.

:‘UA(d)XﬁCorZ(d) (A.2)

SAwa cor (d) M

where

Pp(d)  is the average temporal absorbed power (W) in the phantom, measured at d,
d is the EUT distance (mm) measured from the liquid surface, and

M is the mass of the body (kg).

8  Further to IEC 60027-1 and ISO/IEC Directives Part 2 principles, this document uses the notation F_ rather
than for example CF, as in IEC 62232:2017.
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F.or3(d) can be different for localized exposures. The procedure for determining these factors
for specific radiative WPT systems is explained in Clause A.4.

A4

A.41

Assessment of correction factors for layered tissues

General

SAR assessment results in homogeneous box-shaped phantoms can be compared to SAR in
anatomical human body models to estimate enhancement (correction) factors F,,; due to the

effects
SAR f

of layered tissues, with F;

= 1. Comparisons are performed between the maximum

surface

box pH
anatom
box-sh

A.4.2

F

corl &
homog

In the
the hon

surfacsg.

A.4.3

Fcor2
homog

und-in a human anatomical model with rnepnhf to that in a hnmngnnnmlc flat-

antom. The size of the homogeneous flat phantom is close to that of the
ical model; for example, child anatomical models are compared to a child:siz
hped phantom.

Correction factors for peak-spatial average SAR

ccounts for possible enhancement effects on the maximum psSAR estimatg
eneous flat phantom due to tissue layering, per Formula (A,3):

SARps childtorso

Foo(d)= S4Rps childphantom 200 it < ¢ < 1 000 mm
cori ( ) = SAR ’
ps adulttorso

SARps adultphantom

subscripts, torso refers to the anatomical (heterogenous) model, and phantom r¢

human
ed flat

din a

(A.3)

fers to

hogeneous model, and d is the EUTdistance (mm) measured from the body or phantom

Correction factors for whole-body SAR

accounts for possible \enhancement effects on maximum wbSAR estimate

bneous flat phantomidue to tissue layering, per Formula (A.4):

SARwb child

SARwb childphant
Foorp (d)=4 > SMOPRATOM 1500 mm < d'< 1 000 mm
SARwb adult

SAwa adultphantom

1l in a

(A.4)

A.4.4

Correction factors for partial body exposures

Because the maximum psSAR can occur in small regions of the body, e.g., in the limbs, an
additional correction factor F 3 can be calculated per Formula (A.5):

SARps childlimb

Foors (d) = $4Rps childphantom 500 mm < ¢ < 1 000 mm
oor3 SARps adultlimb

SARps adultphantom

(A.5)
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A.4.5 Correction of SAR results in homogeneous flat phantoms
A.4.51 Assessment of maximum peak spatial-average SAR in the torso
The psSAR estimated in a homogeneous flat phantom by either computational or experimental

methods can be corrected in accordance with Formula (A.6):

SARps torso (d) = SARps phantom (d)x Feort (d) (A6)

A.4.5.2 Assessment of maximum peak spatial-average SAR in the extremities

imental

ThepS - ””; ’i’; """"" oS cl
methods can be corrected in accordance with

Formula (A.7):
SARps extremities (d) = SARps phantom (d) = Fcor3 (d) (A7)

A.4.5.3 Whole-body SAR measurement description

The wHSAR estimated in a homogeneous flat phantom by either computational or experjmental
methods can be corrected in accordance with Formula (A.8):

SARwb (d) = SARwb phantom (d)chorZ (d) (A8)
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Annex B
(informative)

Assessment procedure

B.1 REF field strength and power density assessment for radiative WPT
systems

The incident exposure can be evaluated by measuring the incident E-field and

H-field

distributions in the exposure volume and comparing both to the reference levels. In the far-field,

itis su

Ci ar y =i [@amil T -wav Tiv Wer pensity

and compare the values to the reference levels. This can be performed by a robot systeq or by

a maximum-hold sweep technique as described in B.3.1.2.5.2 of IEC 62232:2047 [12]
conditipns for the applicability of spatial averaging are satisfied (IEC 62232:2017 [1!
spatial|averaging scheme as described in B.3.1.4 of IEC 62232:2017 [12] ¢an be apqg
similar| procedure can also be used in the radiating near-field zone where the mg
recorded values of E-field or H-field are to be used by the sweeping method. The asse
is perfprmed in a well-specified reflective environment simulating ,an—installation cas
conseryative exposure. Justification of the selected approach is provided.

