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The text of this Technical Report is based on the following documents:

Enquiry draft Report on voting
106/426/DTR 106/437/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The co j Gi is-docy i i ntil the
stability date indi n the | p://web
the spgcific document. At this date, the document will be

e recpnfirmed,
e withhdrawn,
e rep|aced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later, date.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indjcates
that if contains colours which are considered to be useful for the cprrect
undergtanding of its contents. Users should therefore print this document uging a
colour|printer.
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INTRODUCTION

This Technical Report describes methods and measurement techniques for the evaluation of
power density related to human exposures due to electromagnetic field (EMF) transmitting
devices operating in close proximity to the user at frequencies between 6 GHz and 100 GHz
where basic restrictions can be expressed in terms of power density. The types of devices
include but are not limited to mobile telephones, tablets, and laptops.

With the rapid development of new wireless technologies in the frequency range 6 GHz to
100 GHz for the fifth generation mobile technology (5G), there is a need to establish
assessment procedures to ensure compliance of wireless devices with electromagnetic

exposure

For po

used in close proximity to the users are valid up to 6 GHz. For base statians; IEC

defines
basic

proxim
measu
detaile

SAR ig
Comm
restrict
require

IEC TQ
for por
2018,

assess

1) 1EC
spq
evyg
10(

2) |IEQ
Intd
est

T TTtos

table devices, the IEC 62209 series of SAR assessment standards for wireless (

the methods to assess the compliance boundaries based on reference leve
restrictions. SAR tests are applicable when the compliance distance is in
ty to the radiating sources in the frequency range 300 MHz to 62GHz. Power
ements above 6 GHz are also applicable in close proximity to~the equipment,
H protocol is available at this stage.

not considered as the relevant exposure metric above”10 GHz in the Intern
ssion on Non-lonizing Radiation Protection (ICNIRPR) guidelines which specif
ons in terms of free-space incident power density. Similarly, IEEE C95.1-20
s the assessment of incident power density abeve6 GHz.

evices
62232
Is and

close
density
but no

ational
basic
05 [1]1

IEC TC 106 has decided on a two-step strategy to ensure that the fund
ment approaches are available by 2048.

TC 106 (AHG10) focused .imy 2017 on the development of a Technical
cifying the state of the art“of measurement techniques and test approack
luating portable devices (based on power density measurements from 6 (
GHz.

TC 106 submittedta® new work item proposal in early 2018 to develop
rnational Standard\(1S) on the detailed measurement procedures to continue th
bblished in the(Technical Report.

This i

formativecdocument serves as the starting point for an International Standar

methodologies(and approaches described in this document can be useful for the asse

of earl
future

5G.sproducts introduced for consumer ftrials. It also contains recommendati
tandardization work and highlights areas that may require additional investigs

106 has previously noted the necessity to.extend compliance assessment standards
fable devices beyond 6 GHz. Howevery~With the 5G trials scheduled to comm}nce in

mental

Report,
es for
bHZz to

a new
e work

d. The
ssment
bns for
tion or

consid¢ration.

A few examples for measurements of a mock-up device characterized by an antenna array

operati

ng at about 28 GHz are given in Annex H.

1 Numbers in square brackets refer to the Bibliography.
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MEASUREMENT PROCEDURE FOR THE EVALUATION
OF POWER DENSITY RELATED TO HUMAN EXPOSURE TO RADIO
FREQUENCY FIELDS FROM WIRELESS COMMUNICATION DEVICES
OPERATING BETWEEN 6 GHz AND 100 GHz

1 Scope

This dWMMLW&D&MMMMDaChGS
for evaluating the local and spatial-average incident power density of wireless)-devices

operating in close proximity to the users between 6 GHz and 100 GHz.

In particular, this document provides guidance for testing portable devices’ in applicable
operating position(s) near the human body, such as mobile phones, tablets, wearable dgvices,
etc. The methods described in this document may also apply to exposures in close prpximity
to base stations.

This dpcument also gives guidance on how to assess exposurefrom multiple simulthneous
transmjtters operating below and above 6 GHz (including combined exposure of SAR and
power flensity).

