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INTERNATIONAL ELECTROTECHNICAL COMMISSION

DETERMINING THE PEAK SPATIAL-AVERAGE SPECIFIC ABSORPTION
RATE (SAR) IN THE HUMAN BODY FROM WIRELESS
COMMUNICATIONS DEVICES, 30 MHz TO 6 GHz -

Part4-G I : ¢ o thefimitediff

time-domain (FDTD) method for SAR calculations

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compfrising
al| national electrotechnical committees (IEC National Committees). The object/of IEC is to pr¢mote
infernational co-operation on all questions concerning standardization in the electrical and electronic fields. To
thjs end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
T¢chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to a31“IEC
Pdiblication(s)”). Their preparation is entrusted to technical committees; any |EC National Committee interfested
in| the subject dealt with may participate in this preparatory work/ International, governmental and| non-
gqvernmental organizations liaising with the IEC also participate in this\preparation.

IEEE Standards documents are developed within IEEE Societies and)Standards Coordinating Committees pf the
IEEE Standards Association (IEEE-SA) Standards Board. |IEEE/develops its standards through a consgnsus
dgdvelopment process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve“the final product. Volunteers are not necegsarily
members of IEEE and serve without compensation. While\JEEE administers the process and establisheslrules
to| promote fairness in the consensus development proecess, IEEE does not independently evaluate, test, or
verify the accuracy of any of the information contaiped’in its standards. Use of IEEE Standards documents is
wholly voluntary. IEEE documents are made available for use subject to important notices and legal disclaimers
(spe http://standards.ieee.org/IPR/disclaimers.htm¥-for more information).

IEIC collaborates closely with IEEE in accordance with conditions determined by agreement between the two
organizations. This Dual Logo International>Standard was jointly developed by the IEC and IEEE undgr the
tefms of that agreement.

The formal decisions of IEC on techhical matters express, as nearly as possible, an international consengus of
ofinion on the relevant subjects, since each technical committee has representation from all intereste¢ IEC
National Committees. The formal decisions of IEEE on technical matters, once consensus within IEEE Sodieties
anld Standards Coordinating. Committees has been reached, is determined by a balanced ballot of matégrially
inferested parties who indicate interest in reviewing the proposed standard. Final approval of the |IEEE
stindards document is-given by the IEEE Standards Association (IEEE-SA) Standards Board.

IHC/IEEE Publicatidgns "have the form of recommendations for international use and are accepted by IEC
National Committees/IEEE Societies in that sense. While all reasonable efforts are made to ensure that the
technical contentiof IEC/IEEE Publications is accurate, IEC or IEEE cannot be held responsible for the Way in
which they aredsed or for any misinterpretation by any end user.

In| order<toypromote international uniformity, IEC National Committees undertake to apply IEC Publicgtions
(ipcluding NEC/IEEE Publications) transparently to the maximum extent possible in their national and regional
pyblications. Any divergence between any IEC/IEEE Publication and the corresponding national or regional
pyblication shall be clearly indicated in the latter.

IEC and IEEE do not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC and IEEE are not responsible
for any services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or IEEE or their directors, employees, servants or agents including individual
experts and members of technical committees and IEC National Committees, or volunteers of IEEE Societies
and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-SA) Standards Board,
for any personal injury, property damage or other damage of any nature whatsoever, whether direct or indirect,
or for costs (including legal fees) and expenses arising out of the publication, use of, or reliance upon, this
IEC/IEEE Publication or any other IEC or IEEE Publications.

Attention is drawn to the normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.
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9) Attention is drawn to the possibility that implementation of this IEC/IEEE Publication may require use of
material covered by patent rights. By publication of this standard, no position is taken with respect to the
existence or validity of any patent rights in connection therewith. IEC or IEEE shall not be held responsible for
identifying Essential Patent Claims for which a license may be required, for conducting inquiries into the legal
validity or scope of Patent Claims or determining whether any licensing terms or conditions provided in
connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or
non-discriminatory. Users of this standard are expressly advised that determination of the validity of any patent
rights, and the risk of infringement of such rights, is entirely their own responsibility.

International Standard IEEE/IEC 62704-1 has been prepared by IEC technical committee 106:
Methods for the assessment of electric, magnetic and electromagnetic fields associated with
human exposure, in cooperation with the International Committee on Electromagnetic Safety
of the IEEE Standards Association?, under the IEC/IEEE Dual Logo Agreement.
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publication is published as an IEC/IEEE Dual Logo standard.

standard contains attached files in the form of CAD , models

ence results described in Annexes B and D. These files are'*available
/www.iec.ch/dyn/www/f?p=103:227:0::::FSP_ORG_ID,FSP_LANG_ID:1803,25.
text of this standard is based on the following IEC documents:
FDIS Report on votjng
106/401A/FDIS 106/413(RYD

nformation on the voting for the approval of this-standard can be found in the repof

g indicated in the above table.

hational Standards are drafted in accordance with the rules given in the ISQ
ctives, Part 2.

I of all parts in the IEC/IEEE 62704 ;series, published under the general title Determ
beak spatial-average specific absorption rate (SAR) in the human body from wirg
munications devices, 30 MHz\t6)6 GHz, can be found on the IEC website.

and
at:

—

on

/IEC

ning
less

|[EC technical committee 'and IEEE technical committee have decided that the contents of

publication will remain ‘uhchanged until the stability date indicated on the IEC web
r "http://webstore.iec.ch" in the data related to the specific publication. At this date
cation will be

econfirmed,

ithdrawps

bplaced*by a revised edition, or

. z1mended.

site
the

1 A

list of IEEE participants can be found at the following URL:

http://standards.ieee.org/downloads/62704/62704-1-2017/62704-1-2017_wg-participants.pdf.
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INTRODUCTION

Computational techniques have reached a level of maturity which allows their use in specific
absorption rate (SAR) assessment of wireless communication devices. Some wireless
communication devices are used in situations where experimental SAR assessment is
extremely complex or not possible at all. National regulatory bodies (e.g. US Federal
Communications Commission) encourage the development of consensus standards and
encouraged the establishment of the ICES Technical Committee 34 Subcommittee 2. The
benefits to the users and the regulators include standardized and accepted protocols,
anatomically correct body models, validation techniques, benchmark data, reporting format
and means for estimating the computational uncertainty in order to produce valid, accurate,
repeptable, and reproducible data.
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DETERMINING THE PEAK SPATIAL-AVERAGE SPECIFIC ABSORPTION

RATE (SAR) IN THE HUMAN BODY FROM WIRELESS
COMMUNICATIONS DEVICES, 30 MHz TO 6 GHz -

Part 1: General requirements for using the finite-difference
time-domain (FDTD) method for SAR calculations

Bcope

ific absorption rate (SAR) in the human body exposed to wireless commurication de

r test (DUT) and to assess its uncertainty when used in SAR simulations. Moreov

ency range is 30 MHz to 6 GHz.

Cubical averaging volumes are applied in all current experimental”standards for the assessment
spatial-average SAR (psSAR) and recommended by [1], [2] and\[3]. Other averaging volumes have
sed, for example, in [1], and may be included in future revisions ofthis document.

ple, in the guidelines published by the Mnternational Commission on Non-lon
ation Protection (ICNIRP) [1] or in IEEE Std.€95.1 [3].

Normative references

following documents are referfed to in the text in such a way that some or all of
bnt constitutes requirements_of this document. For dated references, only the ed
applies. For undated references, the latest edition of the referenced document (inclu
bmendments) applies.

The experimental standards that define the SAM phantom and the testing positions are IEEE Std 152
P209-1.

Std 1528, SIEEE Recommended Practice for Determining the Peak Spatial-Ave
ific Absetption Rate (SAR) in the Human Head from Wireless Communications Dev|
surement‘Techniques

IEC

part of IEC/IEEE 62704 defines the methodology for the application of the finite-
rence time domain (FDTD) technique when used for determining the peak spatial-average

ices

known uncertainty. It defines methods to validate the numerical model of the dgvice

br, it

es procedures to determine the peak spatial-average SAR in,accubical volume and to
valiclate the correct implementation of the FDTD simulation/software. The appligable

f the
been

document does not recommend specific SAR {imits since these are found elsewherg, for

zing

their
ition
ding

B and

rage
fces:

52209-1, Human Exposure to Radio Frequency Fields from Hand Held and Body Moy

nted

Wireless Communication Devices — Human Models, Instrumentation and Procedures — Part 1:
Procedure to determine the specific absorption rate (SAR) for devices used next to the ear
(frequency range of 300 MHz to 6 GHz)

IEC 60050 (all parts), International Electrotechnical Vocabulary (IEV) (available
http://www.electropedia.org)

IEEE Standards Dictionary Online (subscription available at: http://dictionary.ieee.org)

at:


http://www.electropedia.org/
http://dictionary.ieee.org/
https://iecnorm.com/api/?name=2c204a64308a6c652b619b85765eb950
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in the IEEE Standards
Dictionary Online, IEC 60050 (all parts) and the following apply.

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

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

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

o |EEE Dictionary Online: available at http://dictionary.ieee.org

3.1
excitation source
sourpe with an associated signal which feeds electric or magnetic energy te” one or more
edggs of the mesh

Note [l to entry: The amplitude of the signal is proportional to an arbitrary function oftime.

3.1.1
added source
sourgce whose amplitude is added to the present value of an E-field component on a mesh
edgg at each time step of the FDTD algorithm

3.1.2
hard source
sourge whose amplitude replaces the present value of an E-field component on a mesh ¢dge
at eqgch time step of the FDTD algorithm

3.1.3
voltage source
sourge whose amplitude updates the-present value of an E-field component on a mesh ¢dge
at epch time step of the FDTD salgorithm considering the current through the mesh &dge
repr¢sented by its surrounding H=fields and an internal resistance

3.2
antenna
part| of a transmitting ' or receiving system that is designed to radiate or to regeive
elecfromagnetic waves

3.3
feed-point
<antenna>) part of the radiating structure where the radio-frequency currents start to support
the glectromagnetic fields that carry energy away from the antenna

Note 1 to entry: Often the feed-point of the antenna is not accessible because of mechanical support
requirements; in this case a connection point is available to inject radio-frequency energy into the antenna.
Normally, the connection point is a simple connector or a waveguide flange. If not collocated, the connection and
the feed-point of an antenna are interconnected by one or more sections of transmission line. By measuring the
antenna impedance at the connection point, if the electrical characteristics of the transmission lines between the
connection and the feed-point are known, it is possible to calculate the driving point or feed-point impedance of an
antenna.

3.4

antenna feed-point impedance

terminal or driving-point impedance

ratio of complex voltage to complex current at the terminals of a transmitting antenna, or the
ratio of the open-circuit voltage to the short-circuit current at the terminals of a receiving
antenna


http://www.electropedia.org/
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attenuation
decrease in magnitude of a field quantity in the transmission from one point to another

Note 1 to entry: Attenuation is expressed as a ratio.

3.6
aver
P

age power

time-averaged rate of energy transfer

whe

Note
or usé

3.7

e P(¢) is the instantaneous power

I to entry: The time duration could be source related (for example, the source/repéetition period, duty
related.

background material

matg

Note
surro

have peen excluded from averaging, for example, by user selection.

3.8

ben¢hmark simulation

simulation test specifically defined to validate simulation results based on comparison w|
refefence

3.9

body

geometrical distribution of thevdielectric properties and the mass densities of all live

rial or tissue which is not considered for the averaging velime

I to entry: Most typically, a background material will be any.lossless material, such as the free-space
inding the anatomical model. It also includes air enclosures.or other lumina inside the body and tissue

tissues including body fluids

Note
consi

3.10

I to entry: The contents of body lumina or foreign matter, such as medical implants or jewellery, a
Hered as part of the hody.

conductivity

(o2
ratio
stren

of the magnitude of the conduction-current density in a medium to the electric
gth

(1)

tycle)

or air
5 that

ith a

body

e not

field

Note 1 to entry: Conductivity is expressed in units of siemens per metre (S/m).

3.1

conservative estimate
estimate of the peak spatial-average SAR and whole-body average SAR as defined in this
document that is representative of what is expected to occur in the body of a significant
majority of population during normal operating conditions of wireless communication devices

Note 1 to entry: Conservative estimate does not mean the absolute maximum SAR value that could possibly
under every conceivable combination in the human body size, shape separation from the antenna and/or vehicle.

occur
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coverage factor

k

factor that is used to obtain the expanded uncertainty from the combined uncertainty with a
known probability (P) of containing the true value of the measurand

Note

P =0,

3.13
elec

E-figld

vect

3.14
elec
E

at a

small stationary charge at that point will experience, by virtue of its chargé, to the char
the gharge approaches zero in a macroscopic sense

Note
some
powe

3.14
elec
<sig

3.14
elec
<rad

Note

3.15
elec
leng
any

Note
units,

3.16
elec
EM

1|ie|d

1 to entry: Specifically, k£ x (combined uncertainty) = (expanded uncertainty). When k=1, P = 0,68;
95; k=3, P~ 0,999.

tric field

k=2,

pr field of electric field strength

tric field strength

given point, the magnitude (modulus) of the vector limit of the quotient of the force t

| to entry: This may be measured either in newtons per coulomb .or in volts per metre. This te
imes called the E-field intensity, but such use of the word intensity is\deprecated, since intensity con
in optics and radiation.

1
tric field strength

2
tric field strength
o wave propagation> magnitude ofithe E-field vector

I to entry: The electric field strength\is expressed in volts per metre (V/m)

trical length
h of a transmissiontmedium or a transmission line, such as an antenna or a wavegui
medium including-ait

| to entry: Electrical length is expressed in wavelengths, radians, or degrees. When expressed in af
it is a distapCein wavelengths multiplied by 2rx to yield radians, or by 360 to yield degrees.

tromagnetic field

at a
e as

rm is
notes

nal-transmission system> magnitude of the potential gradient in an E-field expressgd in
unitg of potential difference per unit length in the direction of the gradient

e in

gular

eleciromagnetic phenomenon expressed in scalar or vector Tunctions o1 space and time

, for

example, a time-varying field associated with electric and magnetic forces and described by
Maxwell’'s equations

3.17

far-field region
region of the field of an antenna where the angular field distribution is essent

inde

Note

pendent of the distance from the antenna

1 to entry: In this region (also called the free-space region), the field has predominantly plane

ially,

wave

characteristics, i.e. the electric field strength and magnetic field strength distributions are locally uniform in planes
transverse to the direction of propagation.

Note

2 to entry: For larger antennas especially, the far-field region is also referred to as the Fraunhofer region.
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incident wave
wave, travelling through a medium, in a specific direction, which impinges on a discontinuity

ora

3.19
mag

medium of different propagation characteristics

netic field

H-field
vector field of magnetic field strength

3.20

maghetic field strength

H
mag

Note

Note

the rgtio of the magnetic flux density B to the magnetic permeability of the medium g, i.e.;\H = B/p.

3.21
mes
disct
dime

Note

3.22

near-field region

regiq
field
poin

Note
small
the a
radiaf
wave
near-

Note
exist

3.23
perf
PEC
matg

hitude of the magnetic field vector

| to entry: The magnetic field strength is expressed in amperes per metre (A/m).

P to entry: For time harmonic fields in a medium with linear and isotropic magnetic’ properties, H is eq

h
ete representation of the simulation model as a set  of) voxels in a regular th
nsional Cartesian arrangement

I to entry: In the scientific literature, the mesh is often referred to as “grid”.

n in the field of an antenna, located near-the antenna, in which the electric and mag

I to entry: The term near-field region™is often vaguely defined and has different meanings for larg
antennas. The near-field region is further subdivided into the reactive near-field region, which is clos
htenna and contains most or nearly_all of the stored energy associated with the field of the antenna, an
ing near-field region. If the antemha has a maximum overall dimension that is not large compared f
ength, the radiating near-field region may not exist. For antennas large in terms of wavelength, the rad|
ield region is sometimes referred to as the Fresnel region.

P to entry: For mostsantennas, the outer boundary of the reactive near-field region is commonly taK
bt a distance of A/2n from the antenna surface.

bct electric conductor

rial with infinite electrical conductivity which does not dissipate any energy

bal to

ree-

hetic

5 do not have substantial plane-wave ¢haracteristics, but vary considerably from poipt to

b and
st to
d the
o the
iating

en to

3.24

relative permittivity

&
ratio

of the complex permittivity to the permittivity of free space

Note 1 to entry: The complex relative permittivity, & = ¢/g,, of an isotropic, linear, lossy dielectric medium is

by & =& - jef =& —.ii=s;[1—jij=s;(1—.itan6)
weQ &
where
& is the free space permittivity (8,854 x 1012 F/m);
& is the relative permittivity or dielectric constant;
o is the conductivity in siemens per metre (S/m);

tano is the loss tangent.

given
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Note 2 to entry:

Note 3 to entry:

quant

3.25

ity.

penetration depth
for a given frequency, the depth at which the electric field (E-field) strength of an incident
plane wave, penetrating into a lossy medium, is reduced to 1/e of its value just beneath the
surface of the lossy medium

For purposes of this document, the convention ¢/ is used to describe time-varying electric fields.