The spptial distribution of the field at the position of a body depends on propagation cor
including reflections from the floor, walls and objects in thelenvironment. In some situ
the spatial distribution will be dominated by the direct field.from the transmitting antenn

. If the
P]), the
lied. A
Ximum
Esment
be W|th

ditions
ations,
aorin

combirfation with a ground reflected wave. In an indoor’environment, the distribution is strongly

affected by multiple reflections from the floor and the walls and it is therefore recomn
that the received RF field should be evaluated ‘inothe laboratory conditions where n
reflectipns from the objects are utilized. The sameé conditions are included in the EM sim
model used for the computational assessment.

Two edamples of WPT exposure assessments are introduced in Annex E.

B.2 |Local SAR assessment for radiative WPT systems operating between
30 MHz to 6 GHz

B.2.1 General

The procedure described in B.2.2 to B.2.4 is summarized in the flowchart of Figure B.1.

hended
hultiple
ulation



https://iecnorm.com/api/?name=516083861dcd76ab086e1470ec58e75c

IEC TR 63377:2022 © IEC 2022 - 33 -

B.2.2 Preparation of the device under test

DUT preparation (B.2.2)

y

Human body locations during operation (B.2.3 a))

¥

Modelling of DUT (B.2.3 b))

y

| Optimiz. max E2ys * Fop £ O Hiys * Fopi1 (230)) |

Conservative ? Yes

(B-2-3))
Y

Selection of surrogate SAR location (B.2.3 e))

y

SAR evaluation at each location (B.2.3 f))

¥

3 highest SAR values (B.2.3 g)) <

y

Uncertainty assessment (B.2.3 g))

v

Validation (B.2.4)

IEC

Figure B.1 — Flowchart for thec(SAR assessment procedure
between 30<MHz to 6 GHz

The transmitted power of each antenna element and the frequency are controlled |by the
softwafe provided by the manufacturer. The software is able to excite all power |levels,
frequemcy configurations, and(phase configurations between the elements that can be gxcited

during pctual operation.

B.2.3 Transmitter,SAR assessment procedure

The aspessment includes the following steps:

a)

b)

determination of the assessment volume that includes all locations in which a humgn body
parf codld*be present during operation of the transmitter,

gerleration of a computational transmitter model that is validated accordjing to
IEC/IEEE 62704-1:2017 [18] or IEC/IEEE 62704-4:2020 [19]. The model is validated to
reproduce the field configurations under normal operational conditions of the transmitter.
Constraints posed by the WPT system are appropriately considered in the modelling,

maximization of the incident £Zs X Fep g and wiys X Fepn for each operational

constellation by optimizing frequency, amplitude and phase according to the methods of
Annex C of IEC/IEEE 63195-2:2022 [20] in the entire volume. Fg, g and Fg, y are the

worst-case coupling factors for the corresponding beamwidth. Annex D provides guidance
on how to derive F, g and Fgp y using computational methods,

NOTE EZys X F,

C|
averaged over 1 g and 10 g, allowing for determination of the maximum SAR exposure in free space (see
Annex A).

ol E and HéMS XFcle are conservative intermittent surrogates for the spatial SAR
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d) if it can be demonstrated that g3, * Fcp g and #w3ys X Fep 1 are conservative and that

all values are within the limits for demonstrating compliance, go to Step g), otherwise
continue with Step e),

e) selection of all locations (i.e. surrogate SAR locations) that are within the uncertainty of the
maximum value and are separated by more than 4,

f) SAR assessment at all locations of Step e) using computational or experimental methods,

g) select the three highest SAR assessment values including locations and assess their
uncertainties.

