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INTERNATIONAL ELECTROTECHNICAL COMMISSION

CONVERSION METHOD OF SPECIFIC ABSORPTION RATE TO ABSORBED
POWER DENSITY FOR THE ASSESSMENT OF HUMAN EXPOSURE TO
RADIO FREQUENCY ELECTROMAGNETIC FIELDS FROM WIRELESS

DEVICES IN CLOSE PROXIMITY TO THE HEAD AND BODY - FREQUENCY

RANGE OF 6 GHZ TO 10 GHZ
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International Electrotechnical Commission (IEC) is a worldwide organization for standardizatioh conj
ational electrotechnical committees (IEC National Committees). The object of IEC is to promete.inter
peration on all questions concerning standardization in the electrical and electronic fields.- T this 4
idition to other activities, IEC publishes International Standards, Technical Specificationsy Technical

aration is entrusted to technical committees; any IEC National Committee interested injthe subject dg
participate in this preparatory work. International, governmental and non-governmental organizations
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fested IEC National Committees.
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lications is accurate, IEC cannot be held responsible fof the way in which they are used or
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IEC PAS 63446 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
106/572/DPAS 106/580/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of which it shall be published as another type of normative document, or shall be withdrawn.

This document contains supplemental files that are detailed in Annex D. These files can be
downloaded from https://www.iec.ch/tc106/supportingdocuments.
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This

This d

e CO

INTRODUCTION

document provides the method to conservatively evaluate the area averaged
electromagnetic (EM) power density entering the human body, i.e. the absorbed power density
(APD), for communication devices intended to be used at a position near the human head or
body, or mounted on the body, combined with other transmitters within a product, or embedded
in garments. The device categories covered include but are not limited to mobile telephones,
radio transmitters in personal computers, and desktop and laptop devices. The applicable
frequency range is from 6 GHz to 10 GHz.

ocument specifies:

nversion of the psSAR to the psAPD (Clause 6):

e un

e reporting requirements (Clause 8);

® N9

The
IEC/IH
6 GHz

certainty estimation (Clause 7);

thods of validation and system check (Annex C)
measurement and computational standards |EC/IEEE 63195-1:2022 [1]1

to 300 GHz. Hence there is a frequency overlap from 6 GHzto 10 GHz betweq

this fact and opted for enhanced flexibility by providing methodsfor’basic restriction metri

in add

docunF:ent on APD and the IEC/IEEE standards addressing IPD./The committee was aw

ition to reference level metric IPD.

and

EE 63195-2:2022 [2] for incident power density (IPD) cover theZfrequency range from

n this
are of
c APD

1

Numbers in square brackets refer to the Bibliography.
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CONVERSION METHOD OF SPECIFIC ABSORPTION RATE TO ABSORBED
POWER DENSITY FOR THE ASSESSMENT OF HUMAN EXPOSURE TO
RADIO FREQUENCY ELECTROMAGNETIC FIELDS FROM WIRELESS
DEVICES IN CLOSE PROXIMITY TO THE HEAD AND BODY - FREQUENCY
RANGE OF 6 GHZ TO 10 GHZ

1 Scope

This erage
absorbed power density (ps4PD) in the human head and body due to exposureyto| radio
frequgncy (RF) electromagnetic fields (EMF) from wireless communication deyices, with a
specifjed conversion uncertainty. This conversion method is based on specific absorptign rate
(SAR)|values and is specified with the objective to yield conservative and reprodueible abgorbed
power| density values of the exposure for a significant majority of the population during the use
of hand-held, body-worn or any other RF transmitting communication devices that can operate
in cloge proximity to a human head or body. This conversion method @applies for devicgs that
can fgature single or multiple transmitters and/or antennas and can be operated with their
radiating structure(s) at distances up to 200 mm from a human heador body.