NOTE ({ompliance of devices with sufficiently low radiated powef that is incapable of exceeding basic regtrictions
is addregsed by IEC 62479 [2] and therefore not described in this document.

2 Nagrmative references

There are no normative references in this@document.

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

ISO and IEC maintain_terminological databases for use in standardization at the fojlowing
addrespes:

e |E( Electropédia: available at http://www.electropedia.org/
e |SQ Onlinesbrowsing platform: available at http://www.iso.org/obp

3.1

averagimgarea
rectangular or circular area on the evaluation surface (3.9) over which the assessed power

density is averaged

Note 1 to entry: Because of rotational symmetry a circular area might be preferable since the result of averaging
will not depend on the rotation.

3.2

basic restriction

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

3.3

RF channel

specific sub-division of the available frequency range according to the operating parameters
of a wireless technology


http://www.electropedia.org/
http://www.iso.org/obp
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conducted power
power delivered by the power amplifier to a matched load

3.5

correlated signals
<in time> electromagnetic fields, associated to distinct signal waveforms, yielding non-zero
time-domain correlation integral at some time instant

Note 1 to entry: For two power-limited field distributions F1(r,t) and Fz(r,t), the time-domain correlation integral is

defined as
15 .
(F1®F2)(ryt):Tli_r>ﬂwE_jTF1(r,r) “Fy(r,t+7)dr
where r|is the location vector, the superscript * represents the complex conjugate operation and the s

represer

Note 2 t
This pro

In case
time insf

where th

Note 3 t
equal to

Note 4 t

3.6
device|
fixture
test po

3.7
device|
DUT

device
power

ts the inner product operation

b entry: Observe that two fields are uncorrelated at locations where they‘are geometrically ort
berty does not generally hold at nearby points unless the respective waveforms are uncorrelated.

pf scalar signals, correlated signal waveforms yield a non-zero timézdomain correlation integral
ant. For two power-limited signals s1(t), sz(l), said integral is defined as:

(s1 ®52)(t): Tlﬂﬂ e j 51(1) -sz(t+r)dr

e superscript * represents the complex conjugate~Operation.

entry: Two uncorrelated signals would feature a vanishing correlation integral, i.e. the above in
zero.

entry: Formulas (1) and (2) are originally specified in IEC TR 62630.

holder

sition during measurement

under test

that,isttested according to the approaches described in this document to determ
Hensity

(1

ymbol -

hogonal.

at some

(2)

tegral is

constructed of low-loss dielectric material that is used to hold the DUT in the rg¢quired

ine the

3.8

duty factor
ratio of the pulse duration to the pulse repetition period of a periodic pulse train

3.9
evalua

tion surface

surface, of a prescribed finite dimension, at a prescribed distance and orientation from the
DUT where power density is assessed

Note 1 to entry:

This is not necessarily the same as the measurement surface. Power density in the evaluation

surface can be obtained, for instance, from measurement data in a different surface using reconstruction
algorithms.
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3.10

exposure ratio

ER

ratio of exposure metric and relevant exposure limit at a given operating frequency and
location

EXAMPLE ER =S8/S

limit
Note 1 to entry: Exposure ratio can also be expressed as a percentage, i.e. ER % = ER (dimensionless) x 100 %.

3.11
far-field region

region far from a source or aperiure where the radiation pattern does not Vary with-distance

from thle source

3.12
frequehcy band
transmjtting frequency range associated with a specific wireless operating-moede

3.13
measufrement surface
area, ¢f a prescribed dimension, at a prescribed distance and-orientation over which the
electriq and/or magnetic fields are measured using a probe sensitive to these quantities

Note 1 tp entry: If the measurement surface and the evaluation surface are different, the data at the eyaluation
surface |will then be derived from data taken at the measurement surface (measurements) by means of
reconstrfiction algorithms.

Note 2 tp entry: The dimension of the measurement surface”is determined by the test equipment manyfacturer
based of the measurement methodology and test setup cohditions necessary for evaluating the device undr test.