B.2.4

Validation of the SAR assessment

The val

idation includes the following steps:

a) validation of the radiative WPT system features for mitigating exposures usipg.infoimation

obtgined from the system sensors (e.g., proximity sensors, receivers, etc.),

b) sel
as

phgntom as specified in B.3.2 of IEC 62232:2017 [12],
Thg experimental SAR measurements performed in Step f) of B.2.3 do not havg
repepated.

c) if tHe distance is greater than 200 mm, multiply the SAR values obtained in Step b)

cor

d) the
the
con
eng
strg

B.3

B.3.1

The

IEC/IE
methog
distandg
at the
for the

ction of the highest assessed SAR value found in Step g) of B.2.8;and perfg
ssment applying the measurement techniques and procedures usingthe adult an

ection factors described in Annex A,

results of Step c) are compared to the results of\Step g) of B.2.3. If the result is
combined uncertainties of Step b) and Step'Q) of B.2.3 then the assessme
sidered successfully validated. Otherwise, B:2:3 is repeated. Higher deviations
ountered if back-scattering affects the transmitter. In these cases, an asse
tegy is developed to consider these effects.

General

ollowing procedure ( applies the methods of IEC/IEEE 63195-1:2022
FE 63195-2:2022 [20]: It is summarized by the flowcharts shown in Figure B.2. W

es up to 200 mm,.they can be applied without modification at greater distances b
pper distance limit of 200 mm, far-field-like exposure conditions can always be ag
frequency range for which the methods are specified.

Incident power density (PD) assessment for local exposure over 6 GHz

rm the
d child

to be
yith the
within
hts are

can be
5sment

and
nile the

s of IEC/IEEE 63195%1:2022 [2] and IEC/IEEE 63195-2:2022 [20] are only specified for

bcause
sumed
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DUT preparation (B.3.2) |

l

Human body locations during
operation (B.3.3 a))

|

Experimental evaluation of field
configurations at locations
(B.3.3 b))

l

Max spatial average PD

DUT preparation (B.3.2)

}

Human body locations during
operation (B.3.4 a))

l

Modelling of DUT (B.3.4 b))

l

Validation of model (B.3.4 b))

Fig

B.3.2

The trajnsmitter power of each anteAna element and the frequency are controlled by the s
d by the manufacturer.)The software is able to excite all power levels, fre
rations and phasesdetween the elements that can be excited during actual opef

provide
configy

B.3.3

) Iocation; (B.3.3¢))

3 highest PD values (B.3.3 d))

l

Uncertainty estimation (B.3.3 e))

l

Validation (B.3.5)

!

Max spatial average PD
evaluation at human body
locations (B.3.4 ¢))

l

3 highest PD values (B.34 d))

{

Uncertainty estimation (B.3.4 d))

l

Validation (B.3.5)

IEC

ure B.2 — Description of PD assessment procedure between 6 GHz to 300 GHz

Preparation of the devicexunder test

PD assessment procedure — Experimental only

The aspessmentdncludes the following steps:

a) determination of the assessment volume that includes all locations where a huma

par

b) exp
(am

could be present during operation of the transmitter,

plitude and phase) required for field transformation and maximum PD assessment for
all device configurations (frequency, amplitude, and phase) in the entire volume within which
a human body part can be located during operation of the transmitter as specified in B.3.2
according to IEC/IEEE 63195-1:2022 [2] with known uncertainty,

pftware
juency
ation.

c) perform the maximum spatially averaged PD assessment at any point in the volume
according to IEC/IEEE 63195-1:2022 [2],

d) selection of all locations that are within the uncertainty of the maximum PD value,

e) report the highest PD values including location and uncertainties.

B.3.4

PD assessment procedure — Combined numerical and experimental methods

The assessment includes the following steps:
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a)

b)

c)

d)
e)

B.3.5 Validation of the assessment

The validation includes the following steps:

a)

b)
c)
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determination of the evaluation volume that includes all locations at which a human body
part could be located during operation of the transmitter,

generation of a computational transmitter model that is validated according to
IEC/IEEE 63195-2:2022 [20]. The model is validated to reproduce the field configurations
under normal operational conditions of the transmitter. Constraints posed by the WPT
system sensors need to be appropriately considered in the modelling,

perform the maximization of the spatial average PD according to IEC/IEEE 63195-2:2022
[20] at any point in the volume determined in Step a) using the validated numerical antenna
models,

selection of all locations that are within the uncertainty of the maximum PD value,

rep'\ri‘ the hiadhest PD valuas - includina location-and uncertainties
J J N

validation of the system features for mitigating exposure using information obtaingd from
the|WPT system sensors (e.g., proximity sensors, receivers, etc.) according to Anngx C,

selgction of configurations that include the maximum configuration found in B.3.3 or|B.3.4,
the|results of Step b) should be compared to Step d) of B.3.3,0¢B.3.4.
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Annex C
(informative)