The donversion method of this document can be employed" to determine conformity with
appliceble absorbed power density or epithelial power density limits, such as those defiped in
ICNIRP guidelines 2020 [3] and IEEE Std C95.1™-201914}, of different types of RF transmitting
commpnication devices being used in close proximity/to’the head and body. The assessment
of psAPD is based on the conversion of the peak.\.spatial-average specific absorption rate
(psSAR) values assessed according to applicable international standards. The applicable
frequgncy range of the conversion method of. this document is 6 GHz to 10 GHz.

NOTE |Applicable international standards for the-assessment of the psSAR are those accepted by tHe local
regulatery body or specified in the CENELEC product standards. Such international standards include, e.g. IHC/IEEE
62209-1528 and IEC 62209-3 [5] for measurement methods, and IEC/IEEE 62704-1 [6] and IEC/IEEE 62704-# [7] for
computptional methods. The frequency range-of [5], [6] and [7] is limited up to 6 GHz. While the applicability of the
methodp of [5] for the frequency range oflthis document may need further verification, the numerical standards [6]
and [7]Jmay be applied for frequencies-up’to 10 GHz.

The categories of RF transmitting communication devices covered in this document incluge but
are ndt limited to mobile_telephones, radio transmitters in personal computers, and desktgp and
laptop| devices or devices embedded in garments, using single or multiple transmitters and/or
antenpas, when opgrating within the frequency range indicated above.

The cpnversignymethod of this document does not apply for EMF evaluation of exposure from
the devicesorobjects intended to be implanted in the body, such as active or passive impjanted
medicpl devices.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC/IEEE 62209-1528:2020, Measurement procedure for the assessment of specific absorption
rate of human exposure to radio frequency fields from hand-held and body-mounted wireless
communication devices — Part 1528: Human models, instrumentation and procedures
(Frequency range of 4 MHz to 10 GHz)
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3 Terms and definitions

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

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

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

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

3.1
absor
locall
APD

power

Note 1

and

where

PD,

av

p(x.y,2)
SAR(x,y,

Note 2

Note 3
transmi

Note 4

Note 5

bed power density

yabsorbed power demnsity
per skin surface unit area that is absorbed in the body

o entry: APD is determined using Formula (1) and Formula (2):

1 Zmax
APD = —_dedy _[ p(x,7,2)SAR(x,y,z)dz = PDy Omax
V gy 0+

SAR (x, 7, z) = SAR(x, y,O)e_ZZ/(S

is the specific absorbed power density averaged over the area 4, at the phantom bottom
is the averaging area;

is the penetration depth of the-tissue equivalent medium (< 6 mm), which is much smaller
medium liquid depth z__ atany location of the phantom;

is the mass density ofthe tissue equivalent medium;

z) is the local specific absorption rate.

o entry: The quantity.4PD is equivalent to the quantity S, of Formula (23) of [3].

to entry: In IEEE Std C95.1 [4] the identical metric is called epithelial power density. Identic
ted power density-is used in some scientific publications.

o entry: (Power density is also referred to as power flux density.

o entfy:;n Further details can be found in Annex A and Annex B.

Note 6

o‘entry: Definition is valid for any surface and not limited to the flat phantom surface.

(z=0);

han the

Al term

3.2

incident power density

power

Note 1

per unit area that impinges on the body surface

to entry: The incident power density just outside the body surface is used to establish local exposure
reference levels, which apply at frequencies above 6 GHz in some jurisdictions.
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3.3
spatial-average absorbed power density
sAPD(4,,)

APD averaged over a surface of an averaging area 4,

Note 1 to entry: The s4APD is a function of the location vector r. It is defined on the evaluation surface, except for
the edges where no averaging area can be constructed.

Note 2 to entry: For the frequency range from 6 GHz to 10 GHz the averaging area size specified in exposure limits
is 4 cm?.