3.14
near-field region
part of |space between the antenna and the far-field region

3.15
operatjng mode
wirelesls protocol or standard used by a device to communicate in the wireless network

Note 1 t¢ entry: Operating'moede includes parameters such as modulation, source coding, channel bandwidth, etc.

3.16
plane wave equivalent power density
<of an|electromagnetic wave> power density equal in magnitude to the power density of a
plane wave

3.17

power density

local power density

S

energy per unit time and unit area crossing the infinitesimal surface dA4 characterized by the

normal unit vector n
1 .
S :?J(EXH)de

where E and H are the electric and magnetic fields as function of time, respectively, and T is
the period of the waveform.

Note 1 to entry: For time harmonic fields, E=iR(Ee”‘”), H =5R(Hei(‘”)
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S:%%(Exﬁ*)-ﬁ

where o is the (radian) frequency of the sinusoidal wave being considered and the superscript * represents the
complex conjugate operation.

Note 2 to entry: In this document this quantity is also referred to as local power density to distinguish from
spatial-average power density.

Note 3 to entry: Power density is expressed in W/m?2.

3.18

spatial-average power density
Sav
energy| per unit time and unit area crossing a surface of area 4 characterized by the |[normal
unit veptor n

Say = %“.(Ex H)-nd4dT

Note 1 t¢ entry: For time-harmonic fields
s :Lm(IExH' ~f1dA)
av 2/4

Note 2 tp entry: For the purpose of this document, the surface on which-power density or spatial-average power
density dre assessed corresponds to the evaluation surface (3.9).

3.19
probe jsotropy
measufe of the degree to which the response of an electric field or magnetic field pfobe is
independent of the polarization and direction of. propagation of the incident wave

3.20
readoyt electronics
measufement system component that connects to the electric or magnetic field prope and
providgs an analog to digital conversion of the measured values to the post processor of the
measufement system

3.21
recongtruction algorithm
algorithms, mathematical techniques and procedures that are applied to the measured fields
to proplagate, transform, project or reconstruct the power density distribution at the evgluation
surfacg to detefmine spatial-average and/or local power density

3.22
responsetime
time required by the measuring equipment to reach 90 % of its final measurement value after
a step variation of the input signal

3.23

scanning system

automatic positioning system capable of placing the measurement probe at specified positions
with known accuracy

3.24

small probe

E- or H-field sensor that has sufficient resolution and is sufficiently non-perturbing so that the
measurements can be made to the required accuracy
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3.25
uncertainty

3.25.1
standard uncertainty

15—

estimated standard deviation of a measurement result, equal to the positive square root of the

estimated variance

3.25.2
combined uncertainty

estimated standard deviation of the measurement result obtained by combining the individual
standard uncertainties of both Type A and Type B evaluations using the usual “root-sum-

Square"” method for r\nmhining standard uncertaintias

3.25.3
expandled uncertainty

quantity defining an interval about the result of a measurement that is expected’to encqmpass
a distripution of values within a defined confidence interval that could reasonably be atfributed

to the measured quantity

3.26
uncertpinty evaluation

<Type |A> evaluation of uncertainty by the statistical analysis of series of obseryations

(measyrements)

3.27
uncertpinty evaluation

<Type [B> evaluation of uncertainty by means othef than the statistical analysis of sgries of
observpations (measurements)

4 Symbols and abbreviated terms

4.1 Bymbols

411 Physical quantities

The infernationally accepted S| units are used throughout this document.