The permittivity of biological tissues is frequency dependent and may be a complex tensor

Note 1 to entry: For a plane-wave incident normally on a planar half-space, the penetration depth & is given in

Formyla (2):

5= | Hoftéy 1+{ g j -1

w 2 werEQ

3.26
permeability
U
ratio| of the magnetic flux density to the magnetic field strength @tja point
Note [l to entry: The permeability is expressed in units of henry per metre (H/m).
3.27
reactive field
elecfric and magnetic fields surrounding an antehna or other electromagnetic devices
result in storage rather than propagation of electtomagnetic energy
3.28
roottmean-square value
rms

<of & periodic function> positive square root of the mean value of the square of the fun

take

Note

wherg

Y

rms

N over a given period

I to entry: For a periodic function y of ¢, the positive square root of y is

is. the rms value of y;

t

is"any value of time;

(2)

that

Ction

(3)

T

3.29

is the period.

root-sum-square value

rss

positive square root of the sum of the squares of the elements of a set of numbers

3.30

scattering
process that causes waves incident on discontinuities or boundaries of media to be changed
in direction, phase, or polarization
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3.31

specific absorption rate

SAR

time derivative (rate) of the incremental energy (dW) absorbed by (dissipated in) an
incremental mass (dm) contained in a volume element (dV) of a given density (p):

SAR:id_W =id_W (4)
dr \ dm dr\ pdV

Note 1ta entry: SAR is expressed in units of watts per kilngrnm (\I\//kg\ Qr nnllli\/:ulnnfly milliwatts per gram ( ']W/g)

Note P to entry: SAR can be related to the E-field at a point by

o|EJ
2p

SHR =

o s the conductivity of the tissue in siemens per metre (S/m);
P s the mass density of the tissue in kilograms per cubic metre (kg/m3);

E s the peak electric field vector in volts per metre (V/m).

Note B to entry: SAR can be related to the increase in temperature at a point by

cAT
At |,

%)

R ~

wherg
AT |s the change in temperature in degree Celsius (°C);

At s the duration of exposure in seconds (s);

c s the specific heat capacity in joules per kilegram and degree Celsius (J/kg °C).
This pssumes that measurements are made“under “ideal” circumstances, i.e. no heat loss by thermal diffjision,
heat fadiation, or thermoregulation (bloodxflow, sweating, etc.). Moreover, this expression is valid only in the initial,

linear| regime of the temperature-timesgurve. If this linear regime does not exist, the provided expression [s not
used.

3.31}11
peak spatial-average specific absorption rate
maximum average SAR within a local region based on a specific averaging volume or mags

Note [l to entry: SAR\is expressed in watts per kilogram (W/kg) or equivalently milliwatts per gram (mW/g).

Note P to entry:_/The specific averaging volume or mass can be, for example, any 1 g or 10 g of tissue In the
shapg of a cube.

Note B«o entry For the purpose of this document, when the averaglng mass is not specmed the peak spatial-

Ll
average—SARrefers—toboth— 1] are—6 1] qualltluco t—severattabltes—inthisdocument—the pcar\ opaucxl average

SAR for 1 g and 10 g is simply denoted as 1 g and 10 g SAR.

3.31.2
spatial-average specific absorption rate
SAR within a local region based on a specific averaging volume or mass

Note 1 to entry: SAR is expressed in watts per kilogram (W/kg) or equivalently milliwatts per gram (mW/g).

Note 2 to entry: The specific averaging volume or mass can be, for example, any 1 g or 10 g of tissue in the
shape of a cube.
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le body average specific absorption rate

quantity calculated as the power dissipated in the entire body divided by its mass

Note

3.33
stea

1 to entry: SAR is expressed in watts per kilogram (W/kg) or equivalently milliwatts per gram (mW/g).

dy-state feed-point current

electric current flowing through the antenna feed-point in the steady-state regime of harmonic
excitation at the operating frequency

3.34

steady-state feed-point voltage

voltgge established at the antenna feed-point in the steady-state regime of\\harmonic

exci

3.35

update coefficient

num
mag

Note
in the

3.36
vox

Note
electn
locatg
locatg
coeffi

4

ABC
ASC
CFL
CT

DFT
DUT
FDT

I
voluine element of the geometry to be discretized in‘the mesh

ation at the operating frequency

brical value assigned to the voxel edges and faces calculated from the dielectric
hetic properties of the voxels that surround it

I to entry: The update coefficient is used to advance the numerical values of the electric and magnetic
mesh in time based on their present and past values.

I to entry: In FDTD simulations for SAR calculation,\the voxel is assigned the permittivity, permeabilit
¢ and magnetic conductivities and the mass density,of the geometry. The E-field components of the meg

d in a normal direction on the centres of_the” voxel faces. Each edge and face is assigned an u
Cient.

Abbreviated terms

Absorbing Boundary~€endition
I American Standard Code for Information Interchange
Courant Friedrich Lewy
Computed(Tomography
DiscretesFourier Transformation
Device Under Test
D (Finite-Difference Time-Domain

FFT

Fast Fourier Transformation

and

fields

y, the
h are

d in a tangential direction on the centres of the ‘voxel edges, and the H-field components of the megh are

pdate

FIT

Finite Integration Technique

MIMO  Multiple Input Multiple Output

MRI
PEC

Magnetic Resonance Imaging
Perfect Electric Conductor

PMC Perfect Magnetic Conductor

PML

Perfectly Matched layers

psSAR Peak Spatial-Average Specific Absorption Rate
RMS Root Mean Square

RSS
SAR

Root Sum Square

Specific Absorption Rate
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5 Finite-difference time-domain method — basic definition

This document applies the finite-difference time-domain (FDTD) method to calculate SAR.
FDTD is extensively used for bio-electromagnetic calculations, dating back to 1975 for the
analysis of microwave heating of a human eye (Taflove and Brodwin [4]). In order to
determine applicability of this document, it shall be clear whether a specific numerical solution
of Maxwell’s equations qualifies as an implementation of FDTD.

This is not entirely straightforward since there have been many variations of the FDTD
method developed over the time since Kane Yee's orlglnal paper in 1966 [5], WhICh may be

. he electric field components are spatially located on the €dges of a Cartesian coordinate
system structured mesh composed of rectangular parallelepipeds.

. he magnetic field components are spatially located on the edges of a Cartgsian
goordinate system structured mesh composed of<rectangular parallelepipeds whigh is
dffset from the electric field mesh by a half-voxefjin/each direction.

o he numerical solution method is a finite-difference approximation of the Maxwell| curl
dquations using central differences which are (at least globally) second-order accmrate
gnd would therefore include non-uniformmmeshes, which are also second-order accuyrate
(Monk and Sli [9]).

. he numerical solution method se@lves for both electric and magnetic fields by a [fully
gxplicit leapfrog time-stepping procCess.

e (Gauss’s laws are implicitlyl.enforced, the fields are divergence-free, and charge is
gonserved.

. he time-stepping algorithm is non-dissipative. Thus, there is no spurious decay of energy
due to non-physical.artefacts of the algorithm, and artificial dissipation is not requiref for
ability.

NOTH Complex numerical dispersion in non-uniform meshes leads to spurious rise or decay of field amplitudes [9].
For the applications\of the scope of this document, these effects are generally negligible. The impact ¢f the
numefical dispefsion is assessed within the uncertainty evaluation (Clause 7).

Artificial (dissipation may be introduced in certain finite-difference algorithms in order to
preveat/or limit the spurlous generatlon of energy in the computatlonal domain which can|lead

t o FOTN
o nuIIIUIILIGI IIIOLGUIIILICO \)ubll aILIIIL&IaI UIO'JCIDIUII IO IIUL ICL{UIIGU IUI I.IIU LI~ ~4 GIUUIILIIII aS

defined here.

The basic requirements on the FDTD method are given in Annex A. Other methods and/or
extensions of FDTD that satisfy the above definitions but provide additional features may be
applied provided that they have been fully validated according to the procedures in this
document; code validation and benchmarks, etc. However, these alternative methods shall
provide at least the same accuracy as the FDTD method defined above. The finite integration
technique (FIT) in time domain can be regarded as an extension of FDTD in this context.
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6 SAR calculation and averaging

6.1 Calculation of SAR in FDTD voxels

Since the electric fields in the FDTD mesh are located on the voxel edges, the x-, y-, and z-
directed power components associated with a voxel are defined in different spatial locations.
For SAR calculations, these components shall be summed with a defined mathematical
procedure (see below).

The 12-field-components approach correctly interpolates all components in the centre of the
VOXe ) : . : g A, hich
e density and conductivity can be unambiguously specified (D.1). Since all the [field
components used in the interpolation are tangential components of the voxel faces) the
conjtitutive relations hold even if the voxel is located at interfaces of different materials or

e types. The numerical accuracy of the interpolation with respect to the SAR calculation
is discussed in [11]. This approach does not compromise the accuracy of)ihe computed
results since the order of accuracy of the interpolations involved is the same as that of the
undgrlying FDTD data.

E4x
E3y
E3x E4,V
E32 E4z
E2Z
E1z E
2x
E
z 1)’
E2y
i y
E1x
X IEC

Figure:t'— Field components on voxel edges

To gompute the SAR for.a single FDTD voxel using the 12-field-components approach| the
complex vector components of the complex amplitude of the E-field at each individual yoxel
edgqg shall be averaged into the voxel centre using linear interpolation:

1
E, = Z(E'lx +Ep, +E3, + E4x) (5)
1
E, :Z(E1y+E2y+E3y+E4y) (6)
Ez = %(E'Iz + EZZ +E3z +E4z) (7)

The locations of the electric field components on the voxel edges are shown in Figure 1. The
SAR is then calculated using the conductivity o,,,e and mass density p, ..o assigned to the
respective voxel (Annex A).
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2 2 2
E E E
SAR:O_VOXGI | X| +| y| +| Z|

(8)
2pyoxel

In this manner, the unique conductivity and material density which have been assigned to the
voxel in the FDTD mesh are preserved. Since only the tangential components of the voxel are
used in the interpolation, the material properties of the adjacent voxels or the update
coefficients of the respective edges need not be regarded. The factor of 2 in the denominator
of Formula (8) takes into account the use of the magnitudes of the complex E-field amplitudes.

6.2

6.2.1 General

_S*H'V'efag;llg

Present RF exposure standards and guidelines specify time averaged whole-body-averaged
SAR|limits and peak spatial-average SAR limits, neither of which shall be exceeded. The peak
spatfal-average SAR is usually averaged over a specified mass of tissue in\a-cubical voliime,
suchl as the trunk, the head, an extremity (e.g. limbs) or the pinnae;. Different averdging
mas$es may apply for body tissue and extremity tissue [1], [3]. Whén averaging SAR |over
tissue in the body, or over an extremity, only SAR values from tissués, or extremities requiring

the

ame averaging volume or mass and SAR limit shall be considered in the averaging. If

any |cubic volume contains tissue from the body and froman extremity, each shall be
congidered separately. Specifically, when determining the<peak spatial-average SAR |in a
cubg of tissue in the body, any tissue belonging to an extfemity that may be contained in the
cubg shall be disregarded. Similarly, when determining-the peak spatial-average SAR in
tissues in an extremity, any tissue contained in the cube from the body shall also be treated
as background material. The orientations of the cubes*used for SAR averaging shall align|with

the qoordinate axes used in the numerical computational procedures.

The [regions of tissue that shall be considered’as an extremity are defined by the applied RF
expdsure standard. The averaging algorithm follows the same definition for body tissues| and
extrgmities. The SAR averaging software shall provide appropriate means for the selectign of

the gxtremity tissues and body regions.

A prpcedure for the calculation-of the peak spatial-average SAR is given in Annex E of [12].
Howgver, it contains some ambiguities and open issues which can lead to inconsistent regults
in different implementations*of the algorithm. In order to obtain consistent results in numgdrical
SAR| evaluation with different simulation tools, this document reformulates the proceduré¢ set
forth[ in Annex E of [02]: This procedure is taken as the basis, to which minor modifications

and

additions are made in this document in order to address the ambiguities of flagging the

statgs of the voxels (Table 1) and clearly define their contribution to the averaging volime.

Thege modificatiens and additions are as follows.

A definition on how to flag partially used voxels, i.e. voxels which are intersected byl one
gr more faces of the averaging cube. These voxels shall not be flagged as “used”.| The
rocedure in [12] was not specific in this case

An additional criterion for averaging around unused voxels, in the rare case that the
procedure results in more than one possible averaging cube.

A new rule that limits the maximum amount of background material (3.7) in an averaging
cube. This will be limited to 10 % of background material by volume. This means that the
cubical volume which is averaged about a valid voxel and consists of valid and/or used
voxels shall not contain more than 10 % of background material. The mass of the
background material does not contribute to the target mass.

All faces of the cubical volumes of the valid voxels shall intersect the tissue or be entirely
embedded in it. A tangential face on an interface of tissue and background material is
regarded as entirely embedded in the tissue. The fraction of the background material shall
be determined after the volume has reached the target mass.
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e For tissue in the body, the spatial-average SAR shall be evaluated in cubical volumes that
contain a mass that is within a tolerance limit of £0,000 1 % of the target mass.

Figure 2 shows a flow chart with the most relevant steps of the algorithm. 6.2.2 defines its
implementation in detail.

NOTE |Interlaboratory comparison studies conducted with different implementations of the algorithm for the
calculation of the peak spatial-average SAR (psSAR) have shown that a tolerance of £0,000 1 % for the averaging
mass is required to achieve consistent averaging statuses of the voxels of the SAR Star benchmark (8.2.4). While
the tolerance may appear unnecessarily low, it does not represent a technical problem with respect to the
implementation and does not lead to convergence problems when applying the algorithm in practical situations.
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v

Assign highest psSAR to "used"
Start voxels of all volumes in which
they are contained

r Y

Set counter i of the remaining

Initialize all voxels as "unused "unused" voxels to 0
Y
. es
Set voxel counter i to 0 Has i reached total number of
"unused" voxels?
7y
Expand six velumes for voxel i with
Has i reached the total each voxel'surface as the center of
< number of voxels? one volume Surface (Figure 5) until
the target mass in reached
\
Expand a vqumg at?out the Determine the volume of the
center of vox.el i until the smallest of these six cubes
target mass is reached
\
Does volume i contain No Determine the psSAR of those
<I_ <10 % of background and do all faces cubes which are not more than
touch or intersect tissue? 5 % larger than the smallest cube
\
Label voxel i "valid" and assign Assign the maximum psSAR of
volume averaged SAR these cubes to voxel i
Label allyoxels that are entirely
includéd'inthe averaging volume Increment i
as “used"
+ 1
Increment i e Stop
I IEC

Figure 2 — Flow chart of the SAR averaging algorithm

6.2.2 Calculation of the peak spatial-average SAR

In order to determine the peak spatial-average SAR, a spatial-average SAR value is
calculated for each voxel. All voxels shall be initialized with the label “unused”. In a first step,
the averaging algorithm shall step through all the voxels in the body. The cubical volume
centred at each voxel location, as defined above, shall be expanded evenly in all orientations
(£x, £y and #z) until the desired value for the target mass is reached. When expanding the


https://iecnorm.com/api/?name=2c204a64308a6c652b619b85765eb950

IEC/IEEE 62704-1:2017 -21-
© IEC/IEEE 2017

volume, the outermost layer of the averaging cube may require partial voxels to be considered,
in order to achieve the required target mass. As a consequence, the outermost layer of voxels
in an averaging cube may contain partially included voxels to achieve the required averaging
mass. If the resulting cube contains less than or equal to 10 % of background material by
volume (Figure 3) and all of its faces touch (for entirely contained voxels) or intersect (for
partially contained voxels) the tissue, then its centre voxel shall be labelled as "valid".
Otherwise, the averaging cube shall not be used to compute spatial-average SAR. During this
process, reference shall be kept of all voxel locations that have entirely been included
(flagged as “used”) in an averaging cube to compute the spatial-average SAR. A voxel is
regarded as entirely included in the averaging volume if 99,9 % of its volume is encompassed
by the cube. Spatial-average SAR values are assigned to the centre voxel location of each
vali ' ; i i i i i | be
labelled as "used" to indicate that they have been part of at least one averaging olime.
voxels which are included partly in an averaging cube do have a partial contfibution to

patial-average SAR has been determined for them yet (Figure<4). Those voxels which
form| curved or uneven surfaces or thin parts of the body may not<be included in any palid
averpging volume and may therefore keep their “unused” label.

The |locations that are labelled as “used” and have never béen in the centre of an avergging
cubdg shall be assigned the largest spatial-average SAR value of the averaging cubes in which
they|are enclosed.

For all “unused” voxel locations, new averaging cubes shall be constructed in a second [step
by ekpanding the averaging cube with individual-surfaces of the “unused” voxel centred pn a
surfgce of the averaging cube. For each.“unused” voxel, six averaging cubes shall be
determined, each of which has the “unused®*voxel centred on its surface. The other five faces
of tHe cube shall be expanded evenly.in®' their normal orientations until the target mags of
tissue in the body is enclosed withinnthe volume of the cube regardless of the amoupt of
enclpsed background material (Figure 5). The spatial-average SAR values of those cubes
whoge volume is not larger than 5% of the volume of the smallest cube shall be presele¢ted.
The |highest spatial-average SAR value of these preselected cubes shall be assigned tg the
‘unused” voxel.

NOTH As the objective of-thetalgorithm is to find the cube with the smallest percentage of background materjal for
a given mass, a tolerance\of 5 % on the cube size is introduced because numerical uncertainties in the calculation
of thgd power absorbed in_the voxels can lead to ambiguities in cases where more than one cube of approximately
the spme volume canh.*be grown. Intercomparison studies with different implementations have shown that a
tolerance of 5 % on.the volume reliably identifies the maximum peak spatial-average SAR in such situations.

If the entire-mass of the tissues to be averaged is less than the target mass, the peak spatial-
averpge ‘SAR shall be determined as the ratio of the total power dissipated in the tissues fo be
averpged to the entire mass of these tissues. For example, this situation can occur when
averaging over the pinna ol an anatomical model of a child excluding the head tissue and
using an averaging cube of 10 g. The tissue masses of children’s pinnae are typically below
10 g.