3.4

peak spatial-average absorbed power density
DSAP DA

globall maximum value of sAPD (3.3) on the interface of the entire inner phantom surfage and
the tissue equivalent medium

Note 1 jo entry: psAPD is given by Formula (3):
psAPD =max {s4PD(r)} (3)

where # is a point on the evaluation surface as defined in IEC/IEEE 63195-1:2022 [1].
Note 3 jo entry: Other local maxima (i.e. secondary peak spatial-average powef density values) can exist (spe 3.5).

3.5
secorndary peak spatial-average absorbed power density
other Jocal maxima of the spatial-average power defsity (sAPD) values that are smaller than
the pgak spatial-average power density (ps4PD)

3.6
maximized peak spatial-average absorbed power density
mpsAHD
globall maximum value of ps4PD for all-~eombinations of phasors that represent the input|signal
to an antenna array

3.7
Poynfiing vector
S
vector] product of thel electric field strength E and the magnetic field strength H pf the
electrpmagnetic field\at a given point

Note 1 fo entry: ~fhe flux of the Poynting vector through a closed surface is equal to the electromagneti¢ power
passind throughithis surface.

Note 2 jtoentry: For a periodic electromagnetic field, the time average of the Poynting vector is a vector, the
direction‘efwhich, with certain reservations, can be considered as the direction of the propagation of electromagnetic
energy and the magnitude can be consiaered as the average power ffux density:

Note 3 to entry: For a sinusoidal wave of angular frequency o, the complex Poynting vector is expressed by Formula

(4):
S=—FExH

where E and H are phasors and the asterisk denotes the complex conjugate.
Note 4 to entry: The Poynting vector has units of watt per square metre (W/m2).

[SOURCE: IEC 60050-121:2019, 121-11-66, modified — excerpts combined and rearranged,
Note 4 added.]
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3.8

averaging area

A

av

nominal size of the area used for calculating s4PD (3.3)

Note 1 to entry: The shape of the averaging area is the cross section of a sphere (r = (Aavln)”z) with the centre on

the surface (circular in case of a planar surface) or the cross-section of a cube with side length of (Aav)“2 determined
according to IEC/IEEE 63195-2:2022 [2].

3.9

specific absorption rate

SAR

measure of the rate at which energy is absorbed per unit mass in a human body when exposed

to a rgdio frequency electromagnetic field

Note 1 fo entry: This quantity is equal to specific energy absorption rate defined in ICNIRP 2020 guidelineq [3].

3.10

spatigl-average SAR

SSAR

SAR gveraged within a local region based on a specific averaging mass

Note 1 fo entry:

3.11

Averaging masses 1 g and 10 g of tissue in the shape of a'cube are considered for example in
IEC/IEBE 62209-1528:2020. In this document, 8 g of tissue in the shape af\@,cube is considered for determining
sAPD oyer a square 4 cm? surface area of the body.

peak gpatial-average SAR

PpSSAR

maxinmjum SAR averaged within a local region based on a specific averaging mass

Note 1 fo entry:

3.12

interf
spatia

Averaging masses 1 g and 10 g of tissue in the shape of a cube are considered for example in
IEC/IEBE 62209-1528:2020. In this document, 8 g.@fitissue in the shape of a cube is considered for determining
sAPD oyer a square 4 cm? surface area of the bady.

evaIuE{ation surface

4 Symbols and abbreviated terms

4.1 Physical‘quantities

The internationally accepted Sl units are used throughout the document.

ce at the inner surface pofithe phantom shell and the tissue equivalent medium whegre the
-average power densijty-(s4PD) is evaluated

Symbel Quantity Unit Dimenslions

A,y area square metre m?