Symbpol Quantity Unit Dimensi¢ns
E Electric field volt per metre V/m
f Frequency hertz Hz
H Magnetic field ampere per metre A/m
A Wavelength metre m
S Local power density watt per square metre W/m?
Sy Spatial-average power density watt per square metre W/m?2

4.1.2 Constants

Symbol

Physical constant

Magnitude

n Intrinsic impedance of free space 120 n Q or 377 Q
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4.2 Abbreviated terms
BS base station

CW continuous wave
DUT device under test
EMF electromagnetic field

ER exposure ratio
NR new radio

PD power density
RF radio frequency

TER total exposure ratio
5 Description of the measurement system

5.1 Seneral

The me¢asurement system for evaluating power density of portable<deévices typically cpnsists
of the glectronic measurement instrumentation, the field probe(s);"a scanning system,|a DUT
holder| and the necessary post-processing software. Different measurement methods
generally require different test setup, measurement configurations and field reconsfruction
techniques to determine power density in the evaluation surface. The measurement protocol
in this document is based on mechanically positioning theprobe in a structured grid relative to
the DU[T to scan the electric and/or magnetic fields. While some methods require the plhase of
the fie|ds to be determined, others are based on)field amplitude only. The measufement
system| is validated according to Annex A.

The telsts should be performed in a laboratory environment conforming to the fojlowing
conditipns.

1) TheL test site should be evaluated to minimize the level of RF perturbation due to
reflections and ambient noisey In particular, the effect of reflections from cablgs, test
equipment, or other scattering objects should be determined and characterized|in the
ungertainty budget.

NOTE International Standards such as CISPR 16-1-4 [3] can provide guidance on minimizing radio flequency
distyrbances when perfaorming radiated measurements.

2) Ampient temperature should be within the operating range specified for the measufrement
equipment and“"DUT.

When possibletand allowed by national requirements, an RF source, e.g. a signal genefator or
a synthesizer~and amplifier, may replace the transmitter that supplies power to the gntenna
input, rov1ded that thls does not change DUT performance mcludmg transmit powler and
power inty is
properly evaluated and remams acceptable Under such cwcumstance the power chain should
be carefully evaluated to accurately determine the input power fed to the antenna. Otherwise
a base station simulator, a communication test set or acceptable internal test software should
be used to set up the device.

5.2 Scanning system

Scanning systems typically position the probe to perform measurements on a spherical,
cylindrical or planar configuration. For each of these coordinate systems, different physical,
mechanical, or electrical solutions may be required for the scanning system. For instance,
some implementations might require both translation and rotation of the probe; others,
although not addressed in this document, have a fixed probe and the DUT is positioned
accordingly. Descriptions of specific scanning methodologies are provided for instance in [4].
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Precise probe positioning is critical because the measured field accuracy can have significant
impact on the evaluation of power density. The scanning system should ensure that probes
are positioned at each measurement point with high accuracy. The measurement resolution is
chosen to satisfy both spatial and, if applicable, spectral sampling rate as well as the
resolution required by the measurement methodology to maintain conversion accuracy. When
sensors at the probe tip are spatially offset or fields are averaged across the probe aperture
or volume (e.g. waveguide probes), validation of the probe calibration and measurement
point(s) accuracy are necessary to maintain measurement accuracy. Depending on the
frequency, small spatial offsets in sensor locations or shifts in measurement point locations
can have a large impact on the measured results, especially in steep field gradients or
complex field conditions close to the antenna. If sensor offsets are not compensated or
accounted for, both the measured results and the output of the field conversion algorithms

that arg—semsitivetosuchpositiominmg cam be-imfluenced substantiatty———————————————

5.3 Device holder

The dejvice holder or an equivalent setup is used to position the DUT during’the measurement.
The DUT is positioned into a holder with negligible effect on measured"fields. Tq avoid
perturbation, a holder made of low loss and low permittivity material(s), with loss fangent
< 0,00% and relative permittivity < 1,2 is recommended.

5.4 Reconstruction algorithms

Reconsgtruction algorithms are used to project or transform the measured fields frpm the
measufement surface to the evaluation surface (Figure 4)4n order to determine power fgensity
or to compute spatial-average and/or local power defisity with known uncertainty. ThHe term
reconsfruction algorithms identifies also techniques.toresolve the H-field from the E-fleld (or
vice vdrsa) and/or methodologies to retrieve field\information from the measured dafa (e.g.
the phgse from the amplitude).