When implementing the algorithm, growth of the averaging volumes beyond the boundaries of
the computational domain shall be avoided as this may lead to an undefined state of the
algorithm.
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Table 1 — Voxel states during SAR averaging

Voxel label Definition

unused initial state of all voxels upon initialization of the averaging algorithm (The voxels which keep
their unused status after the first step of the averaging algorithm will be used to construct
cubical volumes with these voxels on the six surface layers.) Partially used voxels will not be
labelled as used or valid during the first step.

used any voxel that is entirely contained in the averaging cube of a valid voxel

valid any voxel which is the centre of an averaging cube which contains < 10 % of background
material and has none of its faces completely embedded in background material

. SAR centre — Value assigned to this location

Voxel marked as used in current SAR averade

v

o

é 1]
B A valid averaging volume with used cells marked
B

Anéxample of an invalid averaging volume

IEC

NOTH For thesupper volume, the averaging cube is formed by the enclosed voxels (highlighted).

Figure(3 — lllustration of valid and used voxels in a valid averaging cube centred on|the

has to be expanded about the surface voxel because it contains
more than 10 % of background material
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. Valid voxels with spatial-average SAR value assigned

D Used voxels, which are not the centre of averaging
volumes. These voxels are assigned the highest
spatial-average SAR value of the averaging volume
in which they are enclosed

| Partially used voxels, which are not entirely,included
in the averaging volume

=== Outline of an averaging volume,containing valid, used

and partially used voxels

IEC

Figure 4 — Valid, used and partially used voxels
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Z s . Voxels with average SAR values assigned

vy '
e i
n,

Voxels which are not the centres of averaging volumes.
These voxels are assigned the highest average SAR
value of the averaging volume in which they are
enclosed

Voxel not included in any valid averaging volume

Averaging volume created for, previously
“unused” voxel

IEC

NOTH This figure shows a slice similar to the one& shown in Figure 4, except for a body protrusion showing a
distal|“unused” voxel remaining from the first step.of the averaging process. Also shown is the adjusted avenaging
cube freated to include the previously unused.voxel (centred at the exterior surface).

Figare 5 — “Unused” location

6.2.3 Calculation of the,whole body average SAR

The |whole body average,  SAR shall be calculated as the ratio of the power dissipated in all
voxels consisting of /tissues and fluids of the body divided by its total mass. The ppwer
disselmted in each (vaoxel shall be calculated by multiplying the voxel SAR of Formula (§) by
the yoxel densitynpyoxe- The power dissipated in the whole body shall be calculatel by
summing up the.dissipated power in all voxels of the body.

NOTH Possible uncertainties caused by round-off errors are considered in the evaluation of the power
budget (7.2.5).

6.2. Reporting peak spatial-average SARK and whole body average SAKR

The maximum value of the spatial-average SAR distribution, i.e. the peak spatial-average
SAR, shall be reported together with its computational uncertainty for both body and extremity
tissues. In addition, the coordinates of two corner points of the averaging cube shall be
reported. The first corner point is defined by the minimum x-, y- and z-coordinates of all six
corner points of the cube, the second corner point by its maximum x-, y- and z-coordinates.
The whole body average SAR shall be reported with its computational uncertainty.

6.2.5 Referencing peak spatial-average SAR and whole body average SAR

Test results that are identified as compliant with the peak spatial-average SAR and whole
body average SAR procedures of IEC/IEEE 62704-1 shall satisfy the definition of the FDTD
algorithm of Clause 5 and the SAR averaging requirements of Clause 6. Moreover, the
simulation software shall have passed the code verification of Clause 8. The peak spatial-
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average SAR and the whole body average SAR shall be referenced both, in written
publications and in the computational software as “Peak Spatial-Average SAR according to
IEC/IEEE 62704-1" or “psSAR according to IEC/IEEE 62704-1".

6.3 Power scaling

Typical FDTD calculations are excited by a voltage or current source positioned at an
appropriate location in the geometry. The meshed representation of the radiating device
usually will have an input impedance different from that of the actual device. As such, it is
difficult to select the complex input voltage or current amplitude necessary for a given input
power for the calculation. The FDTD calculation will be performed using the power delivered
to thie'Toad, and the output quaniities, including SAR, will be relative to this supplied pdwer.
The [calculation is straight-forward and involves multiplying the SAR values by the ratio ‘of the
desited input power to the computed input power:

SARg = SAR, T8 9)
PC
whefe
Py is the desired input power;
P, is the power computed by the FDTD simulation;

SAR{ is the scaled SAR;
SAR{ is the SAR computed by the FDTD simulation.

For these calculations, the computed input power is the power delivered to the load by the
simulation which is found from the complex oltage and current at the feed-point of the
excifation source in the FDTD mesh. This is found by

B, =%Re(UI*) (10)

whefe U and [ are complex.quantities. The asterisk indicates the complex conjugate.|[ The
complex values of U and I may be found from two samples of the instantaneous values of the
voltgge and the current at-the feed-point taken one quarter-cycle of the input sine wave apart
or from the DFT or FEI: of the voltage and current time records of their broadband [time
domagin signals. The(two samples taken a quarter-period apart represent the real and the
imadinary parts of ‘the respective quantity. As these samples may be taken at any qudrter-
perigd during the\'simulation, they are affected by an undefined phase offset. This phase
offsgt is of noelevance for all calculations described in this document and is thereforg not
congidered any further.

If an incident plane wave source is applied, the SAR can be scaled based on the incident
power density. The incident power density may be computed from

1 "
Bnc =ERe(Einc ><Hinc) (11)

where E;,; and H;,. represent the incident electric and magnetic fields from the plane wave.
The asterisk indicates the complex conjugate. The computed incident power density can then

be used to scale the SAR in the same manner as the input power.

Changes in SAR due to performance variations in RF components which affect P4 (due to
thermal, electrical or other tolerances) shall be determined during the experimental validation
of the numerical model of the DUT (7.3). It shall be considered either by choosing the
maximum possible value for P4 or, if appropriate, by adding the performance variation in the
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uncertainty budget (7.4). Details may be defined in the respective application oriented
standards.

7 SAR simulation uncertainty

7.1

Considerations for the uncertainty evaluation

In experimental SAR assessment of mobile telephones, the actual unmodified physical device
under test (DUT) is controlled by a base station simulator that simulates actual use. The
equipment used in a SAR testing laboratory (phantom, tissue simulating materials, etc.) is
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repr¢sentative measurements of the DUT with known/uncertainty are conducted in par

Thes
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idering all the technical limitations. All factors contributing to the uncertainty are ther
defined. The advantage of the experimental setup is that the uncertainty, of
ssment is only dependent on the uncertainty of the measurement setup and indepen
e DUT. In other words, the upper bound of uncertainty can be determined*for the
y such that it is valid for any DUT tested in the defined configurations.

advantage of numerical SAR evaluation using FDTD is that it hardly‘poses any limita

ces (D.3). On the other hand, numerical dosimetry requires the modelling of the I
e the number of elements that could affect the near-field*of devices such as cell ph
most infinite, the intrinsic assessment of the uncertainty is practically impossible [13
words, numerical SAR evaluation with known uncertainty is only possib

e measurements can be done with a simplified setup.

se 7 defines general procedures for the’evaluation of the SAR simulation uncert
h shall be conducted for each testi configuration of the exposure scenario u
stigation. Relevant SAR simulation _standards for specific devices or applications sug
EEE 62704-2 or IEC/IEEE 627043 can be applied to complement the general appr
n in this document for computational and device modelling uncertainty and can prd
ional definitions based on, applicable rationales. The factors that contribute to
rtainty of experimental and_numerical SAR evaluation are identified in Table 2.
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e test configuration, for example, numerical dosimetry allows high-resolution phantom or
An body models to represent non-homogeneous tissues wheréas” experimental dosimetry
requjres strongly simplified phantoms consisting of homogenous, material with rather sm
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Table 2 — Factors contributing to the uncertainty of experimental

- 27 —

and numerical SAR evaluation

Uncertainty factor

Experimental SAR evaluation

Numerical SAR evaluation

No additional uncertainty evaluation

The validity of a DUT model a
the associated computational

uncertainty shall be determined

(7.3) in parallel with relevant

nd

phantom configuration, which is a
function of calibration, tissue
material, phantom shape,
positioning tolerance, etc.

DUT required for the DUT if it is tested .
o measurements, e.g. in a
under actual usage conditions. . e .
simplified test setup that is
representative of the actual
usage conditions.
The computational uncertainties
The measurement uncertainty for due to the test configuration\([.2)
the test setup is determined can be kept small, even for mpre
independently of the DUT complex configurationhs,
performance tolerances. Test setup Additional validations ‘of the
Tes{ facility (phantom, probes, etc.) and protocol are optimized for simulations maybé required tp

take into account variations d
to differenttissue/human mod
and the a@ssociated exposure
setup/in thie simulation if com

e
els

blex

anatomical phantoms are usef..

System performance check and
validation, as required by
measurement protocols, are
necessary to ensure measurement
accuracy and the repeatability, ofithe
measurement system.

Validation of the numerical topl is

Add|tional validation .
required.

In symmary, the computational uncertainties are.mainly related to the DUT and can be diVided
into the following two categories:

— Uncertainty of the modelling of the DUT, such as those introduced by the simulation
fdarameters (meshing, convergencegetc.);

- Llncertainty of the numerical representation of the model of the DUT, such as those
introduced by the simplification of the model (omission of parts, unknown dielgctric
droperties, etc.).

Thege uncertainties concern” also the modelling and the numerical representation of the
phantom. All modelling_‘and simulation work shall be carried out using a software that| has
been validated accordihg to Clause 8.

7.2 | Uncertainty of the test setup with respect to simulation parameters

7.2.1 General

It is reCommended to define a standard way of modelling the test configuration (e.g. type| and

locatlian_of the nhcnrhing hmmdnry canditions with respect to the Inhnnfnm, maximum mesh

resolution for the phantom, etc.) and to determine the uncertainty parameters for ABC, mesh
resolution, etc., in a generic global way that is valid for all tests of the particular setup. If, for
example, the positioning of the phantom is changed when simulating different configurations,
only the positioning uncertainty shall be re-evaluated provided that this change does not
affect the mesh resolution of, for example, the DUT or the phantom. If, for example, a
configuration change requires changes to the mesh, the mesh resolution uncertainty shall be
re-evaluated, etc.

7.2.2 Positioning

For homogeneous meshes, the distance between the phantom and the DUT shall be varied by
+ 1 mesh step. For inhomogeneous meshes, the mesh step shall be chosen according to the
following procedure.
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Define the bounding boxes of the phantom and the DUT.

Determine the mesh step on the side of the bounding box of the phantom facing the DUT
(If the mesh step is different on the inside and of the outside of the bounding box, the
minimum shall be chosen.).

Determine the mesh step on the side of the bounding box of the DUT facing the phantom
(If the mesh step is different on the inside and of the outside of the bounding box, the
minimum shall be chosen.).

Apply the minimum of these two mesh steps to vary the distance between the DUT and the

phantom.

For
mov

poth homogeneous and inhomogeneous meshes, either the phantom or the DUT sh4ll be
bd.

If the¢ surfaces of the phantom and of the DUT touch one another in the default cenfiguration,

their|
betw
the

redu

The
be 1
unce
inter
eval

distance shall only be increased by + 1 mesh step. Small distancesclarger than |zero
een the phantom and the DUT shall always be resolved with at leas{'one mesh stgp in
jefault configuration in order to avoid intersections of the phantom-and the DUT When
cing their distance for the evaluation of the positioning uncertainty,

deviation of the target quantity (e.g. peak spatial-average SAR”or whole body SAR) ghall
eported. This value corresponds to the source and phahtom separation positigning
rtainty (rectangular distribution). If the modification of, the/mesh step leads to unphygical
sections, for example, of the DUT and the phantom,the positioning uncertainty shall be
lated only in the direction which does not lead to intersections.

If the target quantity (e.g. peak spatial-average SAR"or whole body SAR) depends not only on

the ¢
axes
shal
max

7.2.3
The

a) T
b) T
c)

Whe
SAR|
prov
outli

istance between the DUT and the phantombut also on positions in the other coordinate
(e.g. in case of a strongly curved or even,concave phantom), the positioning uncertainty
also be evaluated for the other axes, following the procedure outlined here.|The
mum observed deviation shall be reported.

Mesh resolution
effects of refining the mesh resolution on the modelling results are the following.

'he numerical accuracy increases with respect to dispersion and reflection/refraction.
he representatiop-ofthe fields is improved in regions with high geometrical detail.
nterpolation erfors of the post processor are reduced for SAR computation.

reas the fdmerical dispersion errors mentioned in a) can be regarded as negligiblge for
assessment in the human body in the near-field or the close far-field of wireless dev|ces,

ded-that the considerations on the voxel size in C.2.2 are considered, the latter| two
ned,in b) and c) contribute significantly to the simulation results. If the computat|onal

dom

in“encompasses several wavelengths and interference due to multiple reflections| the

numerical dispersion error shall be considered as an uncertainty component.

NOTE [11] shows that the error in spatial-average SAR caused by the numerical dispersion can be kept below
3 % for tissue simulating liquids if a mesh step of 2 mm is used at 900 MHz and if the simulated domain is

electr

ically small.

The effect of the mesh resolution shall be determined by reducing the step sizes of all axes by
a factor of 2 and 4. If the simultaneous reduction of the step sizes is not possible, for example,
because of memory limitations, x-, y- and z-axes shall be refined separately by a factor of 2
and 4. The deviation of the target quantity (e.g. peak spatial-average SAR or whole body SAR)

for a

Il test cases shall be reported, and the uncertainty shall be determined from the maximum

deviation of all simulated cases. If the mesh axes are refined separately, the root sum square
(RSS) of the maxima of each axis shall be reported. As such, the combined effects of the
mesh resolution will be evaluated.
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7.2.4 Absorbing boundary conditions

The impact of the ABCs depends significantly on the type of exposure scenario to be
simulated and shall be determined by moving the boundaries away from the bounding box
containing the original computational domain, by 4/4 separately in all coordinate directions,
i.e. six simulations are required in addition to the original one. This evaluation applies to all
types of ABCs. The deviation of the target quantity (e.g. peak spatial-average SAR or whole
body SAR) shall be reported.

If an absorbing or reflecting object (e.g. a phantom, conducting ground or pavement) covers
the entire cross section of the computational domain, i.e. spans over two dimensions, and
refleEtions which scatter back from the boundary through this object are attenuated to 1 [/t or
less |of their original power, the spurious reflections of the ABC covered by this object need
not be assessed by separate simulations. The attenuation of the reflected power_shall be
assgssed by calculating the plane wave decay for the specific dielectric and frequéency |over
the minimum thickness of the object. The requirement on the ABC in 7.2.4 shall be fulfilled
unlegs there are different specific requirements defined in relevant SAR simulation standards
for specific devices or applications; for example, IEC/IEEE 62704-2 or IEC/NEEE 62704-3.

7.2.5 Power budget

The power fed into the computational domain shall be recorded-at the sources (source pgwer).
The |[sum of the power absorbed in the lossy dielectrics in_thé computational domain|and
radigted into the ABCs shall be recorded and compared to the source power. Depending on
numerical uncertainties, such as poor convergence ,ofOroundoff errors, the sum of| the
absdrbed and the radiated power will not be precisely-equal to the source power, and it i$ not
posgible to determine where power is spuriously/dissipated or generated. Since a linear
relatjonship exists between SAR and power, the' error of the power budget is dirgctly
propprtional to the SAR uncertainty. The deviation shall be reported as uncertainty (ngrmal
distr|bution).

Whepnh simulating devices with multiple seurces operating simultaneously, the correct logding
of al| ports has to be asserted. It is recommended to excite each port separately while logding
the inactive ports with the reference impedance in order to compute the full S-matrix of the
mult|port system. As such, the SAR and the total power budget for a given excitation vector
can pe calculated by superimposing the fields for any excitation vector and load. For dgtails
refen to, for example, [14], [15], [16], [17] or [18].

7.2.6 Convergence
7.2.6.1 Harmonic¢ simulations

The [E-field yector components shall be recorded in the time domain in the region where the
target quantity (e.g. peak spatial-average SAR or whole body SAR) is expected. The absoplute
valug¢ of _the vector shall be calculated at each time step. For a sufficiently convefged
siml.‘Iation, the deviation of the last three local maxima of the squared absolute values of the
E-fields from their mean value shall not be larger than Z %, and the maxima shall be found in
the same voxel. If the simulation cannot be run for a sufficient time to reach a deviation of
less than 2 %, a rationale shall be given in the test report explaining why a relaxed tolerance
can be used for the particular application under test to rule out incorrectly configured
simulations, i.e. to which extent the convergence contributes to the target quantity. The
deviation shall be reported as uncertainty with rectangular probability distribution. Since the
location of the target quantity may not be known a priori, it is recommended to record the time
domain signal at several locations in order to avoid repeated simulations. Testing simulations
with coarser meshes or simplified geometry may help to limit the computational expenses to
identify the relevant regions for the recording of the signals.

7.2.6.2 Time domain simulation with Fourier transformation

For broadband simulations with evaluation of the target quantity (e.g. peak spatial-average
SAR or whole body SAR) by Fourier transformation, a signal with a pulse shaped envelope is
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used for excitation. The E-field components shall be recorded as described in 7.2.6.1. If the
target quantity is evaluated at several frequencies, frequency dependent changes in location
of the target quantity shall be considered. For the evaluation of the uncertainty, the discrete
Fourier transform of the time domain signal shall be calculated for increasing windowing
lengths ¢, starting at /5 =0 and ending at ¢, =1,25n7. T is the period of the evaluation
frequency and » is an integer number which shall be increased until ¢,, reaches the end of the
simulated time or until the convergence limit has been reached. The deviation of the last two
squared absolute values of the DFT results at the evaluation frequency from their mean value
shall not be larger than 2 % for a sufficiently converged simulation. If the simulation cannot be
run for a sufficient amount of time to reach a deviation of less than 2 %, a rationale shall be
given in the test report explaining why a relaxed tolerance can be used for the particular
appljcatiomundertesttoTute—out-imcorrectty configured—simutations—Thedeviatiomstrall be

repofrted as uncertainty with rectangular probability distribution.