APD absorbed power density watt per square metre W/m?2

Fppp conversion factor kilogram per square metre kg/m?
penetration depth of the tissue equivalent medium metre m

E electric field vector volt per metre V/m

n wave impedance of the tissue equivalent medium ohm Q

& relative permittivity (real part) 1 1

H magnetic field vector ampere per metre A/m

k wave vector 1 per metre 1/m
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kg wave number in a particular medium 1 per metre 1/m
y) wavelength metre m

Ao wavelength in air, or free-space wavelength metre m

4, edge length of SAR averaging cube metre m
mpsAPD Lneanxsiirgzed peak spatial-average absorbed power watt per square metre W/m2
@ angular frequency radian per second rad/s
psAPD peak spatial-average absorbed power density watt per square metre W/m?2
psSAR peak spatial-average specific absorption rate watt per kilogram W/kg
r radius metre m

r location vector metre m

mass density of the tissue equivalent medium kilogram per cubic metre kg/m?3

S Poynting vector watt per square metre W/m?2
o electrical conductivity siemens per metre S/m
sAPD spatial-average absorbed power density watt per squaresmetre W/m?2
SAR specific absorption rate watt per kilogram W/kg
sSAR spatial-average specific absorption rate watt per kilogram W/kg
4.2 [Constants

Symbpl Physical constant Magnitude

N permittivity in vacuum 8,854 x 1072 F/m

Ho permeability in vacuum 47 x 1077 H/m

4.3 Abbreviations

CAD computer aided‘design

DUT device under test

EMF electromagnetic fields

PD power density

RF radiofrequency

SAM specific anthropomorphic mannequin
SAT standard ACIS text

TE transverse electric

™ transverse magnetic

5 Application of this document

This document describes the conversion method for assessing the peak spatial-averaged
absorbed power density or epithelial power density (psAPD) in the frequency range 6 GHz to
10 GHz. This method directly converts the measured or simulated peak spatial-averaged
specific absorption rate (psSAR) to the ps4PD in the head and body of the user of a DUT using
psSAR values assessed according to applicable international standards. The procedures in
these measurement and computational SAR standards can be applied with no modifications for
supporting the conversion method in this document. The psAPD is converted for the averaging
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area specified in [3], [4], or according to psAPD requirements specified by national regulations.
The conversion method also applies to conversion of any spatial-averaged specific absorption
rate (sSAR) to the spatial-averaged absorbed power density (s4PD).

NOTE The conversion method is applicable when the SAR averaging volume includes the phantom surface. This is
the case when the averaging volume is defined according to applicable SAR measurement or computational
standards.

The psAPD is therefore evaluated with dielectric loading of the DUT taken into account, in the
presence of the user represented by the phantom, where the reactive fields from the DUT can
be perturbed, or electromagnetic energy can be confined between the DUT and the absorbing
body [8]. The benefits are that basic restrictions are assessed while avoiding the complications
in assessing the reference levels, i.e. incident power density in reactive near-field ([3]; see also
7.4.2.1and 1.2.2 of IEC/IEEE 63195-1:2022 [1])

6 APD conversion method by evaluation of the SAR distribution

The APD conversion is based on the SAR distribution, and it is assumed thatithe power pn the
phantpm surface is dominated by modes that propagate in the phantom, that almost all gnergy
transmitted into the body is absorbed in applicable cubic volume at surface of the phantom, and
that there is no significant power leakage through the sidewalls of thé etbe. For convergion of
the psPAR to the psAPD, the dimensions of the averaging area for the{ps4PD are identical|to the
surfage of the psSAR cube at the interface of the phantom shell and the tissue equivalent
medium. The accuracy of these assumptions is assessed ,inNClause 7. The psSAR sHhall be
measyred or computed according to applicable SAR measurement or computational stanflards,
respec¢tively for the averaging mass listed in Table 1. The psAPD for a given averaging area
shall be converted from the psSAR for a given averaging mass using Formula (5), with the
convefsion factors Fapp 5 given in Table 1:

PSAPD 4,, = pSSARavg.mass X FaPD,a (5)

NOTE |Rationale of and the details on the Fpppa conversion factor derivations are provided in Annex A and [9]. The

error is|considered in the uncertainty budget. Different from [9], for purposes of this document Formula (5) is{ written
as an eguality rather than an approximate equality.