The fipld reconstruction algorithms are-validated and documented by the equipment
manufdcturer. In particular, it should\"be described in detail how the measurefd field
components at the measurement points are used to determine power density at the evdluation
surfacg. Some examples are provided in Annex G.

Evaluation surface

CEmaE R
- v
Megsbrement surface IR DD DD D

Probe

IEC

NOTE The measurement and evaluation surface dimensions, their orientations and positions have been simplified
for illustration purposes (see Clause 6 for additional information).

Figure 1 — Simplified view of a generic measurement setup involving
the use of reconstruction algorithms

6 Power density assessment

6.1 General

The measurements are carried out with good laboratory practice, e.g. in accordance with [5],
and other local and national compliance requirements. The evaluations should generally
follow a sequence of steps. A high-level flow-chart of the evaluation process is shown in
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Figure 2. Beginning with an evaluation plan and measurement approach, the process
converges to the full power density evaluation and uncertainty analysis. Proper documentation
and reporting completes the evaluation process.

[

Evaluation plan

:

[

Measurement system check

:

DUT setup

Figure |3 provides an overview of the power density.measurement methodology descr

/

Power density measurement

'

Uncertainty evaluation

:

Reporting results

| S ) —

Figure 2 — Evaluation process‘overview

m
o

bed in

this dqcument. The measurement systems and techniques which conform to this general

flowchj

applic
generiq

rt might vary. A description of each step is provided in 6.2 to 6.5 together w
bility constraints for each step, the information required to implement the meth
guidelines on how to characterizethe uncertainty of the evaluation.

ith the
pd and
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Method

A \

Power density evaluation Power density evaluation
based on E- and H-field based on plane wave
(6.4.2) equivalent approximation
(6.4.3)

|

Are
both the E-
Yes and H-field (amplitude No
and phase) measured directly
surface?
r v Y
Péwer density on the Power density on the E-field or H=field amplitude
evaluation surface is evaluation surface is is medsured on thé
defermined without the determined by means of evallation surface fo
usdge of reconstruction reconstruction algorithms determine peak and]or
algorithms . spatial-average power
(6.4.2) Depending on the density

methodology, reconstruction
algorithms can be used to

* resolve the H-field from
the E-field (or vice
versa) when only one-of
the two is measured

* propagate, transform or
project the
electromagnetic field
from the measurement
surface to the evaluation
surfacé/when these do
noticoincide

» _reconstruct field
information from
measured data (e.g. the
phase if only amplitude
is measured).
(6.4.2 and Annex F)

The maximum peak and/or
spatial-average power
density on the evaluation
surface are determined
(6.4.2 and 6.4.3)

y

IEC

Figure 3 — Overview of power density measurement methods

6.2 Measurement preparation
6.2.1 System check

A system check according to the procedures of Annex A should be completed to verify that
the system operates within specifications before conducting measurements to assess the
power density of a DUT. The system check confirms the measurement repeatability and post-
processing algorithm accuracy with a calibrated source or other known reference source(s) to
ensure that the system works correctly and is acceptable for compliance testing. The system
check can also detect possible measurement drifts over time and other unexpected problems
in the system, such as

e component failures,

e component drift,
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e operator errors in the set-up or the software parameters,

e adverse conditions in the system, e.g. RF interference.
6.2.2 Preparation of the device under test

The RF output power and frequency (channel) are controlled by a wireless link to a base
station, network simulator or test mode software. Alternatively, an external generator or a
synthesiser and amplifier may be used to replace the transmitter, provided both measured
fields and power density assessment of the DUT are unaffected and it is acceptable by the
applicable national regulation, or the impact on power density assessment uncertainty is
properly evaluated and remains acceptable. The power chains to all transmitting elements of
the antenna array(s) are evaluated to accurately determine the input power fed to the antenna.

The mleasurements are performed at the maximum power level consistent with product
specifitations and production variations. The measured power density is scaled to;the highest
time-ayeraged maximum output power allowed for production units, ,ificluding |output
tolerances. The maximum time-averaged power of the DUT can be verified) for example, if
applicgble, by conducted power measurements with a fully charged batteryJor, as apprgpriate,
accord|ng to radiated power measurements and other operating parameters to support the
scaling|.