7.2.7 Dielectrics of the phantom or body model

The [dielectric parameters of the tissues or tissue simulating material of the (phantom or body
modgl are usually affected by uncertainties according to their specification data sheet
publication. Further information can be found in Annex D. The impact ef) these uncertaipties
on the peak spatial-average SAR shall be evaluated by applying the minimum and maxijnum
conductivity and permittivity (four different combinations). The mihimum and maximum ghall
be ghosen according to the uncertainty that is reported by.‘th& source of the dielgctric
parameters, e.g. data sheet, publication. In order to avoid excessive numbers of simulations
for dtructures with a large number of different dielectrics, thé changes in conductivity| and
pernjittivity may be limited to the region where most of the~electromagnetic energy is confined
or apsorbed, or advanced statistical methods may be’applied for the quantification of the
uncdgrtainty. In such cases, an appropriate rationale,shall be given.

uncgrtainty of zero. In this case, no_additional evaluations are required, and| the
corrgsponding entry in Table 3 shall be sebto zero. The maximum deviation from the peak
spat|al-average SAR obtained using thei*nominal value of the permittivity and conduclivity
shall be reported.

Dielictric parameters for certain reference phantoms or models may be specified with an

Table 3 — Budget of the .uncertainty contributions of the numerical algorithm
and of the.rendering of the test- or simulation-setup

a b c d e f g h
Uncertainty Subclause Tolerance Probability Divisor | ¢; | Uncertainty . or
component o, distribution f(d, h) o, Vest

Posf{tioning 7.2.2 R 1,73 1
Mesh 7.2.3 N 1
resdlution

ABQ 7.2.4 N 1 1
Power budget 7.2.5 N 1 1
Convergence 7.2.6 R 1,73 1
Phantom 7.2.7 R 1,73 1
dielectrics

Combined standard uncertainty (k = 1)

Columns c, g and h shall be filled in based on the results of the DUT simulations.
NOTE 1 Column headings a to h are given for reference.
NOTE 2 Abbreviations used in Table 3:
N, R — normal, rectangular probability distributions
NOTE 3 The divisor is a function of the probability distribution and degrees of freedom (v, and v ).

NOTE 4 ¢, is the sensitivity coefficient that is applied to convert the variability of the uncertainty component
into a variability of SAR.
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7.3 Uncertainty and validation of the developed numerical model of the DUT
7.3.1 General

The goal of 7.3 is to assess simulation uncertainty contribution related to the accuracy of the
DUT modelling, with respect to the SAR induced in the exposed phantom. Among other
parameters, the evaluated SAR depends on current distribution in the DUT and therefore has
an uncertainty associated with the limited accuracy due to simplifications introduced to a
CAD-based DUT model. The level of details necessary to develop an accurate numerical
model of a real device and the evaluation of its uncertainty depend on the testing or exposure
assessment configurations. Many exposure conditions include the DUT in close proximity to
the nvpr\enrl ﬁl"\lﬂf‘f with saome Hnnrnn of interaction hetween them This intoraction ca be
accdunted for by the FDTD method In general, to properly account for this interaction,|it is
impdrtant not to define a fixed distribution of the RF currents on the DUT model, forrexample,
by uping a set of distributed current sources or by forcing H-fields to a particular valtue in the
solver software. The antenna feed-point(s) of the DUT model shall be fed by one or more
sourges which ensure that the contributions of all parts of the DUT which contribute to the RF
currgnt distribution be appropriately reproduced. The accuracy of thjs, ‘'model shall be
evalyated by comparing the measurements and the simulations of the glectromagnetic fljelds
gengrated by the DUT at specific reference locations.

In some cases, when the DUT is represented by a numerical model with predefined cufrent
distr|bution or approximations based on, for example, the Huygehs box technique [8],[19], the
interpction between the DUT and the phantom is not considéréd by the numerical algorithm,
althqugh it could be significant at close separation distances. For those models| the
uncdgrtainty of the DUT shall include interaction effects {sing the approach described in 7.3.2.

In ofder to isolate the uncertainty of the DUT model from other uncertainty contributions as
much as possible and to reduce the potentiakdifferences between the measurement setup
and | simulation model for the purpose af, uncertainty evaluation, the reference |test
conflguration should be limited to those details which are essential for the characterization of
the RF transmission and of the exposurercharacteristics during normal operation of the DUT.
If the¢ output power cannot be determined, for example, by measurements of the condycted
power, the test conditions, such as RF channels or duty factors, shall be chosen with regpect
to the maximum output power following product specifications, applied wirgless
techpology, etc. The number.of tests required for the following cases is minimized and the
test fonfigurations are simplified according to the closest distance d between the DUT and the
pharjtom.

d>22 or d>200mm: Under such exposure conditions, electromagnetic |field
measurement techniques developed for exposure assessment are applicable and pragtical,
for example,«[20].
d
t

< M2 andvd < 200 mm: Under such exposure conditions, developed SAR measurement
pchnigues are applicable and practical (IEC 62209-1 and IEEE Std 1528).

The uncertainty for these cases shall be determined with the methods described in 7.3.2 and
7.3.5°

7.3.2 Uncertainty of the DUT model (d > A/2 or d > 200 mm)

Where no accurate reference field distribution is available, such as an analytical solution, it is
sufficient to experimentally verify the field generated by the DUT at a distance no further than
the distance at which the exposure is evaluated. The electric and magnetic field shall be
scanned along a line parallel to the axis of the body of the device or subsystem that contains
the antenna and radiating structures, whichever is more representative and conservative for
the exposure condition under evaluation, in steps no greater than A/4 or 100 mm (whichever is
less) and compared to the numerical values. At least three points overlapping the device
dimension and one point extending beyond the device dimension shall be scanned. If
scattering, for example, from conducting ground cannot be excluded due to limitations of the
testing environment, the scatterers shall be modelled in the numerical simulations of the DUT.
If such scatterers are included in the test setup, at least two different distances in steps of 1/4
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between them shall be measured and simulated, where at least one of these measurement
distances shall be less than the exposure distance. The SAR uncertainty, based on a
rectangular probability distribution, shall be assessed as the maximum deviation of the square
of the field components normalized to the maximum experimental value, using

2 2 2 2
Eref(”)_ Enum(”) Href(”)_Hnum(”)

Usar|%)] = 100 x MAX (12)

’ 2
Erefmax Hefmax
where
USA;L is the uncertainty in percent;
E o is the experimentally determined incident electric field value at)location »
or its accurate reference solution;
H ot is the experimentally determined incident magnetic field value at locatfon »
or its accurate reference solution;
Enum is the numerically determined incident electrical field value at location f;
Houn is the numerically determined incident magnetic/field value at location j;
Eof hax is the maximum of the experimentally determined incident electric (field
value of all measured locations or its accurate reference solution;
Hyof thax is the maximum of the experimentally determined incident magnetic |field

value of all measured locations or its’ ,accurate reference solution.

For & DUT which is mounted on a ground plane, the’' réference ground plane shall be use¢d to
represent the intended operating conditions. In cases where regions below the ground glane
are |inaccessible and there is no exposufre’ concern, the reference points for| the
elecfromagnetic field measurements and simulations shall be located above the ground plane.

If the¢ DUT is approximated by a modelowith a fixed predefined distribution of the RF currénts,
using the Huygens box technique orlany other equivalent method where the incident |field
gengrated by the DUT model is(_predetermined and does not change due to posgible
interpction with a phantom, the*accuracy of such approximation shall also be evaluated if the
expdsed body is within oneswavelength or a distance of 2 m (whichever is less) from the
antehna. In this case the‘\DUT uncertainty evaluation shall be based on magnetic [field
meagurements that invelve the DUT loaded by the human body (phantom) in the [SAR
evalyiation configuration."The measurements shall be conducted using an H-field probe in the
closgst vicinity of the antenna between the DUT and the exposed human body (phantom) and
compared to thet.numerical values computed for the same condition. At least 10 ppints
overlapping the.dévice dimension and one point extending beyond the device dimension ghall
be gcanned( The distance between these points shall be no larger than a quarter of the
wav{ength, and the locations of the H-field maxima for the measured and simulated expdgsure

conditions’/shall also be reported and verified to be the same. The SAR uncertainty based on
a reptangular probability distribution shall be assessed as the maximum deviation of the
square of the measured field magnitudes normalized to the maximum experimental value:

HZ(n)— H2,m(n)

2
H refmax

Usar|%)] = 100 x MAX (13)

NOTE The applicability of the Huygens box technique to near field exposure has been demonstrated, for example,
for birdcage resonators used in magnetic resonance imaging [21].

The measurements required for these evaluations shall be conducted with instrumentation
that minimizes the perturbation of the measured fields for more reliable comparison with the
simulation results. Depending on the physical dimensions of the field sensors used, there may
be inherent spatial averaging over the region occupied by the field sensors. This can lead to
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larger discrepancies between the measured and simulated field results. It is recommended
that miniature E-field and H-field probes/sensors be used to keep the uncertainty of the
comparison to the minimum. The reference documentation of the applied instrumentation
and/or appropriate measurement standards, describing the specific application of this general
approach, should provide sufficient details to help ensure high quality of the reference
configuration setup. Their uncertainties shall be determined appropriately. The uncertainty of
the developed model of the DUT shall be evaluated according to Table 4.

7.3.3 Uncertainty of the DUT model (d < 4/2 and d < 200 mm)

In the reactive near-field of the source, the coupling of the fields directly with the body may
havd a strong effect on the transmitter. In this case, the only way to determine the uncertpinty
of the DUT model is by SAR measurements. In such a case, the uncertainty of the phantom
modgl contributes to the uncertainty of the model of the DUT. Howeverq~'simplified
meagurements can be used. It is recommended to use a flat phantom for the megasurements
becquse the uncertainty of the numerical model of such a phantom is expected t¢ be
negligible, such that a particular evaluation of the phantom uncertainty is not\necessary.

Othgrwise, the phantom uncertainty shall be assessed separately byrapplying the proceldure
defirled in 7.2 on the phantom instead of the DUT. The objective of this evaluation i the
assgssment of the numerical representation of more complex phantom shapesg or
inhomogeneous dielectrics. As the evaluation is carried out numerically, all entries of Table 3
shall be evaluated separately for the phantom with the exCeption of the evaluation of the
posifioning uncertainty (7.2.2). The uncertainty evaluation for'these entries of Table 3 shdll be
conducted for exposure to incident plane waves from) all orthogonal directions of| the
coorflinate system (e.g. front, back, left, right, top, battom) and two orthogonal polarizations of
the incident E-field vector for each direction (12 evaluations). The maximum uncertainty Jalue
of these 12 evaluations shall be used as the phantem uncertainty.

In ofder to determine the effect of backscattéring, different distances between the DUT| and
the phantom shall be evaluated in order to take into account different loading conditions.| The
uncgrtainty shall be determined by, assessing the deviation of the SAR amplitude|and
distr|bution for three different distances. The default distance 4y between DUT and phaptom
shall be the same as the one required by the SAR simulation. In most cases this will bg the
distgnce of the intended use as-specified by the manufacturer or by the relevant measurement
stanflards, for example, IEEE’Std 1528. This distance shall lie within the d< 4/2|and
d < 400 mm range. The othectwo distances to be evaluated are 0,54, and 1,5d,,. If the dgfault
distgnce d; is zero, thetDUT shall be evaluated at zero, at the maximum of the 4 < 4/2| and
d < 400 mm range (whichever is less) and at 10 % of this maximum. If the distance of 1,54,
excegeds the maximum of the d < 4/2 and d < 200 mm range (whichever is less) by more |than
30 %, a distancenof 0,754, shall be evaluated instead. If the SAR levels at the larger
distgnces are{too low to be measured with sufficient accuracy (e.g. due to noise),| two
alterphative distances shall be evaluated at which the SAR level shall be sufficiently [high
aboVle the noise level and at which different characteristics of the incident field (near- and far-
field[range) should be covered. A rationale for these distances shall be given.

The uncertainties shall be determined by the experimental and numerical assessment of the
SAR distribution for the three different separation distances between the DUT and the
phantom, as described above, on a mesh with steps no larger than 15 mm or Ap/2 (whichever
is less considering the reduced wavelength Ap in the dielectric) at no less than 100 points in a
volume as close as possible to the volume containing the SAR maximum. The cross section of
the volume shall entirely cover the surface of the device that faces the phantom. At least two
parallel planes shall be measured. The mesh step refers to the measurement mesh. For the
numerical evaluation, a finer mesh is generally required. At each distance d, the SAR
uncertainty is evaluated according to

SAR ¢ (n) = SARqym(n)
Usar.a[%]= 100 x MAX o (14)

refmax
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where

SAR o is the experimentally determined local (unaveraged) SAR value at position » or its
accurate reference solution;

SAR um is the numerically determined local SAR value at position #;

SAR o max 1S the experimentally determined maximum SAR value of all measured positions or
its accurate reference solution.

Only the maximum SAR uncertainty of the three distances shall be reported. The reference
documentation of the applied instrumentation and/or appropriate measurement standards,
describing the specific application of this general approach, should provide sufficient details
to h¢lTp ensure high quality of the reference configuration setup. Iheir uncertainiies shall be
detefmined appropriately following the procedures described in [EC 62209-1\|and
IEER Std 1528. The uncertainty of the developed model of the DUT shall be-evaldated
accdrding to Table 4.

Table 4 — Budget of the uncertainty of the developed model ofithe DUT

a b c d e f g h
Urjcertainty Subclause Tolerance Probability | Divisor | ¢, | Uncertainty v,
coamponent distribution f(ds h) or

% %
Veff
Uncegrtainty of 7.3.20r7.3.3 N 1 1

the DUT model
(incident near-
or fgr-field
distibution
with|or without
dep¢ndence on
the load)

Uncegrtainty of 7.3.3 N 1 1
the phantom
model, i.e. of
the @bsorption
and [of the
baciscattering
(if applicable)

Uncgrtainty of According to N 1 1
the manufacturer.
measurement specification
equipment and and/or applied
prodedure methodology

Conlbined standardwnecertainty
(k=[1)

Coldymns c, g @and+h shall be filled in based on the results of the DUT simulations.
NOTE 1 ,€elumn headings a to h are given for reference.

NOTE 2/ ,Abbreviations used in Table 4:

— normal probability distribution
NOTE 3 The divisor is a function of the probability distribution and degrees of freedom (v, and v).

NOTE 4 ¢, is the sensitivity coefficient that is applied to convert the variability of the uncertainty component
into a variability of SAR.

7.3.4 Model validation
The following steps shall be followed for the validation of the model.

a) Determine the uncertainty budget of the numerical model Uy, by evaluating the SAR
uncertainty of the numerical model of the setup of 7.3.2 or 7.3.3 according to Formula (12),
(13) or (14).

b) Determine the uncertainty budget of the measurement evaluation U,
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c)

The
than|5 % of the maximum measured or simulated value MAX(vsimn;vrefn).
n

Validate whether the deviation between the measured SAR value at point n, vie (Or its
accurate reference), and the simulated SAR value vgpy is within the combined
uncertainty of U,o; and Uy;,,, by evaluating

£ (Vsim,, _Vrefn)z <1 (15)

" (Vsimn Usim(k:Z))2 + (Vref,, Uref(k:Z))2

If E- or H-field strengths are determined in the DUT model uncertainty simulations and

nagctiramantc inctaad Af SAD thacao valitac chall ha caniarad ta calanlata thao raona'\tive
oSS S et S te a0 oAt eS8~ 8 55— eSS uadtrea—+0—-caheuate—+He—+85pe

Wref, and Veim .

validation according to Formula (15) shall be carried out at every point » that is larger

If th¢ deviation is within the combined uncertainty, i.e. if £, <1 for any considered point} the
combined standard uncertainty in Table 4 is the uncertainty for,thé DUT model. Iff the

dev
revi

7.4

igtion is not within the expected uncertainty, the DUT model/is” not valid and sha|l be
ded.

Uncertainty budget

The |total numerical uncertainty budget shall be calculated from the contributions of Table 3

and
unc

Table 4 and shall be summed up as shown “ih Table 5. The minimum achiejable
grtainty depends on the level of detail to which a particular exposure situation cah be

modeglled. Large uncertainties may apply, for‘example, on the dielectric parameters of the
DUT]| or of an anatomical phantom (D.2). While large uncertainties may be acceptable in
particular situations, several studies haveishown that the deviations of the numerical|and

exp
be
bas

grimental results can usually be kept-thder 30 % [22], [23], [24]. Particular tolerances|may
defined in the respective SAR simulation standards and application oriented guide|ines
gd on this document.

NOTH Additional studies applying. al.combined numerical and experimental approach for SAR assessmen} with
uncertainty evaluation are, for example, [21], [25]. [22] and [23] do not assess the uncertainties of the numlerical

resu

Ifs they present, but just compdare them to experimental data. [24] reports a numerical uncertainty of 9,0(% for

the npmerical assessment and, 22,1 % for the experimental evaluation (both £ = 2) of the 1 g psSAR of a g¢neric

cell

phone. [21] and [25] evaluate the tissue heating in a medical application. In [21], a combined numericgl and

experfmental uncertainty- ©f/244 % (k = 2) is reported for the entire evaluation. [25] shows that a reduced total

com

blned uncertainty,of20 % (k = 2) can be achieved for a similar application under well controlled conditions.
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Table 5 — Numerical uncertainty budget

a b c d e f g h
Uncertainty Subclause Tolerance Probability Divisor ¢; Uncertainty V; OF Vg
component distribution f(d, h

P % (d, h) 9%

Uncertainty of the 7.2 N 1 1
test setup with

respect to

simulation

parameters

Uncertainty of the 73 N 1 1
devegloped

numlerical model

of the test setup

Conlbined standard uncertainty
(k=[1)

Exppnded standard
uncertainty
(k =[2)

Colymns c, g and h shall be filled in based on the results of Table 3 and Table 4

NOTE 1 Column headings a to h are given for reference.