Description and validation of exposure mitigation techniques

C.1 General

This annex describes methods to validate exposure mitigation techniques for reducing the
electromagnetic exposure of nearby persons when the radiative WPT system is in operation.
The goal of an exposure mitigation technique is to maintain the electromagnetic exposure of

nearbyrpersonsbetow the—appticabteexposure timit, asestabtishedmimtermatiomatexposure
limits documents (e.g., ICNIRP [16]). This goal can be accomplished by controlling-the| output
power pf the antenna or steering the beam away from the person. Discussion in this,'dogument
is limited to mitigation techniques directly controllable by the WPT system. _Site-basgd and
adminigtration-based mitigation techniques, such as RF safety plans, signdge, and positive
access| control, are outside the scope of this document.

Any exposure mitigation technique, if used, will meet the following genéral criteria:

a) theltechnique is not externally controlled;
b) the|technique is not alterable by the user;

c) the[method is fully documented in the test report. This includes whether a combination of
mitijgation techniques is used.

If the preceding criteria in a) to c) are not met, the exposure is assessed at the maximum| output
power |evel.

This ahnex applies to active methods of«exposure mitigation. Passive methods, sfich as
shielding, are considered part of the radiative WPT system.

C.2 [Description of the technblogy and its implementation

Two cdtegories of exposure mitigation (or a combination of both) can be used by WPT systems:

— Proximity sensors,
— Time-period power-control.

Proximijity sensors.detect the presence of nearby persons and trigger a reduction in the radiated

Time-period power control reduces the maximum output power of the antenna after a fixed
period of time. The goal is to keep the exposure below the limit over the specified averaging
time (e.g., 6 min).

C.3 Validation of proximity sensors

The purpose of this Clause C.3 is to validate that the proximity sensor is triggering at the
intended distance and range. This procedure applies to the following conditions:

a) a single proximity sensor or multiple proximity sensors where the sensor responses are
combined to provide a single unique and unconditional triggering,
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b) single-step power reduction,

c) multiple-step power reduction

The steps of this validation process are as follows;

1)

2)
3)

select the phantom type that well-represents the human body for the employed proximity

sensor technology;

select the minimal phantom, e.g., child arm with hand;

use a manual procedure or an automated scanning system to approach the radiative

WPT system to the closest distance at which the human can be exposed for d
excitation configurations;

ifferent

4)

5)

NOTE

Cc.4

The power control algorithm of SAR or PD can be validated directly by measuri

time-a
exposu
NOTE

If the n
a comg

C.5

Based
to vali
conditi
be suff

a) pla

b) inse¢rt a bodyspart phantom, e.g., hand-arm phantom, from all sides (e.g., left, rig

bot
rad

note all locations at which the proximity sensor is triggered and the power reduct
element;

compare the results with the information provided by the manufacturer. Ifthe d
is less, stop the measurement or perform a comprehensive assessment Icover
entire exposure volume.

\n example test procedure for proximity sensors is described in IEC/IEEE 62209-4528:2020 [3].

Validation of time-period power control

erage exposure (S4Riime-average O PDtime-average) Aif€Ctly at the location of ma
re (see Annex B).

\n example test procedure for time-period power contreNis described in IEC/IEEE 62209-1528:202

easurement results do not match the information provided by the manufacturer,
rehensive assessment covering the entire exposure volume.