6.2.3 Operating modes

DUTs |can transmit in operating modes and frequency’ bands using different| signal
characijeristics (e.g. modulation, source coding, channél\bandwidth, etc.) that require| power
density| tests. The appropriate operating modes shoéuld be selected for testing takipg into
considgration differences in maximum output power and production variations, to |ensure
maximym power density is assessed.

Guidar|ce for selecting frequency channels. within a frequency band for testing is provided in
6.2.4. The frequency channels in each wiréless technology (e.g. 5G New Radio and WiGig®2)
supported by the DUT should be tested-in the operating mode corresponding to the mgximum
RF output power conditions. RF conducted power should be measured and, as necgssary,
radiated or other methods should be applied, to verify these are the highest |output
configyration(s). If the DUT js\tested in a lower power configuration, evidence of pcaling
linearity is necessary to scale‘power density to the highest time-averaged output powel level.
The schling factor should _be dssessed and documented in the test report.

When the DUT is operated in test mode (e.g. using proprietary test software), the mgximum
output | power andwiransmission characteristics are set to be consistent with actdal use
conditipns.

For dejvices joperating simultaneously with multiple antennas or multiple transmitterp (with
single pr fultiple antennas), maximum output power is established for each transmitfer and
antenna as described above to ensure the aggregate transmit power from ail antennas is also
at the maximum. The contribution of power density from each antenna is combined as
described in 6.5.

NOTE IEC 62209-1 and IEC 62209-2 provide further guidance on operating modes.
6.2.4 Test frequencies for DUT

Since power density can vary over the DUT operating bandwidth, the purpose of this
subclause is to define the frequency channel or a practical subset of channels where power

2 WiGig is a registered trademark of Wi-Fi Alliance. This information is given for the convenience of users of this
document and does not constitute an endorsement by IEC.
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density measurements are performed. This channel or subset of channels is chosen to
characterize the power density of a DUT according to applicable exposure limits.

NOTE For wide band systems the maximum output power of a channel may vary across the frequency band. The
required test channels may not include the channel with the highest RF transmit power. Therefore, before
performing testing using the specific channels required by this document, it is important to verify the maximum
output power of the channels to determine that the chosen channels are indeed producing the highest rated output
of the device. It is important that the process used to establish the channels for testing purposes is documented in
the test report.

For each wireless technology and frequency band used by the DUT, tests should be
performed at the channel closest to the centre of each transmit frequency band. If the width of
the transmit frequency band (Af = fhigh ~ flow) exceeds 1 % of its centre frequency f;, then the
channgts—at—the—towest—and—highest—frequencies of the transmit—pand—are atso tested.
Furthermore, if the width of the transmit band exceeds 10 % of its centre frequenty, the
following formula is used to determine the number of channels, N, to be tested:

N =min(2 x roundup [10 x (fhigh = fiow Mfc]1*+1,N)

where
Je is the centre frequency channel of the transmission band in Hz;

Jnigh s the highest frequency channel of the transmission band/in Hz;
fiow |is the lowest frequency channel of the transmission band in Hz;

N, is the number of channels to be tested;

N is the total number of channels.

NOTE 1| The function roundup(x) rounds its argument x to,the'next highest integer. Thus, the number of channels,
N,, will dlways be an odd number. The channels tested are’equally spaced apart in frequency (as much as|possible)
and inclgde the channels at the lowest and highest frequencies. Depending on the field-probe and equipmgnt used,
substanfjally large transmission bands may require -multiple probe calibration points to cover the entire filequency
band.

NOTE 2| Regulatory agencies may have different requirements on the number of channels to be tepted per
transmission band, according to frequency allocations and other wireless technology requirements.

NOTE 3| If the test frequency yieldingthe highest output power does not correspond to the middle chapnel, the
test reqirements may vary among différent national regulatory authorities.