NOTE 2 Abbreviation used in Table 5:

N — normal probability distribution

NOTE 3 The divisor is a function of the probability distribution andvdegrees of freedom (v, and v ).

NOTE 4 ¢, is the sensitivity coefficient that is applied to convert the variability of the uncertainty compopent
into Ja variability of SAR.

8 Code verification

8.1 | General
Clause 8 provides procedures-for the following two levels of code verification:

e gode accuracy;
e danonical benchmarks.

An implementation, of an FDTD code can be validated by the manufacturer according tq the
bendhmarks défined in Clause 8. A code that has passed all code accuracy and canohical
benghmark tests can be labelled as “Compliant with IEC/IEEE 62704-1". The objectives of the
diffefent lévels of verification are described below.

The Leerification of the code accuracy prn\/ir'lne methods to determine whether the FDTD
algorithm has been implemented correctly and works accurately within its numerical
constraints. Additionally, the methods are used to determine the accuracy and validity of the
original Yee-algorithm, such as the numerical modelling of dielectric interfaces, ABCs and
certain parts of the post processing algorithms. In addition, the methods can directly be
applied on the assessment of the performance of special techniques, such as subcell models
for the approximation of tilted boundaries, small structures, submesh techniques, etc.
Deviations from the implementation of the finite-difference time-domain method as defined in
Clause 5, or from the SAR calculation as defined in 6.1, are regarded as special techniques if
they are applied on the entire computational domain, on subdomains or merely on one or
more edges of the mesh. Examples of special techniques can be found in [26], [27]. All
canonical benchmarks can be compared to analytical solutions of the physical problem or its
numerical representation. These methods characterize the implementation of the FDTD
algorithm in a very general way. They are defined such that it is not possible to tune the
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implementation for a particular benchmark or application without improving the overall quality
of the code.

The canonical benchmarks assess the cumulative accuracy of a code and its applicability
considering the interaction of its different modules, such as mesh generation, computational
kernel, representation of sources, data extraction algorithms of the post processor, etc.

All benchmarks of Clause 8 shall be carried out with a three-dimensional implementation of
the FDTD algorithm. Some benchmarks require the use of PEC, PMC or periodic boundary
conditions.

Dimensions in millinjetres

A
Y

30

30

O

60

77777

PEQ wall | Eqq PEC wall

\

AN
777

]‘ IEC

For TM-polarization, the indicated™ocation correspond to the E_or the £, components, which are shifted by palf a
mesh|step size.

Figure-6.- Aligned parallel-plate waveguide and locations of the
Ey-field components to be recorded for TE-polarization

8.2 | Code(accuracy

8.2.1 Free space characteristics

8.2.11 Generat

The assessment of the free space characteristics of a code provides the means to validate the
basic implementation of the Yee-algorithm, time step calculation, dielectric materials and
parameters, etc. The free space characteristics are described by the theoretical dispersion
analysis of the Yee-algorithm [28] and define the numerical wave number as a function of the
ratio of the voxel size to the wavelength, the time step (Courant factor) and the direction of
propagation. Just like Maxwell’'s equations, the Yee-algorithm allows the decoupling of the
solutions in independent TE and TM polarized waves. The extraction of the numerical wave
number as a function of these parameters and polarizations is possible by simulating the
dispersion characteristics of a parallel-plate waveguide excited with the fundamental TE and
TM modes. Broadband excitation will allow the calculation of the dispersion properties of the
numerical representation of the dielectric in the waveguide as a function of the frequency and
the direction of propagation, including the reactive part of the plane wave spectrum. The
fundamental TE and TM modes of the waveguide can be represented in the two-dimensional
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formulation of the FDTD algorithm. Therefore, the waveguides can be modelled as two-
dimensional structures. The waveguide modes can be thought of as a superposition of two
symmetrical plane waves which change their angle of propagation as a function of the
frequency. Like this, the numerical characteristics of the algorithm can be evaluated as a
function of the direction of propagation, including reactive waves, if the waveguide is operated
below its cut-off frequency. It should be noted that the frequency range of the benchmarks is
defined such that a large range of directions is considered. It therefore does not test the code
for a particular frequency range, but for a range of angles of propagation with respect to the
mesh. The waveguides are meshed with homogeneous (equidistant) and inhomogeneous
(graded) meshes. For the complete evaluation, the waveguides shall be oriented in all three
coordinate axes and rotated around the axes (six simulations for each polarization and mesh).
The deviatiomof thedispersiom characteristics tatcutated—fromthe—simutatiomr resutts—dye to
numerical dispersion of the Yee-algorithm shall not be larger than £2 %, if a homogengous
mesh is used.

Enhanced methods or special techniques which deviate from the formulation of the [Yee-
algofithm as defined in Clause 5 shall be validated in addition if theyqare used fon the
evalyation of a particular testing configuration. An enhancement of FDTD algorithm which
yields a reduced numerical dispersion error in comparison to the original Yee-algorithm is
permitted. The applied enhancement of the FDTD algorithm shall’be”documented (e.g. by
desdribing the definition of the update coefficients or modifications{ef'the update equation§).

For [nhomogeneous meshes, a closed solution for the numetical dispersion cannot be glven.
The |numerical dispersion calculated for the inhomogeneods mesh shall therefore not deyiate
from| the physically correct value by more than +10 %./n the following, the waveguides, ftheir
excifations, data recording, extraction and the calculation of the numerical wave numberg for
comparison with the analytical results will be described.

8.2.1.2 Definition of the parallel-plate waveguides

The | waveguides are defined as two-dimensional structures terminated with perfectly
conducting walls (Figure 6). The width;in the x-direction is w =120 mm. All directions|and
dimgnsions correspond to the coordinate system as defined in Figure 6.The excitatign is
placed perpendicular to the orientation of the waveguide at z; = 0. The distance fron] the
sourge to the fields to be recorded shall be 60 mm. The length of the waveguide should be
chosen such that reactive fields’which may be caused by the truncation of the computatjonal
domain do not reach the region where the fields are recorded. The discretization in the y-pxis,
is required because of the implementation of the FDTD algorithm in three dimens|ons,
affeqts the numerical-dispersion only indirectly by the calculation of the simulation time |step
update the figlds. The time step At is required when comparing the simulation repults

3 TE polarization

he, fundamental TE mode, the waveguide shall be terminated with perfect elecfrical

tors (PE ndar nditions in the x-direction. The E mponents at th urce
location (Figure 6) shall be excited with the analytical solution of the TE; mode. It is
recommended to excite the mode with a hard source- A hard source enforces a particular
E-field strength on a mesh edge [8]. This E-field strength is proportional to the excitation
signal. The mode can be excited by setting the E, components at the source location
(Figure 6) to the values calculated from

E, = Egsin mAST

(16)

w

where
Ey is an arbitrary E-field amplitude;
m is the index of the source component;
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As is the mesh step;
w is the width of the waveguide.

For inhomogeneous meshes, the expression mAs in Formula (16) shall be replaced by the
centre of the respective primary mesh edge.

Alternative methods for the field excitation may be used, such as particular solvers to
determine the propagating modes in the waveguide or preconfigured sources if the software
provides them. In any case, it shall be asserted that only the fundamental propagating mode
exists at the location where the fields are recorded (Figure 6) because the presence of higher

ordefmodes-or-spurious—-modes-hinders-the-evaluation-of-the-propagationconstant
14 ProPey T

8.2.1.4 TM polarization

For the fundamental TM mode, the waveguide shall be terminated with perfect magpetic
conductors (PMC) as boundary conditions in the x-axis. The fundamental TM*mode for| this
conflguration is the TM; mode. The mode can be excited by setting the E; components af the
sourge location (Figure 6) to the values calculated from

(m—05)Asm
w

E, = Eycos 17)

whefe
Eq is an arbitrary E-field amplitude;

m is the index of the source component;
As is the mesh step;

w is the width of the waveguide.

For jnhomogeneous meshes, the expression mAs in Formula (17) shall be replaced by the
centfe of the respective primary mesh\edge.

Altefnative methods for the field. excitation may be used, for example, such as partig¢ular
solvers to determine the propagating modes in the waveguide or preconfigured sources if the
software provides them. IlnJ any case, it shall be asserted that only the fundamental
proppgating mode existsiat the location where the fields are recorded (Figure 6) becausg the
presgnce of higher order'modes or spurious modes hinders the evaluation of the propagation
constant. Instead of the E-field components, the H-field components can be used.

8.2.1.5 Homogeneous mesh

For {he simutations of the homogeneous mesh, the mesh step is 10 mm in the x- and in the z-
diregtion>~The mesh step in the y-direction may be determined by the user. It should be
condidered that it has an impact on the time step calculation.

8.2.1.6 Inhomogeneous mesh

The following mesh lines shall be used for the x- and z-direction: 0,0 mm; 0,5 mm; 1,4 mm;
3,1 mm; 6,3 mm; 12,0 mm; 15,0 mm; 18,0 mm; 22,7 mm; 30,0 mm; 45,0 mm; 52,5 mm;
60,0 mm and 75,0 mm. For the remaining part of the geometry, a constant mesh step of
15 mm shall be used. In the x-direction, these lines refer to the left boundary of the waveguide
(x = =60 mm), and in the z-direction they refer to the origin of the coordinate system (z = 0) as
indicated in Figure 6. The mesh steps cover a range from 0,5 mm to 15 mm. Like this, the
simulation time step is reduced, which increases the numerical dispersion error in the larger
mesh cells [10]. The origin of the x-axis is one of the waveguide walls, the origin of the z-axis
is the location of the source (Figure 6). The mesh step in the y-direction, which is required
because of the implementation of the FDTD algorithm in three dimensions, can be determined
by the user. It should be considered that it has an impact on the time step calculation.
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8.2.1.7 Excitation

The TE and TM modes of 8.2.1.3 and 8.2.1.4 shall be used as excitations for the waveguide.
The signal f(z) shall be sinusoidal with a Gaussian envelope which covers a frequency range
from 500 MHz to 2 GHz. The frequency range covers both the reactive and the propagating
range of the TE and TM modes in the waveguide and is therefore appropriate to characterize
the numerical dispersion. The signal is defined as

£(0)= sin(opr)expl [l 10)/]? (18)

The following parameters are suggested for the simulations:

oy =|2n fu = 2n 1 250 MHz
to = [l ns

r=(,2 ns

NOTH The suggested centre frequency of the broadband signal wg is the centre of the frequency range [to be
evalupted (500 MHz to 2 GHz). The bandwidth of the signal is sufficiently large to prev¥ide enough energy ovér the
entirg frequency range although its centre frequency is close to the cut-off of the waveguides.

The fsimulation time shall be chosen such that the remaining ripple on the recorded signgls is
less|than 0,1 % of the source signal amplitude. The ripple, shall be calculated from| the
maximum value of the signal within the last 5 % of the simulation time divided by the lafgest
valug the signal has ever had. For a waveguide length,0of\30 m, a simulated time of 100 ps is
apprppriate. Using a shorter waveguide or simulation time may compromise the redults,
e.g. due to a remaining ripple of the signal. It is recommended to excite the waveguide with a
hard|source.

8.2.1.8 Dielectric parameters
The waveguide shall be simulated with three homogeneous isotropic materials:

& =10,0; 0=0,0S/m
¢ =2,0:0=0,0S/m
& =12,0; 0=0,2S/m

8.2.1.9 Signals to be recorded

The field compongnts’ (Ey for the TE mode and E, or E, for the TM mode) shall be recorded at
the Ipcations spegified in Figure 6 for the calculation of the numerical dispersion, as described
below. For the{T'M mode, the components of the adjacent edges in the x- or z-directiong can
be dhosen:The signals shall be extracted such that they directly correspond to the |field
valugs an,the respective edges of the Yee-mesh. The use of interpolated data shall be
avoifled. The simulated signals in the time domain shall be extracted in the frequency domain.
If the FBFB-codeunderevaluationisecapableeftransformingthetimedomain—signalsinto the
frequency domain, its built-in functions shall be used for the transformation. Otherwise, a DFT
shall be applied to transform the signals. Zero padding shall not be used.

8.2.1.10 Calculation of the numerical dispersion

The numerical wave numbers &, ,,, and k ,,, can be calculated from the Fourier-

transformed fields recorded at the locations in F|gure 6 using the identities

. 2 2
J i Lo1+ Eat —\/—4E11 +(Egq + Eaq)
2E4

(19)
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. 2 2
I in Eqo + Eq2 —\/—4E11 +(Eqo + Eqg)

(20)

where
As is the distance between the locations of the recorded components (30 mm).
Only the principal value of the complex logarithms in Formulas (19) and (20) shall be

evaluated, i.e. only the solution of the complex logarithm shall be regarded, whose imaginary
part lies in the interval (-=n,n]. The numerical wave number can be calculated using

2 2 2
k2 = k2 + k2 (21)

The reference solutions of the numerical wave vector in a homogeneous mesh forcomparison
with [Formulas (19) and (20) can be obtained by solving the dispersion relation of the |[Vee-
algofithm

2 kz,nLémAS (22)

As .
+sin
[0AVA

As id the mesh step, Az is the time step, and wis the frequency. k is the physically cofrect
wavi number in the dielectric as given in Formula (23), &, in the numerical model of the

waveguide is identical to its physical counterpart k <given below in Formula (24).The repults
for the inhomogeneous mesh shall be compared to the physical wave number Formula (23).

For |comparison of the components of the “numerical wave vector with their phygical
counterparts, the following expressions apply.for lossless and lossy dielectrics:

k< oug(ws,20 + jo) (23)
ke =— (24)
w

k, =k? —k? (25)

8.2.1.11 Data reporting

The | numerical wave numbers shall be evaluated as a function of the frequency.|The
numerical wave numbers shall be evaluated over the frequency range from 500 MHz to 2 |GHz
as sfated above using a maximum frequency step of 1 MHz (see also Note 2 of Table 6)| For
homogeneous meshes, the maximurm deviationm of the reat and the fmagimary part (fossy
materials only) from the theoretical numerical wave number shall be evaluated. For
inhomogeneous meshes, the maximum deviation of the real and the imaginary part (lossy
materials only) from the physical wave number shall be evaluated. Table 6 lists all quantities
to be reported.

All results for Table 6 shall be evaluated and reported for the waveguides oriented along all
three axes of the coordinate system, for two different orientations around its axis (rotate
waveguide by 90°) and positive and negative propagation direction along the respective axis.
In total, 12 versions of Table 6 are required. The time domain signals that are recorded during
the simulation shall be transformed into the frequency domain, as described above. The
maximum deviation of the numerical wave number obtained from the simulation from its
reference value shall be reported. This maximum deviation is relevant for the compliance of
the code.
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Table 6 — Results of the evaluation of the numerical
dispersion characteristics

Limit for TE ™
code
compliance

axis, direction of propagation
and orientation

& 1 2 2 1 2 2
o [S/m] 0 0 0,2 0 0 0,2
numierical f, .« [MHZ] 1247 882 n.a. 1247 882 nja.
maxjmum deviation of +2 %

simylated Re k, from
numjerical reference
homjogeneous mesh

maxjmum deviation of +2% n.a. n.a. n-a. n.a.
simylated Im k_ from
numjerical reference
homjogeneous mesh

maxjmum deviation of +2%
simylated Re k, from
numlerical reference
homjogeneous mesh

maxjmum deviation of +10 %
simylated Re k, from physical
solufion

inhomogeneous mesh

maxjmum deviation of +10 % n.a. n.a. n.a. n.a.
simyglated Im k, from physical
solution

inhomogeneous mesh

maxjmum deviation of +10 %
simylated Re k_from physical
solufion

inhomogeneous mesh

NOTE 1 The maximum deviation\of the numerical evaluation shall be evaluated over the entire simulpted
frequency range (500 MHz to 2 GHz).

NOTE 2 The fequency range + 5 % around the cut-off frequencies shall be excluded from the evaluation of the
k, cpmponents. This dogs pot apply to the waveguide filled with the lossy dielectric.

NOTE 3 The cut-off\frequencies have been determined for the numerical waveguide model considering| the
nunjerical dispersion error. Therefore, they deviate from their physical values.

8.2.3 Planar dielectric boundaries

8.2.2+—General

The implementation of planar dielectric interfaces which are oriented along a mesh axis and
coincide with a primary mesh line shall be tested using the waveguide configurations
described in 8.2.1 (waveguide, excitation, meshes). They shall be evaluated using a
homogeneous mesh with a resolution of 10 mm. A dielectric boundary shall be introduced at a
distance of 120 mm or larger from the excitation. The dielectric boundary is oriented
perpendicularly to the PEC walls and divides the waveguide into two regions. A permittivity
& = &1 = 1 shall be used for the region which contains the excitation. The permittivity of the
other region shall be & =& =4. A lossless (o =0) dielectric (TE and TM) and a lossy
dielectric (TE only) shall be simulated (o = 0,2 S/m). The dielectric region extends to the end
of the computational domain, and the length of the waveguide shall be chosen such that
reflections from the mesh truncation of the computational domain do not reach the location at
which the fields are recorded during the simulation.
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For the evaluation of the numerical reflection coefficient at the dielectric boundary as a
function of the frequency, the E-fields shall be extracted at positions analogous to those in
Figure 6, from the excitation location and also from the dielectric interface inside the dielectric
medium, i.e. the arrangement of the recording locations shown in Figure 6 shall be repeated
in the region filled with the dielectric ¢,. Closed expressions for the numerical reflection
coefficient for TE- and TM-waves according to [11] are

sin(k1ZAs)— sin(kZZAs)

= 26

'TE sin(k1ZAs)+ sin(kzzAs) (26)
£1tan PEE —& tan%

™ = (27)
&tan kgzAs + & tank”TAS

As ig the mesh step, and k4, and k,_ are the numerical wave numbers in({he two dielectrics, ¢,
and [, and are required for the evaluation of rrg and ry)y. They, €an be evaluated Using
Formula (20). For the evaluation of k,, using Formula (20), the Efield components shall be
recofded in the region filled with the dielectric &5, i.e. the recording locations as shown in
Figufe 6 shall be shifted by +120 mm along the z-axis.