System level validation of the exposure mitigation techniques

bn the knowledge of the exposure mitigation techniques, a number of tests are con
jate that the exposure_mitigation techniques ensure compliance under all r
bns. At minimum, the following test is performed: however, it is possible that this
cient:

om) at the minimum distance from the radiative WPT source, at the mid-distanc
ative WPT source, and at 10 mm behind receiver;

NOT

ion per

stance
ng the

ng the
ximum

D [3].

erform

ducted
Blevant
will not

ce the receiver ‘at its minimum distance and in a second test at it maximum distafce;

nt, top,
e from

E\“Fhe range of body-part phantoms is realistic but conservative regarding the employed nf

itigation

teclt
mov

ique. Ime 1est range ] comprenensive, €.g. shidall nidand-arm dand torso pnantoms. 1he aependen
ement speed might also need to be determined.

e of the

c) note all locations at which the proximity sensor is triggered and the power reduction per
element;

d) at all pre-trigger locations determine compliance;

e) in the report, document the rationale as to why the specific system level validation of the
exposure mitigation techniques was sufficient. In addition, document the maximum exposure
if the exposure mitigation techniques fail and the associated risks of such a failure.
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Annex D
(informative)

Computational methods

Methods and procedures

In general, full wave methods, which simulate electromagnetic fields that are solutions of the
first and second of Maxwell’s equations, i.e., Faraday’s law and the Ampere/Maxwell law, need
to be applied for dosimetric calculations in the frequency range within the scope of this

docum
— Fin
— Fin
— Me
— Fin
—  Hyk

The pr

of the psSAR are given below:

a) full

b) mo
par
mo
res

c) rep
d) rep
con

e) intq

computational domain;

f) cal

et Suchmethodsare:

te-difference time-domain method [35], [36],

te element method [37],

hod of moments, boundary element method [38], [39], [40],
te-volume time-domain method [41],

rid methods combining two or more of the methods listed above.

pcedure on the computational methods for the assessmgnt of the whole-body S

jelling environment and mesh generator for the fepresentation of the electrically r
jel, for the rendering of its electric fields and’magnetic fields at specifiable geon
blution limited only by the available comptéter memory;

resentation of isotropic perfect electric conductors;

resentation of isotropic dielectric.materials with relative permittivities ¢, 2 1 and
ductivities o 2 0;

rpolation of the frequency domain simulation results to specifiable points wit

ulation of the dissipated power in the dielectrics;

g) su

spdcifiable number_of simulation results using specifiable complex scaling factors, ¢
thelassessment.of the beam steering of phased array antennas;

h) superposition,of the far field of a specifiable number of simulation results using spe
complex scaling factors including the assessment of the radiated power.

NOTE

erposition of the( simulated E-vector and H-vector fields in the frequency doma

Jasij-static methods are not applicable.

AR and

wave Maxwell's equations solver operating in the-fréquency-domain or time-domfain;

elevant

s of the EUT and of nearby objects, such asra body phantom or an anatomical body

hetrical

blectric

hin the

in of a
.g., for

Cifiable

D.2

Verification of the computational method

The computational software applied for the dosimetric assessment of WPT systems is verified
for technically correct implementation. |[EC/IEEE 62704-1:2017 [18], IEC/IEEE 62704-4:2020
[19], and IEC/IEEE 63195-2:2022 [20] specify appropriate benchmarks to verify all steps listed

in Clau

se D.1 for finite-difference time-domain method and finite element method.

For other full-wave methods, such as the method of moments, the boundary element method,
or the finite-volume method, no standardized benchmarks exist. If these methods are applied,
they can be verified according to [42], or appropriate benchmarks should be developed to
demonstrate their technically correct implementation.


https://iecnorm.com/api/?name=516083861dcd76ab086e1470ec58e75c

D.3

—-40 - IEC TR 63377:2022 © IEC 2022

Application of hybrid computational and experimental methods

Hybrid methods, which combine two or more computational methods or experimental and
numerical methods, can be used to calculate or measure the incident fields of the WPT system
independently from the exposed body or phantom, which can save computational time and
resources for particular system designs. The following considerations should be taken into
account when applying hybrid methods:

D.4

D.4.1

The ag
specifigd in IEC/IEEE 62704-1:2017 [18], IEC/IEEE'62704-4:2020 [19],
IEC/IE

D.4.2

Each of the computational methods and the interface between them need to be verified
appropriately (Clause D.2);