Table 1.=/Conversion factors for psSAR to psAPD

psAPD averaging area PpsSAR averaging mass FAPD,a
[em?] [g] [kg/m?]

1 1 10

4 8 20

7 Uncertainty estimation

71 Measurement uncertainty

The evaluation of the uncertainty applies to the assessment of the psAPD using measurement
or computational methods with the SAM and flat phantoms. The measurement uncertainty for
SAR shall be evaluated according to the applicable SAR measurement standard, and the
computational uncertainty for SAR shall be evaluated according to the applicable computational
SAR standard. An additional uncertainty term shall be added for the uncertainty of the
conversion from psSAR to psAPD (PDC) for both measurement and computational assessment.
The conservative uncertainty for PDC (rectangular distribution) is provided in [9] as 13,5 %
(0,55 dB). The uncertainty budget template is calculated as in Table 2.
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Table 2 — Uncertainty budget template for evaluating the uncertainty
in the measured value of the psAPD of a DUT or validation antenna

Inout ity X Prob. Unc. | Std. Unc. uy)
Symbol npu quar; YA Ref. Dist. | value w:;or u(x;) G| =ax | v
(source of unc.) PDEF? a(x;) i =a(x) | q u(x,)
Measurement system errors
IEC/IEEE
u(SAR) SAR measurement unc. 62209- N ©
1528
ppc | PsSAR 1o psdPD Clause 7 R 13,5 % V3 7.8 % 1 [78% | o
conversion unc.
u(psAPD) | Combined unc.
Expanded unc. (k = 2)
u(psAPD) | and effective degrees [
of freedom
a8 N ptands for normal and R for rectangular probability distribution. Other probability distributions and divisors
may be used if they better represent available knowledge of the quantities concerned.

7.2 |Numerical uncertainty

The eyaluation of the computational uncertainty shall considenrthe numerical parameters|of the
simulgdtion according to 7.2 of [6] and [7], and the uncertainty of the developed DUT model
accordling to 7.3 of [6] and [7]. For DUT models with antenna arrays, the uncertainty |of the
calculgtion of the mps4PD according to Annex C of IEC/AEEE 63195-1:2022 [1] as the final|result
shall be considered. As the mpsAPD is calculated. difectly from the field components |in the
numetical mesh, no additional uncertainty applies.

NOTE |The assessment of the numerical uncertainty according to 7.2 of [6] and [7] for frequencies up to 6 QHz and
of IEC/|[EEE 63195-1:2022 [1] for frequencies above\10"GHz follow the same fundamental concept: the impacts of
the applied computational parameters, such as mesh-resolution, convergence, etc., are quantified, and the numerical
model pf the DUT is validated experimentally.\These methods and concepts can be applied regardlesy of the
frequency range specified in the scopes of the respective standards. References [6] and [7] require the additional
validatipn of the phantom model, which is also-required for the evaluation of the psSAR (Table 2). References|[6] and
[7] do rlot specify methods for the maximization of the exposure (i.e. for the calculation of the mpsAPD) for Pevices
with anfenna arrays. Antenna arrays are‘only considered in IEC/IEEE 63195-1:2022 [1], and optimization techniques
for the ¢alculation of the mpsAPD are(specified in its Annex C. While IEC/IEEE 63195-1:2022 [1] evaluates the fupsAPD
in free space, its optimization techniques also apply if a dielectric phantom model, such as the SAM Phantom is
used. I this case, the psSAR is Used as parameter for maximization instead of the psPD.