Enhanced methods or special techniques, which deviaté)from the formulation of the [fee-
algofithm as defined in Clause 5, shall be validated-if they are used for the evaluatign of
particular testing configurations. Special techniques are permitted if they reduce the deviation
from| the physically correct with respect to the the *numerical solution of Formulas (26)[ and
(27)) The applied method or technique has to besxdocumented appropriately (e.g. by describing
the gdefinition of the update coefficients or modifications of the update equations). For the
evalyation of the numerical reflection coefficient, the steps for the extraction of the numgdrical
dispgrsion characteristics in free space.as defined in 8.2.1 shall be repeated. The numgrical
reflection coefficient shall then be evaluated according to 8.2.2.2.

8.2.2.2 Extraction of the reflection coefficient

The pmplitudes of the propagating and the reflected waves E, and E, are

E, = [Eme—jkz(ZZr—Zo—Zﬂ) _E11e—jkz(22r—20—210)]/g/ (28)
E = [E‘11e_jk2(z10_20) —E»]oe_ij(zﬂ_ZO)]/ﬁy (29)

whefe
@ = oIk [2(z¢ —z0)+z10-211] _e 2(2 —z0)+z11-210] (30)

Here, z, and z, are the locations of the boundary and the source, respectively. z,5 and z4, are
the positions of the E-field sensors as shown in Figure 6. &, k4, and k,_ are the components
of the numerical wave vector evaluated with Formulas (19) and (20). The amplitude reflection
coefficient r is then calculated as

r=— (31)
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8.2.2.3 Data reporting

The numerical reflection coefficient » shall be evaluated as a function of the frequency, for
reactive modes in a frequency range from 0,5 GHz to 0,6 GHz (below the cut-off frequency of
the waveguides) and for propagating modes in a frequency range from 1,3 GHz to 2 GHz
using a maximum frequency step of 1 MHz. For homogeneous meshes, the maximum
deviation of the real and the imaginary part (lossy materials only) from the theoretical
numerical wave number and reflection coefficient shall be evaluated. Table 7 lists all
quantities to report.

All results for Table 7 shall be evaluated and reported for the waveguide oriented along all
threi axes of the coordinate sysiem, for two diiferent orientations around its axis (rotate
waveguide by 90°) and positive and negative propagation direction along the respective pxis.
In toftal, 12 versions of Table 7 are required. The deviation of the simulated results. from the
numerical reference is relevant for the compliance of the code.

Table 7 — Results of the evaluation of the
numerical reflection coefficient

Limit for TE ™
code
compliance

axis, direction of propagation
and orientation

& 4 4 4
o [S/m] 0 0,2 0
maximum deviation of +5,0%

simulated Re ky, from
numerical reference
1,3 GHz < f< 2 GHz

maximum deviation of +50% n.a. n.a.
simulated Im{k,,} from
numerical reference

0,5 GHz < f< 0,6 GHz

maximum deviation~of +5,0%
simulated Re » from-numerical
reference

1,3 GHz < £<2 GHz

maximum deviation of +50% n.a. n.a.
simulated Im » from numerical
reference

13.GHz < /< 2 GHz

maximum deviation of + 10,0 %
simulated Re » from numerical

reference
05GHz < £<06GHz

maximum deviation of + 10,0 % n.a. n.a.
simulated Im » from numerical
reference

0,5 GHz < /< 0,6 GHz

The frequency range is indicated for each value to be reported.

NOTE Larger tolerances apply for the deviation of the simulation from the
reference for frequencies between 0,5 GHz and 0,6 GHz (below cut-off).
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8.2.3 Absorbing boundary conditions
8.2.31 Aligned absorbing boundary conditions

The performance of an absorbing boundary condition (ABC) can be assessed analogously to
the procedure used for the assessment of the numerical reflection at a dielectric boundary
condition [29]. The computational domain (Figure 6) shall be filled homogeneously with
vacuum (& =1, o= 0) and truncated with an ABC at a position of z = 120 mm in front of the
excitation. The reflection coefficient of the ABC can then be determined following the
procedure described in 8.2.2, using a homogeneous mesh resolution of 10 mm and the
inhomogeneous mesh for which coordinates are specified in 8.2.1, for a frequency range from

o S FZ—USHg—a—adRd e &y ep—6 MHZ—A—tota—+oed RHatHoRs are
requjred for each direction of propagation and for each orientation of the field vectors: TE|with
hompgeneous mesh, TE with inhomogeneous mesh, TM with homogeneous mesh~and ™™
with [ inhomogeneous mesh. Figure 7 indicates the limits for the maximum .permisgible
reflegction coefficient as a function of the frequency. As outlined in 8.2.1, the broadband
excifation is used to characterize the reflection coefficient as a function~of the angle of
incidence and for reactive waves. Figure 7 shows the limits (upper margin of‘the grey rajnge)
as a| function of the frequency. For strongly inclined angles (low frequencies), the limitg are
relajed, and no limit is specified for the reflection coefficient of reactive waves below
1 37Pp MHz (10 % above the numerical cut-off frequency of the waveguide). Since the infpact
of cytting off the reactive fields with absorbing boundary conditiens’ strongly depends on the
appl|cation, no general recommendations are made regarding" their characteristics under
thesg conditions.

NOTH Large deviations from the theoretical wave number withid a limited or the entire frequency rangqg may
indicqte a higher mode or spurious field components which are/excited at the boundary. If this is the casg, the
evaluption of the reflection coefficient is not possible.

All r¢sults shall be evaluated and reported withirespect to the range of the permissible ppwer
reflection coefficient indicated in Figure 7 forcthe 120 mm waveguide oriented along all three
axeg of the coordinate system, for TE and*'M modes, for two different orientations around its
axis|(rotate waveguide by 90°) and positive and negative propagation direction along the
respective axis. In total, 24 evaluationsiare required.
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Figure 7 — Permissible power reflection coefficient (grey range) for
the aligned absorbing boundary conditions

8.2.3.2 Performance of the ABCs'in the corners of the computational domain

The | numerical reflection of the‘absorbing boundary conditions in the corners of| the
computational domain shall be evaluated for tilting angle of 45° using the waveguide 1etup
shown in Figure 8. Only a homogeneous mesh with a step size of 7 mm shall be evaluated.

The width of the stair-cased waveguide can be assumed to be 118,8 mm =12 x 7 x \/E mm.

NOTH The effective numerical width of the stair-cased waveguide can be determined by evaluation gf the
numefical propagatiof,constant.

Alterjnatively,~aiwaveguide width of 120 mm can be used for more convenient modelling| and
meshing ofi\the software under test. If a 120 mm waveguide is used, all dimensions|and
freqyencies have to be scaled appropriately. Figure 8 shows the waveguide configuration| and
can
™,
ents
of the excitation. Alternative methods for the field excitation may be used, such as particular
solvers to determine the propagating modes in the waveguide or preconfigured sources if the
software provides them. It should be asserted that only the fundamental propagating mode
exists at the location where the fields are recorded (Figure 8) because the presence of higher
order modes or spurious modes will hinder the evaluation of the reflection coefficient.
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Dimensions in millimetres

PEC wall

PEC wall

IEC

For TM-polarization, E,, E, or H -field components shifted by half a voxel are to be recorded (see text). The step
size fpr the homogeneous mesh’is 7 mm. The spacing between the source and the sensors is (m + 2) x 29,7 mm
(m+2)x3x7xV2mm. The spacing, bétween the sensors and the boundary is (n+ 2)x 29,7 mm
(n+2) x 3 x7xv2mm. mand n are_arbitrary positive integers.

Figure 8 — Tilted parallel-plate waveguide terminated with absorbing boundary
conditions and locations of the E -field components
to be recorded for TE-polarization

For the assessment of the performance of the ABCs at the edges of the computational domain,
the gonfiguration described in Figure 8 shall be used to evaluate the reflection coeffigient
accdrding _te~the procedure described in 8.2.2. For the numerical reflection coefficient in the
bwer
re 7).
Imits
mdrcated in the grey range of Frgure 9. The reerctron shall be evaluated and reported for all
twelve edges of the computational domain for TE and TM mode. The reflection coefficients
shall be reported as plots in graphs according to Figure 9. In total 24 plots are required.
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Figure 9 — Permissible power reflectioh coefficient (grey range) for the tilted
absorbing boundary conditions

8.2.4 SAR averaging

Figute 10 and Figure 11 show-the geometry for the testing of the averaging algofithm
(SAR Star). The model consists-of a cube with a cone on each face. The bottom of the cope is
supgorted by a socket of reduced diameter. It consists of two different materials (core|and
shell) of different densities. The density of the core material and the embedded ¢ube
(14 % 14 x 14 mm3 in~the centre) is 2 000 kg/m3, their relative permittivity is 12, and fheir
conductivity is 0,15 S/m. The embedded cube is located in the centre of the SAR Star.|It is
surrgunded by a ‘S mm thick layer of background material. The density of the outer laypr is
1 10p kg/m3, itS.relative permittivity is 41, and its conductivity is 0,8 S/m. The embedded ¢ube
is s¢parated from the outer two layers by a gap of 5 mm thickness. The gap consisis of
bacKgrournd-material (white) and does not contribute to the averaging cube. The background
matgrialis’lossless, its relative permittivity is 1, and its density is 0.
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Dimensions in millimetres
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Centre of the SAR Star
IEC

Figure 10 — Sketch ofithe testing geometry of the averaging algorithm

The |structure covers all cases for the construction of the averaging volumes as described in
6.2 [used, unused and\valid voxels) for all directions of space. It shall be meshed|and
voxdlled in a homogeneous mesh (Ax = Ay = Az =1 mm) and an inhomogeneous mesh.| The
mesh coordinates 'are given in Annex B. The mesh lines correspond to the outline of the
prevpxelled surfaces of the inhomogeneous SAR-Star model. When setting up the mesh} the
user|shall make sure that all surfaces are appropriately aligned with the mesh lines. Local and
peal spatial~average SAR shall be calculated for an incident plane wave at a frequengy of
900 MHz-~ The E-field vector of the plane wave shall be aligned to the x-axis, the H-field ve¢ctor
shall be’aligned to the y-axis and the k-vector shall point along the positive z-axis of the [SAR
Star
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a) Outermost layer b) Transparent view

Figure 11 — 3D view of the SAR Star

The |[data to be reported for the compliance of the code arée.the status flags which have been
assigned to each voxel (unused, used, valid), the oriéntation of expansion, the dimengions
and [the mass of the averaged cube which contains{thé target masses of 1 g and 10 g| the
local voxel SAR and the peak spatial-average SAR assigned to each voxel. All status flags
shall agree with the reference results, which_are supplied online (B.3.2). The maximum
devigtions of the averaging mass and volume from the respective references is £0,000 2 %. In
caseg of averaging about a voxel located on(the cube surface (6.2.2), these reference repults
contpgin more than one solution for those\ voxels for which more than one orientation of the
averpging cube is allowed. For these. voXxels, the orientation that is reported by the softivare
undgr evaluation shall agree with onelof the orientations from the reference results and mass
and |volume shall be compared«to the reference results with the same orientation.|The
maximum deviation of the spatidl-average SAR value of the cube calculated by the softvare
undgr evaluation lies within £40"% of the maximum value of the multiple spatial average [SAR
valugs of all directions of expansion that are provided with the reference data results.|[ The
evalyation script for contparison with the reference results is given in B.3.3.

In ofder to test the_averaging algorithm for deviation from the reference of no more [than
+0,0P0 2 %, thesaveraging tolerance shall be set to £0,000 1 % of the target mass. Depending
on the software, this is either specified by the user or hardcoded in the implementation of the
algofithm.

8.3 | ~Canonical benchmarks

8.3.1 Generic dipole

The feed-point impedance of a 1/2-dipole (1 GHz) shall be evaluated for broadband excitation.
If the software under test provides a harmonic simulation mode, the evaluation shall be
carried out additionally in harmonic mode at 1 GHz. The dipole has a length of 150 mm and a
diameter of 4 mm. The feeding gap size is 2 mm. The mesh shall be truncated with absorbing
boundary conditions at 200 mm distance to the dipole in all directions. A broadband
simulation covering the frequency range from 0,5 GHz to 1,5 GHz shall be performed. The
radiated power shall be derived from the broadband simulation at 0,5 GHz, 1,0 GHz and
1,5 GHz. Reference results were derived with the method of moments. The homogeneous
mesh has a step size of 2 mm. The minimum step of the inhomogeneous mesh is 1 mm (half
of the feeding gap size) and the maximum step is 10 mm.
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The quantities for evaluation and the maximum permitted error are given in Table 8. The
power budget is defined as the deviation of the radiated power Pg from the feed-point power
Pq (Clause C.5).

Table 8 — Results of the dipole evaluation

Quantity Simulation result Simulation result Tolerance
(Homogeneous mesh) (Inhomogeneous mesh)

Re Zat 1 GHz 40 Q <ReZ<140Q
Im Z at 1 GHz 30Q<ImZ<130 Q
Frequency for Im Z=10 850 MHz < /< 950 MHz
Power budget at 0,5 GHz <5%

Power budget at 1,0 GHz <5%

Power budget at 1,50 GHz <5%

NOTE The tolerances are the deviations which can be expected from a correctly implemented code which
pasged the tests defined in 8.2. Larger deviations may indicate errors in the modeling or post-procesjsing
envifonment of the code under evaluation.

has

8.3.2 Microstrip terminated with ABC

impgdance of 50 Q. The substrate is lossless and\has a relative permittivity of 3,4.

propagation constant and wave impedance of a micro strip line and the refle
icient for quasi-TEM operation shall be evaluated. The micro strip has a characte

ction
ristic
The

geometry of the strip line is given in Figure 12. Fqor‘an impedance of 50 Q, the width w of the

0,1 mm and a maximum step size of 1 mim. The thickness of the microstrip is negligible

be vplidated according to 8.2, and-their modifications to the update coefficients or the

distgnce from one another. The distance of the first of these points to the source shall &

signfl shall be used covering the frequency range from 0,5 GHz to 2,0 GHz. As a sourg

line and the height / of the substrate shallcbe2,8 mm and 1,2 mm, respectively.

strip line shall be modelled in an inhomogeneous mesh with a minimum step siz

bct to the other dimensions of thegeometry. It can therefore be meshed as an infir
sheet. Special techniques for the representation of thin sheets can be applied, but

ithm shall be documented:;The microstrip shall be evaluated with its orientation ali
the mesh. The strip lin€ shall be terminated with ABCs. For the excitation, a broad

e edge can be used-or the quasi-TEM mode can be excited directly. The voltages
nts on the strip_line shall be recorded at three points along the strip line in 30

30 mm (seellocation of the components E4q, £44 and E4, in Figure 6). The propag
tant and-reflection coefficient shall be evaluated using the procedures described in
8.2.2. Assufficient distance between the source and the recording locations shall be

e of
with
itely
shall
Yee-
jned
band
e, a
and
mm
e at
ation
8.2.1
kept
5Or'S.
due

2,0 GHz shall be reported.
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Figure 12 — Geometry of the microstrip line

Table 9 — Results of the microstrip evaluation

Quantity Reference Deviation Tolerance
Re 4 50 Q 45 Q <ReZ<550Q
Im 7 0 2Q<ImZ<2Q
Reflpction coefficient - dB <-20dB

8.3.3

The
with
190
posit
i.e.t

Beard et al. [22] (Table 10), which corresponds to two times the reported standard deviati

NOTH
phant
algori

NOTH

SAR calculation SAM phantom / generic phone

benchmark described in Beard et al. [22] shall be repeated for the SAM phantom (D
the generic phone in the “touch” and the “tilted” position (IEEE Std 1528) at 835 MHz
D MHz; 1 g and 10 g peak spatial-average SAR values shall be reported for the
ions and frequencies. The SAR results shall be normalized to the feed-point pag
he accepted antenna power. They shall be within +50 % of the mean values report¢

1 The tolerance of £50 % is approximately twice the largest standard deviations of the psSAR of the|
om reported in [22]. A larger tolgrance is permitted here because of the modifications of the SAR aver
thm described in 6.2.2.

2 Supplemental information on the configuration can be found in Kainz et al. [30].

Table 10 - 1-g.and 10 g psSAR for the SAM phantom exposed to the generic
phone for 1 W accepted antenna power as specified in [22]

13.1)
and
two

wer,

d by

bN.