If the combined computational methods do not provide feedback to one another (e.g. if the

ack to

Si
the
be

The

De

of |ts uncertainty, which includes both the maodelling uncertainty and the exper

ung

NOT
toa
num|

AsS
AsS

Hation of dielectric Innd’ such as the nvpncnrl hnrh]l, does not prn\/irln any feed

simulation of the incident field), a demonstration example shows that this feedbg
neglected in the testing configuration;

uncertainty of the hybrid approach is quantified (Clause D.4).
Considerations for the assessment of the numerical unceértainty

General
sessment of the numerical uncertainty is carried out’@ccording to the prog
FE 63195-2:2022 [20]. These are summarized as follows:
elopment and experimental verification of a numerical model of the EUT and asse

ertainty of the measurement setup used forthe validation;

E The validation of the numerical model of th&tEUT is only possible by comparison of its numericg
propriate measurements. This comparison can,be carried out for a simplified dosimetric setup and a
ber of testing configurations.

essment of the numerical uncertainty of the testing configurations;
essment of the combined and éxpanded uncertainty.

Parameters for the numerical uncertainty assessment

ck can

edures
and

5sment
mental

| results
reduced

In the following, the mostsrelevant parameters for the assessment of the numerical uncértainty

are ligted. Details on_Jtheir quantification are given in IEC/IEEE 62704-1:2017 [18],

IEC/IEEE 62704-4:2020'[19], and IEC/IEEE 63195-2:2022 [20]. These parameters can ¢ghange

depending on the applied numerical methods:

— Regolutionef'the mesh and representation of the geometrical details of the EUT and of the
phgntonn;

- Cor||vergence;

Positioning uncertainties in the computational mesh (finite difference time-domain (FDTD)
only);

Spurious reflections from absorbing boundary conditions;

Dimensions of the computational domain with respect to the spatial extension of the reactive
fields of the EUT;

Power budget;

Die

lectric parameters of the EUT materials;

Maximization techniques (Annex C of IEC/IEEE 63195-2:2022 [20]);

Par

ticular considerations for hybrid methods.
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Annex E
(informative)

Examples of exposure assessment

Example of the dosimetric assessment of a WPT transmitter operating at
900 MHz

1 Overview

This anmexdescribesthedosimetricassessmentof amimdoor WPt transmitteroperating in the
900 MKz range with a total conducted output power of less than 10 W. The assessmentapplies

a comiined numerical and experimental approach.

The WPT transmitter uses a linear array of eight patch antenna elemenis to dir¢ct the
electromagnetic energy towards the receiver. The total length of the systén’is less than 1 m.

An

of 300 mm from the antenna array. For smaller distances, the RF poweris turned off.

The objective of the study was to determine the maximum exposuré anywhere in space

E.A
E.A

The foljowing assessment was performed according-to Annex B:

a)

b)

c)

d)

E.A

integgrated proximity sensor system ensures that the closest exposure.occurs at a d|stance

.2 Method

2.1 Assessment

A s$ingle patch antenna element of the WPT transmitter was modelled usipg the
finile-difference time-domain method:® The model was validated according to
IEQ/IEEE 62704-1:2017 [18] by near-field measurements of the electric field without
pregence of a body or a phantom.

For| modelling of the mutual coupling of the antenna elements and distortion due fo back
scattering from the phantomy:all eight antenna elements were integrated into the nuerical
modlel. The results were validated experimentally;

For| the model of thewentire array, the phase configuration for maximum exposufe was
determined at distarices of a) 400 mm, and b) 1 000 mm, by using optimization (B.2.3 of this
dodument, and Annex C of IEC/IEEE 63195-2:2022 [20]);

Thg configuration of maximum exposure was experimentally validated using the adult and
child box phantoms specified in IEC 62232 [12] at the location of maximum exposure
(d 3 400_mm, see Clause A.3);

Thg correction factors (F,;) at this distance were determined using adult and child models
of the—wirtvatlpopatien—-4 i } } it f i
+100 mm and £200 mm);
The final assessment with the measured values multiplied by the F
uncertainty was kept below 30 %.