8 Measurement and computational report

All thg informmation needed for performing repeatable tests, calculations, measurements,
compytationssand giving results within the required calibration and uncertainty limits shall be
recorded.and reported. The reporting requirement of the applicable SAR measurement stgndard
shall he.applied. In addition, the details of the conversion calculations shall be presenteqi.



https://iecnorm.com/api/?name=7d467fb1628ab3621cdb194e6c0a8300

IEC PAS 63446:2022 © |IEC 2022 -13 -

Annex A
(informative)

Rationale for conversion of psSAR into psAPD

The conversion of psSAR to psAPD as per Clause 6 is based on the assumption that the
electromagnetic field in the cubical volume in which psSAR is measured is dominated by plane
wave propagation (see Annex B for detailed analysis). lts penetration depth 6 (3.1) is given by
Formula (A.1):

1
Stk

5=—

(A1)

where| k4 is the complex wave number of the tissue equivalent medium, and the naotation 3{...}
denotg¢s imaginary part of a complex number.

The p§APD can then be calculated from Formula (A.2) with Formula (A.3):

2pl 1
PSAPD 4,, = psSARzyg mass * —;Wx‘ﬁ(—] =PSSARa g mass X FAPD, a (A.2)
05(1—e o ) f1
with
2p/ 1 ple
Fppp, =—me[—j=+
a 05(1_6—240/5) 7 (1_6—2%/&) (A.3)
where

p is [he mass density of the tissde equivalent medium;

¢ Is the edge length of the' SAR averaging cube;

n is he wave impedance of the tissue equivalent medium;
is fhe conductivityof the tissue equivalent medium;

o6 is the penetfation depth of the tissue equivalent medium;

and the netation R{...} denotes real part of a complex number. The psSAR in Formula (A.2) is

measyred in a cube with the surface area that corresponds to the surface of the averaging area
of the lpsAPD (Tnhlp 1)

The uncertainty of this conversion has been determined as 13,5 % (0,55 dB) by numerical
comparison of the psAPD of short dipole antennas evaluated directly at the inner surface of the
phantom to the result obtained from the conversion of the psSAR. Because the fields of these
antennas can be assumed to contain a large amount of reactive energy, the approach can be
regarded as conservative. Details are found in [9].
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Annex B
(informative)

Poynting vector and absorbed power density

B.1 Introduction

The electromagnetic fields in a homogeneous space can be represented as a superposition of
propagating and reactive TE-modes and TM-modes. In a lossy half space, the total absorbed
power can be expressed as a function of these modes. The total absorbed power in the half
space can be calculated by integrating the local electric losses, or the local absorbed power,
over tireemntire votume of thetratf space:

Alternptively, the Poynting theorem can be applied to calculate the power that enters the half
space} In an infinite half space, the power is absorbed entirely. The total power integratefl from
the elgctric losses and the total power that enters the half space are identical, This anneX gives
expresgsions for the total power calculated: a) by integrating the local electrie/losses, and b) by
integrating the transmitted power using the Poynting theorem, andUshows that [these
expregsions can be transformed into one another. The presentations.in.-this annex are gimilar
to those of [10] and [11].

B.2 | Electric fields and magnetic fields in a lossy half’'space

The electric fields and magnetic fields in an electricallydossy half space, the boundary of|which
is nonmal to the z-axis of a Cartesian coordinate ‘system and located at z; = 0, cpn be
decomposed into TE-wave and TM-wave as fqllows as per Formula (B.1), Formula|(B.2),
Formyla (B.3), and Formula (B.4):

0
E'E(F)=| EGF |exp(~jky-r) (B.1)
0
TE
1 —k1,Eg
HE(r)=—| 0 |exp(=jks-r) (B.2)
“Ho TE
k1xEg
[ k1zE(1)-M W
™ 1 ,
EV(r)=— 0 exp(—jky-r) (B.3)
1 ™
L_k’IxEO
0
lor .
HTM(r)zk—1 E(-)I-M eXp(—Jk1~r) (B.4)
1
0

where

EJE,EJM  are the complex amplitudes of the electric field of the TE-wave and TM-wave
transmitted in the lossy half space;
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r s the location vector xe, + ye,, +ze for the coordinates x, y, and z, with e, e, and e_, being

the respective unit vectors;

o is the angular frequency of the fields;

g1 is the complex permittivity of the lossy half space per Formula (B.5);

Ko is the permeability in vacuum;

k4 is the wave vector in the lossy half space given in Formula (B.6).