SAM
laging

Qdantity 835 MHz 835 MHz 1 900 MHz 1 900 MHz
“touch” “tilted” “touch” “tilted”
1 g psSAR
[W/Kg] 7.5 4,9 8,3 12,0
10 g psSAR
[W/kg] 53 3.4 4,8 6,8
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Figure 13 — Geometry of the setup for the system
performance check according to [31]
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Setup for system performance check

dipole and flat phantom configuration for the system, performance check defing
52209-1 and IEEE Std 1528 shall be simulated at 900dMHz and 3 000 MHz using

height of the tissue simulant above the phantom shell shall be 150 mm. The paramj

equency of operation;

Blative permittivity of the tissue simulant;

onductivity of the tissue simulant;

hickness of the phantom shell;

iameter of the rods of the dipole, and of the A/4 stub;

ength of the dipole;

ength of the 1/4 stub;

istance from the bottom of the tissue simulant to the centre axis of the dipole rods;
istance between'the rods of the /4 stub;

idth of the{phantom;
eight-ofsthe tissue simulant.

fgrand the 10 g peak spatial-average SAR and the feed-point impedance sha

d in
the

ctric parameters given in Table 11 and the dimensions. given in Table 12 and Figurg 13.

bters

| be

eval

ated. Ihe devialion of the peakK spalial-average SAK and the real part of the Teed-

oint

impedance from the values reported in Table 13 shall not be larger than +10 %. The imaginary
part of the feed-point impedance shall be within £5 Q. Details on the numerical evaluation of
the setup for the system performance check can be found in [31].
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Table 11 — Dielectric parameters of the setup
(Table 1 of [31])

f tissue phantom
[MHZz] simulant shell
&, o &, o
[S/m] [S/m]
900 41,5 0,97 3,7 0
3000 38,5 2,4 3,7 0

Table 12 — Mechanical parameters of the setup
(Tables 1 and 2 of [31])

f t d 1 h s w X 4
[MHZz] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
900 2,0 3,6 149,0 | 83,3 15,0 4,0 360,0 | 300,0 |[,150,0
3 000 2,0 3,6 41,5 25,0 10,0 4,0 200,0 | #60,0 | 150,0

(Tables 3 and 4 of [31])

Table 13 — psSAR normalized to 1 W forward power and feedpoint impedance

f 19 psSAR 10 g psSAR Re Z ImZ
[MHZz] [W/kg] [W/kg] ] Q]
9po 11,0 7,07 49,9 2,3
3§00 65,4 25,3 53,4 -4,0
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Annex A
(normative)

Fundamentals of the FDTD method

The original algorithm introduced by Yee in 1966 [5] forms the basis of the FDTD method
where the electric and magnetic field components are positioned at the edges of a voxel and
computed at alternate half time steps. Electromagnetic wave interactions in three-dimensions
are solved with a system of six coupled partial differential equations. The resulting system of
finite-difference equations requires only the adjacent field components from its previous time

step

The

solu
vect
prob
and

appr
Refe
step
com
of th

H_, namely E

z

the |
mes
step
Figu

to continue, and s highly adaptable to parailel processing.

ion of discretized Maxwell’s equations. For solutions in Cartesian coordinates, the
brs E and H are dependent on the spatial variables x, y, z and the time\variable r.

ik are the voxel indices and » is the index of the time step. Using the, central differ
pximation for each field component, six explicit finite-difference-equations are der

with respect to the magnetic field components. For instance, the magnetic

n n n n

E , and , . Thus, Faraday’s law is used to r
X2,k Xi+12,j+1k Yij+2k Vil j+1 2k

ping solution of the Maxwell’s curl equations is known as the leapfrog algor
re A.1 shows the arrangement of the E- and“H-field components. The algorithm con

of thle so-called update equations for each gléctric field component and each magnetic

com

The

ponent. For the E,- and the H,-components, the update equations are written as

basic FDTD implementation is based on explicit, time staggered, and space)staggered

field
The

em space is discretized into voxels x = iAx, y = jAy, z = kAz, and time\r= nAt, where i, j

Ence
ved.

rring to [5], it can be noted that the electric field components ate\staggered half a mesh

field

ponent, H, at time (n + 1/2) is computed from the value H, at time (n — 1/2) and the vglues
E electric fields at time n along the voxel edges forming the Contour in the plane normjal to

elate

ne integral of the electric field to the normal flux~=Component of the magnetic field in the
n. Likewise, Ampere’s law is used to update thé electric fields. The staggered spaced{time

thm.
sists
field

n+1 _ n n+1/2 n+1/2 n+1/2 n+1/2
_ =4, E +B, - -B, - A1)
Vijerzk TRk Ty a2k Nk NS 202 X jai 2,112 Wk Tz 22k Zim102,j410 2k
n+1/2 :Hn—1/2 | En _pn -C,. E" _gn A.2)
Zi+112,j+11 2,k Ziedh2,j+11 2,k Yj Yi+112,j+1,k Yi+112,j,k ! Xi+1,j+1/ 2,k Xi, j+11 2,k
coefficients of\these equations, the so-called update coefficients, are given as
o, At o, At
Vi Vi
Ayijk :{1—.1"—”‘}/{%.1"—"‘} A.3)
-~ 26y, ik 28y, 4
At O'y., At
By . == | [ |1+ =2 (A.4)
ik £ Az 2¢
Vi jk "k Vi, jk
At O'yu At
p = || |1+ 52— (A.5)
Evijk Ax; ZgYi,j,k
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At

c, = (A.6)
& HoAy ;
At
C = . (A7)
T by

It should be noted that this formulation includes no magnetic losses and the permeability of
free space is yy throughout the computational domain. Alternatively, the update coefficients
can be derived based on the approach described in [32] as exponential time stepping.

E-fi
surrg

calc

Thes
for t
coef
edgsq

The
and
edgsq
the

g aJd o are the effective permittivity and conductivity of the mesh edges of the fespe

Id components. They are calculated by averaging the dielectric properties of
unding voxels. Figure A.2 shows an Ey-component in the FDTD mesh,surrounde

VOXG.I.IS with four different dielectrics. £ and & for the update equation of thisycomponen

lated as

< 81AX1A22 +82AX2A22 +€3AX1AZ1 + 84AX2AZ1

K (Axy + Ax NAzg + Azp )
5_- _ O'1AX1AZZ + O'2AX2A22 + O'3AX1AZ1 +G4AX2AZ1
- (Axy + Axp NAzq Az, ) '

e definitions of & and & already considervariable mesh steps (see below). Expresg
he E .- and E_-components can be obtained by permuting the axis indices. The up
icients of PEC edges shall be definedvsuch that the electric field components on t
s are always kept at zero.

time step for algorithm stability)is given by the Courant condition or Courant, Fried
Lewy (CFL) condition in Fermula (A.10) [33]. For three-dimensional meshes with \
s of length Ax, Ay, Az, and’v as the maximum velocity of propagation in any mediu
roblem, the time step_size At is limited by

VAt < ! (A

1 1

1
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ctive
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d by

are
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A.9)

ions
date
hese
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oxel
m in
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Figure A.1 — Voxel showing theiarrangement of the E- and H-field vector
components on a staggered mesh
ariable meshes where Ax, Ay, oAz are functions of x, y, and z, respectively, the maxi

step for stability is obtained*from considering the voxel which produces the smallest

tion of propagation, and lattice discretization, causing dispersion of the simulated v
bs in the computational domain. This numerical dispersion can lead to nonphysical re
as pulsesdistortion, artificial anisotropy, and pseudo-refraction. The mesh

&y,Az) typically is selected such that for the highest frequency at which the solutic

mum
time

phase velocity of fiumerical modes in the FDTD lattice can vary with modal wavelength,

vave
sults
size
n is

, maximum (Ax, Ay, Az)<0,11, where 1 is the wavelength at that frequency in the

acc

rically dense penetrable material. This limits the numerical dispersion in most cases

an arbitrary direction is not more than —1,3 %. Thus, in this case, a sinusoidal numerical wave
traveling a distance of only 21 develops a lagging phase error of about 9,4° (Taflove [8]). This
error is linearly cumulative with the wave propagation distance. Often the FDTD voxels in at
least part of the mesh are much smaller than 0,11 in order to accurately describe small
geometry features.
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Figure A.2 — Voxels with different diele @g)properties

w | ow |

IEC

surrounding a mesh edge with an E;-component
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B.1

Annex B
(normative)

SAR Star

CAD files of the SAR Star

The geometry of the SAR Star is provided in two sets of STL-files. The STL-files contain
discretized representations of the core material, the embedded cube and the outer layer of the

SAR Stal (824) Edbh Uf thccc DU“dD ;b pIUV;dD‘d ;ll d ocpalatc STL'fI:U Thc; dibblct;Ldti PN Of

the solids follows the topology of the homogeneous mesh and the inhomogeneous mesh as

giveh in B.2.2 and B.2.3. The code verification according to 8.2.4 shall be carried(out ysing

the discretized solids and the mesh lines in B.2.2 and B.2.3. All files can be downleaded ffom:

http:{/www.iec.ch/dyn/www/f?p=103:227:0::::FSP_ORG_ID,FSP_LANG_1D:1303,25.

B.2| Mesh lines for the SAR Star

B.2. General

The | SAR Star benchmark (8.2.4) shall be carried out¥in a homogeneous and an

inhojnogeneous mesh. The mesh lines are given in B.2.2 for the homogeneous and in B.2.3

for the inhomogeneous topology. The geometrical centre of the SAR Star is located at the

origih of the coordinate system set up by these mesh lines. The mesh contains addit|onal

spade around the geometry of the SAR Star in order‘to yield a sufficiently large volume fof the

placément of the total field zone and for the reactive area of the scattered field.

B.2.2 Mesh lines for the homogeneous SAR Star

Mesh size (number of lines)

n, 280

n 280

n, 280

Mesh line coordinates [m] (x-,)y- and z-axes):
-0,14; -0,139; -0,138;,~0;137; -0,136; -0,135; -0,134; -0,133; -0,132; -0,131; -0,13; -0,129; -0,128; —0,[127;
-0,126; -0,125; -0,124y+--<0,123; -0,122; -0,121; -0,12; -0,119; -0,118; -0,117; -0,116; -0,115; -0,114;
-0,113; -0,112; -, 1+, -0,11; 0,109; -0,108; -0,107; -0,106; —0,105; —0,104; —0,103; -0,102; —0,101; -0 /[1;
-0,099; -0,098;.%£0,097; -0,096; —0,095; —0,094; -0,093; -0,092; -0,091; -0,09; —0,089; -0,088; —0,087;
-0,086; -0,085¢=0,084; —0,083; —0,082; —0,081; -0,08; -0,079; —0,078; -0,077; —0,076; —0,075; —0,074;
-0,073; -0,072; -0,071; -0,07; —0,069; —0,068; —0,067; —0,066; —0,065; —0,064; —0,063; —0,062; —0,061; —(,06;
-0,059;,-9;058; -0,057; -0,056; —0,055; —0,054; —0,053; —0,052; —0,051; -0,05; —0,049; —0,048; —0,047;
-0,046,,=0,045; —0,044; —0,043; —0,042; —0,041; -0,04; -0,039; —-0,038; -0,037; —0,036; —0,035; —0,034;
-0,038;7-0,032; -0,031; -0,03; -0,029; -0,028; -0,027; —0,026; -0,025; -0,024; -0,023; -0,022; -0,021; —0,02;
—-0019—=0;01t8—=0;0t7—0;016—=0;0t5—=0;0t4—=0;013—0;01t2—=0;0t =00 +—=0;009—=0;008—=0;007;

-0,006; -0,005; -0,004; -0,003; -0,002; -0,001; 0,0; 0,001; 0,002; 0,003; 0,004; 0,005; 0,006; 0,007; 0,008;
0,009; 0,01; 0,011; 0,012; 0,013; 0,014, 0,015; 0,016; 0,017; 0,018; 0,019; 0,02; 0,021; 0,022; 0,023; 0,024;
0,025; 0,026; 0,027; 0,028; 0,029; 0,03; 0,031; 0,032; 0,033, 0,034; 0,035; 0,036; 0,037; 0,038; 0,039; 0,04;
0,041; 0,042; 0,043; 0,044; 0,045; 0,046; 0,047; 0,048; 0,049; 0,05; 0,051; 0,052; 0,053; 0,054; 0,055; 0,056;
0,057; 0,058; 0,059; 0,06; 0,061; 0,062; 0,063; 0,064; 0,065; 0,066; 0,067; 0,068; 0,069; 0,07; 0,071; 0,072;
0,073; 0,074; 0,075; 0,076; 0,077; 0,078; 0,079; 0,08; 0,081; 0,082; 0,083; 0,084; 0,085; 0,086; 0,087; 0,088;
0,089; 0,09; 0,091; 0,092; 0,093; 0,094; 0,095; 0,096; 0,097; 0,098; 0,099; 0,1; 0,101; 0,102; 0,103; 0,104;
0,105; 0,106, 0,107; 0,108; 0,109; 0,11; 0,111; 0,112; 0,113; 0,114, 0,115; 0,116; 0,117; 0,118; 0,119; 0,12;
0,121; 0,122; 0,123; 0,124, 0,125; 0,126; 0,127; 0,128; 0,129; 0,13; 0,131; 0,132; 0,133; 0,134; 0,135; 0,136;
0,137; 0,138; 0,139; 0,14;
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B.2.3 Mesh lines for the inhomogeneous SAR Star

Mesh size (number of cells)

n
n
nZ

144
123
154

Mesh line coordinates [m]:

x-axis:

y-ax

z-axis:

B.3

B.3.

-0,127; -0,126; -0,125; -0,124; -0,123; -0,122; -0,121; -0,12; -0,119; -0,118; -0,117; -0,116;
-0,115; -0,114; -0,113; -0,112; -0,111; -0,11; -0,109; -0,107; -0,106; —-0,105; —-0,104; -0,102;

o400 O—-AOZ O-AO0- ARz a-Ana A-BRO OO ZZ AOZe Oz OO A AR O 2l

-0,14; -0,139; -0,138; -0,137; -0,136; -0,135; -0,134; -0,133; -0,132; -0,131; -0,13; -0,129; -0,128;

=0, T00 =0 097 =0 032 —0;007,— U000, — U, 000, =007 7, —U;U70, =007 0, =0, U7, =0, U7 3,=0,U7T,
-0,068; -0,064; —0,059; —-0,054; —0,049; -0,045; -0,04; —-0,035; —-0,03; -0,025; -0,022; -0,0185 +-0
-0,012; -0,01; -0,007; -0,003; 0,0; 0,003; 0,007; 0,009; 0,012; 0,015; 0,018; 0,022; 0,025;.0,028;
0,031; 0,033; 0,035; 0,037; 0,038; 0,039; 0,04; 0,041; 0,042; 0,043; 0,044; 0,045; 0,047; 0y049; 0
0,057; 0,062; 0,067; 0,070; 0,072; 0,074; 0,075; 0,076; 0,077; 0,080; 0,083; 0,087; 0,092;.0,097;

0,100; 0,102; 0,104; 0,105; 0,106; 0,107; 0,109; 0,11; 0,111; 0,112; 0,113; 0,114; 0,115;°0,116; O,
0,118; 0,119; 0,12; 0,121, 0,122; 0,123; 0,124; 0,125; 0,126; 0,127; 0,128; 0,129;©0,¥3; 0,131; 0,1
0,133; 0,134, 0,135; 0,136; 0,137; 0,138; 0,139; 0,14;

S -0,14; -0,139; -0,138; -0,137; -0,136; -0,135; -0,134; -0,133; -0,132; -0,134,"-0,13; -0,129; -0
-0,127; -0,126; -0,125; -0,124; -0,123; -0,122; -0,121; -0,12; -0,119; <041,18; -0,117; -0,116;
-0,115; -0,114; -0,113; -0,112; -0,111; -0,11; -0,105; -0,1; -0,095; ~0,09; -0,085; -0,08; -0,07
-0,071; -0,066; -0,062; —-0,058; -0,054; -0,049; -0,045; -0,04; -0,035;,-0,032; -0,028;
-0,025;-0,022; -0,018; -0,015; -0,012; -0,01; -0,007; -0,003; 0,0; 0,003; 0,007; 0,009; 0,012; O,
0,018; 0,022; 0,025; 0,028; 0,032; 0,035; 0,037; 0,04; 0,042; 0,045;0,049; 0,054; 0,059; 0,064; 0
0,071; 0,073, 0,075; 0,077; 0,079; 0,082; 0,084, 0,087; 0,09; 0,093; 0,096; 0,099; 0,102; 0,105; 0,
0,11; 0,111; 0,112; 0,113, 0,114; 0,115; 0,116; 0,117; 0,118;°0,119; 0,12; 0,121; 0,122; 0,123; 0,1
0,125; 0,126, 0,127; 0,128; 0,129; 0,13, 0,131; 0,132; 0,138;/0,134; 0,135; 0,136; 0,137; 0,138; 0,
0,14;

S -0,14; -0,139; -0,138; -0,137; -0,136; -0,135; -0;434; -0,133; -0,132; -0,131; -0,13; -0,129; —(
-0,127; -0,126; -0,125; -0,124; -0,123; -0,122;<0,121,; -0,12; -0,119; -0,118; -0,117; -0,116;
-0,115; -0,114; -0,113; -0,112; -0,111; -0,11=0,109; -0,107;,-0,106;-0,105; -0,104; -0,103; -0
-0,097; -0,092; -0,087; -0,083; -0,08; -0,077; -0,076; -0,075; -0,074; -0,072; —0,070;-0,068;
-0,064; -0,059; -0,054; -0,049; -0,045;,0,043; -0,04; -0,037; -0,035; -0,032; -0,029; -0,027;
-0,026; -0,025; -0,024; -0,023; -0,022; -0,021; -0,02; -0,019; -0,018; -0,017; —-0,016; -0,015;
-0,013; -0,012; -0,010; -0,009; -0,007; -0,005; -0,003; -0,001; 0,0; 0,002; 0,004; 0,007; 0,01; O
0,014; 0,018;0,022; 0,025; 0,028; 0,032; 0,035; 0,037; 0,04; 0,042; 0,045; 0,049; 0,054, 0,059; O,
0,068; 0,070; 0,072; 0, 074 O 075 0,076; 0, 077 0 080; 0 083 0, 087 0, 092 0, 097 0,1, 0,102; 0,1
0,105; 0,106; 0,107; 0,108; 0,409; 0,11, 0,111; 0,112; 0,113; 0,114; 0,115; 0,116; 0,117; 0,118; 0
0,12; 0,121; 0,122; 0,123;,0,424; 0,125; 0,126; 0,127; 0,128; 0,129; 0,13; 0,131; 0,132; 0,133; 0,1
0,135; 0,136; 0,137; 0,138:0,139; 0,14;

Evaluation of the ‘SAR Star benchmark

General

,015;

j052;

117;
32;

,128;

N

D15;
067;
109;
24;
139;

,128;

N

012;
64;
04;
119;
34 ;

For fhe evaluation of an implementation of the SAR averaging algorithm (6.2.2), the results of

the
resu
hom

SBAR Star/benchmark (8.2.4) shall be compared to reference results. These refer
ts are provided with this document for 1 g and 10 g averaging mass and
bgéneous and inhomogeneous meshes.

bnce
for

B.3.2 File format of the benchmark output

The output file for validation is a text file with rows for each voxel for which a spatial-average
SAR value is calculated. Each row has nine tab-delimited entries (floating point or integer
numbers as ASCIl — American Standard Code for Information Interchange — or Unicode text)
separated by white space. Separate files for the 1 g and the 10 g psSAR shall be provided.