cori a@s the total

2.2 Numerical methods

All numerical assessments were performed using the FDTD method [36]. The antenna elements
of the linear array were modelled in a rectilinear mesh with variable mesh spacing. The psSAR
and whole-body SAR was calculated according to IEC/IEEE 62704-1:2017 [18] in the adult and

chil

d base-station phantoms specified in IEC 62232 [12]. For comparison with the results in the

phantom, the anatomical models of an adult and a child were selected from the virtual
population [43].
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E.1.2.3 Measurements

The measurements of the fields of the antenna array were carried out with a robot-based
dosimetric measurement system, with a free-space E-field probe for the frequency range from
30 MHz to 6 GHz, and a dynamic range of 2 V/m to > 1 000 V/m, to validate the numerical
model and the worst-case configuration. A vector network analyser was used to evaluate the
input reflection coefficient of each antenna element over a frequency range from 800 MHz to
1 GHz.

The dosimetric assessment was carried out with the same measurement system and a
dosimetric probe with a frequency range from 700 MHz to 6 GHz. 1 g psSAR and whole-body
SAR were assessed using the base-station phantoms specified in IEC 62232:2017 [12]. The
entire yolume was scanned using the Tasi volume scan plus a zoom scan at location of mgximum
exposyre.

E.1.3 Model development and validation

The antenna elements were modelled using the original CAD data. The.fige mechanig¢al and
geomefrical details of the model required minimum mesh steps in the sub“millimetre range. The
coaxiall feed of the antenna elements is integrated in the models. Feeding network and phase
shifterg did not need to be integrated as these can be considered in"the numerical model by
appropriately changing amplitudes and phases of the sources in/the’ modelled coaxial feeds. In
a first| step, a single antenna element was modelled and\‘validated experimentally by
measufements of the E-field distribution, as simulated @nd measured on a surface of
800 mm x 1 300 mm. The orientation of the surface was, aligned with the main axis of the WPT
system|, and perpendicular to the antenna patches corresponding to the cross section shown in
Figure [E.1. The minimum measurement distance was$.25 mm. The input reflection coeffigient of
the anﬂenna element was compared to measurement data as well. In a second step, the entire

array was modelled in the simulation because ofithe mutual coupling of the antenna elgments.
The antennas were fed using a coaxial source. at their feed points. The feeding netwdrk was
not included in the model.

Using fhe numerical antenna model, the maximum exposure was determined by optimizing the
phase |configuration of the antenna ‘elements (per B.2.3 of this document and Anngx C of
IEC/IEEE 63195-2:2022 [20]). .The incident field was maximized at two distances]| of: a)
d =400 mm, and b) d = 1 000 mm from the WPT transmitter. These phase configurations were
experimentally validated by comparing measured and simulated E-field distributions.

A final yalidation of numerical and experimental results for maximized exposure was carijied out
accord|ng to 7.3.4%of IEC/IEEE 62704-1:2017 [18]. Both free-space measuremenfs and
dosimdtric measurements in the base-station phantoms were compared and found to bg within
the mutual uncertainty of the experimental and numerical methods. In conclusion, the model of
the WHT transmitter is sufficiently accurate for the dosimetric evaluations.

E.1.4 L Dosimetric assessment of the anatomical models

The 1 g psSAR, the 10 g psSAR for the head and torso and for the limbs, as well as the
whole-body SAR were determined in an adult and a child model of the virtual population [43].
The anatomical models were placed at the distances of maximum exposure of 400 mm and
1 000 mm. Figure E.1 shows the exposure of the child anatomical model from the E-field of the
WPT transmitter. For the assessment of the variability of the psSAR and the whole-body SAR,
the anatomical models were shifted horizontally by £100 mm and £200 mm with respect to their
central position. Moreover horizontal and vertical polarization were evaluated by rotating the
models.

For comparison, the adult and child base-station phantoms of IEC 62232:2017 [12] were
evaluated dosimetrically for the same configurations. The dosimetric results were applied to
derive correction factors as the ratio of the results of the anatomical models to those of the
base station phantoms for children and adults. The respective maxima of all anatomical models
and positions were compared to those in Table A.1.
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