The complex permittivity of the lossy half space is per Formula (B.5):

where|
81 iS
01 iS

The W

propa
Formd

In the

valueg
the sp

then diven by Formula (B.7):

B.3

Provid
at ZO =

he real part of the absolute permittivity of the lossy half space;
he electric conductivity of the lossy half space.
ave vector k, is given as the product of the normalized vector of the direct

jation of the TE-wave or TM-wave in the lossy half space and the wave numbe
la (B.6):

ky = o\ 1ogs

spectral domain, the tangential componeénts k4, and k4, of the wave vector k4 af

and are identical in both half-spaces, so the index i can be omitted. For each w
ectrum the coordinate system can be‘oriented such that ky = 0. The z-component ¢

2 2 .
k., =\/w Ho& —ky — jongoy

Power density absorbed in the lossy half space

ed that lossy half space extends in a positive z-direction and that its boundary is Iq
0, the differential dissipated power at a location r in space is per Formula (B.8):

(B.5)

on of
kq of

(B.6)

e real

ave in
fkyis

(B.7)

cated

2
ap = Z|ETET™ () g1
Al x

(B.8)

Integration of Formula (B.8) along the z-axis yields the dissipated power density PDTE.TM for a
TE-wave or TM-wave according to Formula (B.1) and Formula (B.3) in the lossy half space
between its boundary and a plane located at z4 > zy, per Formula (B.9):

2 A *
PDTE™ T ETEMM [oxp (- by z)xexp(~jhr.2) dz
20

:ﬁ“ETE’TM“Z f exp(23{ky. } z)dz
2 Zo ~ Mz

(B.9)
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According to Formula (B.7), 3{k.} is negative.

2 2
HETE“ and HETM” are squares of the moduli of the complex amplitudes of the electric fields

of the TE-wave and TM-wave of Formula (B.1) and Formula (B.3). Therefore, Formula (B.10)
gives for the TE-wave:

e (a7 @10

Note that the phase angle of each complex plane wave amplitude can be assumed to be zero

2
if reggqrded independently from the others. Hence, (ETE) in Formula (B.10) is written |without

vertical double-bars.

Using|identity for two complex numbers ¢ and b of Formula (B.11):

= B.11)

™| - :
HE ‘ can be written as in Formula (B.12):

2 2
k‘lx + ‘k‘lz

™" - @ (£™) B.12)

The dissipated power density can be regarded as the difference of the power density that enters
the hglf space at zy and leaves it at zq.

For z5|= 0 and z4 approaching os;.the total absorbed power density for the TE-wave and TM-wave

in the|lossy half space according to Formula (B.9) can be written as in Formula (B.13) and
Formdla (B.14).

TE g TE 2
PDiogal =——4,§{;€1 }(E ) B.13)
2 2
o TM o Mx Rz, g2
hiotal — = ) B.14)

—4S{k1z} ‘k»]z‘

B.4 Power transmitted by the Poynting vector of the TE-waves

Inserting the y-component of Formula (B.1) and the x-component of Formula (B.2) into the
definition of the Poynting vector of 3.7, the real part of the z-component of the Poynting vector
of the TE-waves at z; = 0 can be written as in Formula (B.15):

1 —k i 1 2
R{SIE = —wIEJE.| D= gJE | Lo (EJB) ®{k
{ZO} 2 { 0 | opg 0 260“0( 0 ) {1} (B.15)
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Using the identity of Formula (B.16) for the real numbers x and y [13]

[.2 2 2 2
x+jy=\/ xXT+Yy +xi‘j\/ X" +y X (B16)

2 2

and applying Formula (B.17):

: 1
‘.R{\/x+Jy} \/x+Jy \/\/x +y +x- \/\/x +y -x=t Ey (B.17)
on Formula (B.7) yields Formula (B.18):
1
ER{/O]Z}'S{/C»]Z}:JF—COH()O'»] B18)

2

Expanding the result of Formula (B.15) by S{lqz} and inserting the_result of Formula (B.18)
with itp negative sign yields Formula (B.19):

m{SZTOE} _ 2w1uo (£3* )2 m{kz{}]-jiku} _ _43«{7;{12} (EJE )2 B.19)

whichlis identical to the expression obtained for PDtT)'tEm in Formula (B.13).