The

line format is:

i jJ k status mass volume orientation local SAR avg_ SAR
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with

- 1,3,k mesh indices to the voxel location corresponding to the x-, y- and z-axes
— status flags (UNUSED=1, USED=2, VALID=3)

— mass averaging mass assigned to the voxel [g]

— volume averaging volume assigned to the voxel [mm3]

— orientation orientation of the averaging cubes with respect to the reference

— Jocal SAR unaveraged SAR assigned to the voxel [W/kg]
- 4qvg_SAR 1 g or 10 g spatial-average SAR assigned to the voxel [W/kg]
The [file shall only contain lines with voxels to which a psSAR value is assigned. The \

data

The
B.3.
num
path

spedified at the beginning of the script. The script will report if the validation is successf|
will ghow where differences were found. All files can bé,downloaded from:

http:

B.3.

clea

glob

func

_fef file = 'sar star graded pref 1g 2016 _03 18';

_fest_file = 'sar_result\under test.txt';

_llogFile = 'log filextxt';

location:

face-centred cube —x (=1), +x (=2), —v (=3), +v (=4), —z (=5) and +z

:),

volume centred cube (=7)

benchmark output shall be compared to reference results..using the script providg

The script is written in a high-level programming language, primarily intended
erical computations. An open source implementation of«this language is available.
5 to the files with the results to be validated and with the reference results have t

/www.iec.ch/dyn/www/f?p=103:227:0::::FSP_ORG_ID,FSP_LANG_ID:1303,25.

B Evaluation script
F all

Ference Result: replace this by, the reference files for 1lg or 10g and
bded or uniform mesh
Eult under test: replace fhis by the output file of your SAR algorithm

b file for the test:+replace the file name if needed

kimum number of 'efror messages to display per test
axdisp = 104

not chéangeée anything below this line!

b1l id hogFile = fopen(str logFile, 'w');

L iefl LogOut (s)

oxel

shall be sorted by their indices i, j, k starting with the smallest value and the index k
incrgasing the fastest.

din

for
The
O be
ul or

fprintf ("$s\n", s);

global id LogFile;

end

fprintf(id LogFile, "%s\n", s);

function sarDest = ProcessReference(sarOrig, sarTest)

n lines = length(sarOrig);
sarDest = zeros(length(sarTest), 9);

o°

o°

Check for multiple entries with different
averaging directions. If a multiple entry
is found, its psSAR value is copied to the
previous line in a new column. The line
with the multiple entry is removed.

o® o° o oP

o°

LogOut (sprintf ('%d lines in reference, $d in test result', n 11

length (sarTest))) ;

iAmbg = 0;
sarDest(l,:) = sarOrig(l,:); % copy first line, then start loop with 2nd

nes,
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iOrig = 2;
iDest = 2;
i o3l I o B o R o B o @ Lo == 100
$%\n');
nProgress = int32(n lines/80);
while (iOrig <= n_lines)
if (mod(iOrig,nProgress)==0)
fprintf('#'); % print progress bar
end

o

Test if the previous line has the same voxel
indices as the current one.

o

if (sarOrig(iOrig, 1) == sarDest(iDest - 1, 1)) .
fri—{ SO g2 rr-Best—{+Pest G5
&& (sarOrig(iOrig, 3) == sarDest(iDest - 1, 3)

o°

If the psSAR value of the current line is larger than
the one of the previous line, override the one of the
previous line.
if sarOrig(iOrig, 9) > sarDest(iDest - 1, 9)

sarDest (iDest - 1, 9) = sarOrig(iOrig, 9);
end

o°

o°

% if orientation is the same as in the test result
if sarOrig(iOrig, 7)==sarTest (iDest - 1, 7)

sarDest (iDest - 1, 7) = sarOrig(iOrig, 7); % €@py orientation
sarDest (iDest - 1, 6) = sarOrig(iOrig, 6); $\al¥so copy volume
sarDest (iDest - 1, 5) = sarOrig(iOrig, 5);(%)and mass

end

oo

Make sure that the averaging status of Koth lines is

% "Unused" (index = 1)
if (abs(sarDest (iDest - 1, 4)) ~= 1) 4[|y(sarOrig(iOrig, 4) ~= 1)
error ([ 'Wrong averaging status for'multiple entry in at indices ',
num2str (sarOrig (iOrig, 1) nwN~N ", ', num2str(sarOrig(iOrig, 2)),
', ', num2str(sarOrig(iQriyg, 3)), ' (i, j, k).'])
end

% mark that line as ambiguous,'by negative status flag
sarDest (iDest - 1, 4) = -s&xOrig(iOrig, 4);

iOrig = iOrig + 1;

else
sarDest (iDest, :) =,sarOrig(iOrig,:);
iOrig = i0rig + 1z
iDest = iDest &\L;

end

Pnd

Forintf ("\n'")

[.ogOut (sprintfi('y®d lines in processed reference', iDest-1));
end
clc
more| of £

formpt long\%,/high precision needed to see differences in volume and mass
disp|("")

LogOpt ('"IEC/IEEE 62704-1 SAR Star Evaluation Script')

LogOpt'¥Version 1.1")

LogOlt "1l Rlst  20716')

disp('")

disp('Status, mass and volume are tested for all voxels. The spatial')
disp('average SAR is only tested for UNUSED voxels.')

disp('")

disp('Implemented and tested in GNU Octave version 4.00")

disp('")

list str quantities = {'Status', 'Mass', 'Volume',6 'Spatial Average SAR'};
list str units = {'', 'g', 'mm"3', 'W/kg'};

list int columns = [4, 5, , 91

list flt tolerances = [0, 2.e-6, 2.e-6, 0.2];

boo alltestspassed = 1;

LogOut (['Loading "',str test file,'"™ ...'1);

tabTest = load(str_test file);

LogOut (['Loading "',str ref file,'" ...']);

tabOrig = load(str ref file);
tabRef = ProcessReference (tabOrig, tabTest);
if numel (tabTest) ~= numel (tabRef)
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error ('The number of array elements in the input files does not agree.')
end
disp('")
disp('Beginning validation...")
disp('")

for 1 = l:length(list_str_ quantities)
i_linesInTable = (l:length(tabRef));

o°

The averaging mass and volume are not defined for 'used' voxels.
This is why their values are disregarded.
if strcmp (list str quantities{i}, 'Mass') || strcmp (list str quantities{i},
'Volume')
i linesInTable = find(tabRef (:, 4) ~= 2);

oo

Test the spatial average SAR in ambiguous 'unused' voxels only.
blseif strcmp(list str quantities{i}, 'Spatial Average SAR')

i linesInTable = find(tabRef (:, 4) == -1);

bnd

[ogOut (sprintf ("%$s test (%d lines in table relevant):",
list str quantities{i}, length(i linesInTable)));
if strcmp(list str quantities{i}, 'Status')

% compare integer values (i. e., status)

list deviations = tabTest (i linesInTable, list int columws(i)) -

abs (tabRef (i linesInTable, list int colufunsAi)));

Else
% compare floats with their list flt tolerances
list deviations = tabTest (i linesInTable, list intlc®lumns(i)) ./
tabRef (i linesInTable, list iff columns(i)) - 1;
bnd

find and output maximum deviation if relevant

[MaxErr, int MaxErr] = max(abs(list deviation§))?

L f int MaxErr~=0

if abs(list deviations (int MaxErr)) >+0.01*list flt tolerances (i)

id = 1 linesInTable(int MaxErr);

LogOut (sprintf ('Maximum deviations at (i/j/k) %d %d %4d:',
tabTest (id, 1), tabTest (idn»29), tabTest (id,3)));

LogOut (sprintf (' Referencer $.12g %s Test: $.12g %s',
tabRef (id, list int columns(i)), list str units{i},
tabTest (id, list int(Golumns(i)), list str units{i}));

if list flt tolerances<d) ~= 0
LogOut (sprintf (! Deviation is %£f%%, Tolerance is +/-%£%%."',

100 * list,deviations (int_MaxErr),
100 * list\flt tolerances(i)));

end

end
End
i f strcmp(list gth‘'quantities{i}, 'Spatial Average SAR')

list int &rnpdrs = find(list deviations < -list flt tolerances(i));
Else

list_in€yerrors = find(abs(list deviations) > list flt tolerances(i));
End
int nEr¥ors = length(list int errors);
[LogOut)(sprintf ('%d Deviations >%f percent', int nErrors, list flt tolerances(i))));
Fox/ ferr = l:min(int nErrors, int maxdisp)

id = 1 linesTnTable (list int errors(ierr)) .

LogOut?sprintf('Error ati(i/g/k) %$d %d %d:', .
tabTest (id, 1), tabTest(id,2), tabTest(id,3)));
LogOut (sprintf (' Reference: %.12g %s Test: %$.12g %s',

tabRef (id, 1list int columns(i)), list str units{i},
tabTest (id, list int columns(i)), list str units{i}));
if list flt tolerances(i) ~= 0
LogOut (sprintf (' Deviation is %£f%%, Tolerance is +/-%£%%."',

% ’
100 * list deviations(list int errors(ierr)),
)

100 * list flt tolerances(i)));

end
end
if int nErrors == 0

LogOut ('*** PASSED ***')
else

boo alltestspassed = 0;
if int nErrors - int maxdisp > 0
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LogOut (sprintf (' ce and %d more
int maxdisp));
end
LogOut ('*** FAILED ***');

end

LogOQut ('");
end
if boo_alltestspassed == 1

LogOut ('*** ALL TESTS WERE PASSED. ***')
else

LogQut ('*** ONE OR MORE TESTS FAILED. **x*x'")
end

IEC/IEEE 62704-1:2017
© IEC/IEEE 2017

error(s) .

v

’

int nErrors

f oo petie—FogFite
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Annex C
(informative)

Practical considerations for the application of FDTD

C.1 Overview

The FDTD method was introduced to electromagnetic computations by Yee [5]. It was
used to evaluate absorption in heterogeneous tissues in 1975 (Taflove and Brodwin [4]) a

faYaVal PR el ¥

first
nd it

A Aol 1 N 4.0.00. 4 1 4 Ll T pu | o L la pu |
was frot—tmti—ate— T90US o carty T30S that o T o was—tusSeu 10 SoIve—a oroaca ran

elecfromagnetic problems. A brief history of major developments in FDTD can be found

e of
in a

booHl by Taflove [8]. Comprehensive treatments of the method and its applications are\givéen in

booKs by Kunz and Luebbers [7] and Taflove [8].

The |luse of FDTD for evaluation of SAR in tissues has been described ‘\for a numbgr of

appl|cations. Simple models used to simulate the tissue, such as cylindefs (Umashankar
Taflgve [34]; Furse et al. [35]; Taflove and Brodwin [36]; Borup et al [37]) and sph

and
eres

(Holland et al. [27]; Gao and Gandhi [38]), have been used to modelexposure to plane whves.

The [SAR distributions in more realistic models of the human body ‘€xposed to plane w
(Sullivan et al. [39]; Chen and Gandhi [40]; Gandhi et al. [41];\Dimbylow and Gandhi

aves
[42];

Bernardi et al. [43]), or local sources (Gandhi et al. [44]; Tinpiswood et al. [45], [46]; Bermpardi

et al. [47]), have also been investigated. Where comparisons with analytic solutions
cylinders and spheres), or other methods or measurements*have been made, the differe
in the results were invariably well within the expected uncertainties.

In mpre recent years, numerous papers have been.published on the SAR and performan
antehnas on wireless devices placed in the vicihity of the human head. In many of t
invegtigations MRI or CT derived high-resolution anatomical models of the human body
used. Antennas investigated range from monopole to various patches and diversity anten
Repifesentative studies are described in-Dimbylow and Mann [48]; Jensen and Rahmat-§
[49];|Gandhi et al. [50]; Watanabe et ak:{51]; Okoniewski and Stuchly [52]; Toftgard et al.
Homlpach et al. [54]; Douglas et al. [55]; Pisa et al. [56]; Beard et al. [22]; Kainz et al. [30]

The [FDTD method (Yee [5]; Kunz and Luebbers [7]; Taflove [8]) is a numerical algorithn
solving Maxwell's differential equations of electromagnetic field interactions in the

(for
nces

ce of
hese
vere
nas.
amii
[53];

n for
time

domain. The problem space is discretized into voxels where the space and time derivatives of

the ¢lectric and magpetic fields are directly approximated by simple, second-order accl
central-difference equations. Computations of the electric and magnetic field components
interleaved in both.space and time to permit tangential field continuity at media interf

rate
are
aces

through a system-of equations that are fully explicit. This allows for implementation of sin
direqt algorithms with reduced computer storage, where the execution time is proportion

ple,
| to

the ¢lectrical size of the problem space. Absorbing boundary conditions are used to terminate
the ¢omputational domain to facilitate wave propagation into infinite free space. Phenomena

suchl “\as” electromagnetic scattering, aperture penetration, cavity excitation or

ave

interactions with biological tissues can be modelled in the FDTD space Tattice comprised of

voxels where electrical permittivity and conductivity are assigned to the electric

field

components of the lattice voxels. For far field exposure, an incident plane wave may be
programmed to enter the computation region. With realistic radiating structures such as
wireless devices, the device can be modelled and excited with a sinusoidal or pulse signal
during the time-stepping process. The algorithm is time-stepped until the desired late-time

pulse response or steady-state behaviour is observed.
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With cubical or rectangular voxels, the electric field vector component is surrounded by four
circulating magnetic field vector components, and vice versa. This arrangement of field
components also permits implementation of the integral form of Faraday’s law and Ampere’s
law at the voxel level, allowing physically thin slots and wires or curved surfaces to be
incorporated into existing FDTD algorithms. FDTD solutions for three-dimensional complex
biological geometries at millimetre resolutions have been used to study SAR distributions
associated with wireless devices (Gandhi et al. [44]; Gandhi and Chen [57]; Jensen and
Rahmat-Samii [49]; Dimbylow and Mann [48]; Luebbers et al. [58]; Beard et al. [22]; Kainz et
al. [30]). More details on the FDTD method for evaluating SAR from wireless communications
devices can be found in Clauses C.2 to C.6.

C.2| Practical considerations

C.2. Computational requirements

The |time variation of the excitation may be either pulsed or sinusoidal. ,The advantade of
using a pulsed excitation is that the response for a wide frequency range can be obtained| For
accurate results, however, the frequency dependent behaviour of theDbiological matdrials
shoyld be included in the calculations. Methods for doing this are‘@ell known (Kunz|and
Luehbers [7]; Taflove [8]) so that transient electromagnetic field amplitudes for pulse
excifation can be calculated (Gandhi et al. [41]; Furse et al. [59)). Sine wave excitation is
preferred when results at only a single frequency or at a few/frequencies are desired. This is
espdcially convenient if results for the entire body are needed; such as the SAR distribution,
since¢ storing the transient results for the entire body~mesh and applying Fast Fourier
Transformation (FFT) to calculate the SAR versusi/frequency requires extremely large
amolnts of computer storage. An alternative to ,dpplying the FFT is to apply a running
Disctete Fourier Transformation (DFT) which is evaluated for a few specific frequencies. [This
prov|des a reasonably efficient approach whenresults at a few frequencies are needed rather
than|the entire spectrum.

The |choice of voxel size is critical in applying FDTD. It should be small enough to prqvide
accurate results at the highest frequency of interest, and yet be large enough to keep
resojrce requirements manageable. Voxel size is directly affected by the dielectric propdrties
of the materials present. The gréater the permittivity and/or conductivity the shorten the
wavelength at a given frequencytand the smaller the voxel size required. Once a voxel sige is
seleg¢ted, the maximum time“step is determined by the Courant stability condition. Aftef the
voxell size is determined, a‘problem space large enough to encompass the scattering object,
plus|space between thevobject and the outer absorbing boundary, is determined. From the
numper of voxels needed and the number of time steps required, resource requirements| can
be eptimated (Formulas (C.1) and (C.2)).

Given the shortest wavelength of interest, the voxel dimensions are determined as one {enth
of this wavelength (or less if greater accuracy is required). From this and the physical size of
the ;[)roblem geometry, the total number of voxels in the problem space can be determined.
Assyme, that the material information for each voxel edge can be stored in 1 byte arrays|with
onlylindices of dielectric materials considered. An estimate of the computer storage required
in bytes (assuming single-precision field variables) can be obtained from

Mg =27N¢ (C.1)
where
M are the memory requirements in bytes;
Nc is the total number of voxels in the problem space.

If magnetic materials are included, six edges are considered for the material arrays, and M
increases to 30 Ns. The relatively small number of auxiliary variables needed for the
computation process has been ignored since for a typical calculation nearly all of the required
memory is used for the field variables. A simple estimation is that for each three million FDTD
voxels approximately 100 megabytes of RAM will be required for the calculation.
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