B.5 |Power transmitted by the Poynting vector of the TM-waves

Inserttlng the x-component of Formula=(B.3) and the y-component of Formula (B.4) into the
definition of the Poynting vector of 3.7, the real part of the z-component of the Poynting vector
of the[TM-waves at z; = 0 can be-written as Formula (B.20):

™ ATk v (em v ) |1 T™\? :
) G (G |t ol o

Factofing out Rk, } from R{ky, (wey—joq)}, €xpanding the last summand in the real part|of the

resulting expression by —S{k1z}, and applying Formula (B.18) yields Formula (B.21):

R{sip" - 1 (EJM)ZER{IQZ}[wquZM} (B.21)

2|ky|? ®lg

Note that the sign of Formula (B.18) is chosen such that Formula (B.21) is always positive.

Applying the imaginary part of the right-hand side of Formula (B.16) on Formula (B.7) yields
Formula (B.22):

2
[S{k1z}:|2=%|:\/(w noer — ks ) +(a)u001) - u081+k } (B.22)
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After splitting up the term 2[5{1{12}]2/60“0 of Formula (B.21) into two equal summands and

replacing the numerator of one of them by Formula (B.22), Formula (B.21) can be rearranged
as Formula (B.23):

s} = (M) 2L [y

2P @lg ©.23)
12 0 2)2 2 2 2 .
+ 5 (a) Lo& — ki ) +(wpgoq)” + o pger +kf

Subtracting kg from the expression in the inner brackets and adding it again as a separate
term ylields Formula (B.24):

1 2 Rk R
m{SzTc')\A}=W(EgM) CETLZ}X[[J{I%}J +kZ
B.24)

1 2
+—\/( 2“081—/(3) +(wuoﬂ1)2+wzuoe1—kf}

2
Applying the real part of the right hand side of Formula (B.16) on‘\Formula (B.7) shows that the
last tgrm in the brackets corresponds to [%{k1z}]2, and Formula (B.24) can be rewritien as
Formyla (B.25):

"{sp"} = ; ! : (E3mY %X[[‘R{/ﬁz}f +[S{k) T +kf} B.25)

The first two summands in the braces_can be replaced by ‘kfz . Expanding the resulting

expregsion by —3{/{12} and applying Formula (B.18) with negative sign yields Formula (B.26):

2 ‘ 2
e G

B.26)

whichlis identical te_the result of Formula (B.14).

B.6 | Summary

The cpmparison of Formula (B.13) and Formula (B.14) to Formula (B.19) and Formula (B.26)
shows that the tofal absorbed power density for boih TE-waves and TM-waves Is transmitted
entirely by the real parts of the z-components of their Poynting vectors.

It should be noted that the tangential components of the Poynting vector of a TM-wave,
according to Formula (B.3) and Formula (B.4), also have nonzero real parts. These components
do not contribute to the absorbed power because the tangential components of the wave vector
are assumed to be real (Clause B.2). The tangential components of the Poynting vector are
therefore not attenuated as they propagate parallel to the interface of the lossy half space, and
no energy is dissipated.

The results of this annex are derived for the Poynting vector of the electric fields and magnetic
fields that are transmitted into a lossy medium. They do not apply to the specifications of the
sPD and psPD described in IEC/IEEE 63195-1:2022 [1] and IEC/IEEE 63195-2:2022 [2] because
those refer to the Poynting vector of the incident electric fields and magnetic fields.
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