6.2.5 Evaluation surface and DUT test position

For purpose of thistdocument, two evaluation surface and DUT test positioning alterpatives
are given. A sufficiently large evaluation surface is required for both alternatives to [ensure
maximyum spatialraverage and/or the local power density is determined accurately as re¢quired
by the Imeasurement methodology. Details of the evaluation surfaces and DUT test pgsitions
are rec1uired in the test report to support the results.

Alternative 1: Assessment of user exposure

Power density is assessed on surface(s) corresponding to local representations of the user’s
head and/or body surfaces. Evaluation surfaces corresponding to the shape of the SAM
phantom or flat phantom inner shell defined in IEC 62209, respectively for head (Figure 4)
and body (Figure 5) exposure conditions are used for this alternative. The DUT test positions
described in IEC 62209 to assess next to the ear, near body and extremity exposures are
used to position portable devices for power density evaluation.

All use conditions described in IEC 62209 for exposures to the user’'s head, body and
extremity, are assessed, unless a technical rationale for considerably reduced exposure
potential in some of the use conditions can be justified and demonstrated (see 9.1.5.1).

An evaluation surface conformal to the SAM phantom shape can complicate the power density
measurement and evaluation process. As an alternative, measurement or evaluation plane(s)
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tangential to the inner shell surface of the SAM phantom shape may be considered when it

can be

demonstrated to yield conservative power density results (see Figure 4).

NOTE
presencd

(a) Evaluation surface corresponding to the SAM phantor&)s/&face shape

&

¢ IEC

(b) tion surface tangential to the SAM phantom surface shape

'he SAM profilelidentifies only the geometrical shape; power density is evaluated in free-space wi
of a phantQ‘ he dimension of the evaluation surface for a) and b) is for illustration purposes on

%O Figure 4 — lllustration of evaluation surface (in black)

((/C)

NOTE The dimension of the evaluation is for illustration purposes only.

Figure 5 — lllustration of evaluation surface corresponding
to the flat phantom surface shape

hout the
ly.
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Alternative 2: Assessment of maximum user exposure potential

Power density is assessed in the evaluation surface(s) corresponding to the maximum
available local or spatial-average power density. The separation distance can be measured
from the geometrical centre point of the antenna or antenna array on the surface of the device
to the evaluation surface (Figure 6).

NOTE

Additio

6.3

The h
determ
and op

6.4
6.4.1

A flow-
determ

power
(see 3.

IEC

'he dimension of the evaluation surface is for illustration purposes only.

Figure 6 — lllustration of evaluation surface corresponding to
the maximum available local or spatial-average power density

nhal information for both alternatives is available.in Clause 9.

Tests to be performed

ghest spatial-average and/or local «power density among all use conditi
ined according to the maximum powér density for the device positions, configu
prational modes tested in each frequency band.

General measurement procedure
General

chart describing theteverall measurement procedure is provided in Figure 3. In g
ine near-field power density, the E- and H-field are necessary. The time av

density S,, over)a surface of area 4 characterized by the normal vector n is g
17)

Sy :ﬁHExH hdTdA,

ons s
rations

rder to
eraged

ven by

(1)

where T is the averaging time and E and H are the electric and magnetic fields as function of

time re

where

spectively. For time harmonic fields, E= ER(Eem”) , H = %(Heia’[) and

1 . .
- ¢ .
Sy ZAR(jExH ndA) ,

H represents the complex conjugate of the H-field phasor.

(2)
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In the far-field of the source, the E-field and H-field at every point in space are orthogonal to

each other, they are in phase, and they are related through a scalar constant: H=rXE.
n
Therefore, the power density can be simplified to:
1 2. . n 2. .
Sav —2’7—A(I|E| r-ndAj or Sav —Z[I|H| l"lldA], (3)

where r is the vector corresponding to the radial direction and 7 is the free-space wave
impedance. This enables power density in the far field to be determined by assessing only the
amplityde of either the electric or magnetic field.

At shoft distances from the source there is no simple relationship between E-field,and H-field.
Therefpre, both E-field and H-field need to be assessed to determine the_correct| power
density. The plane wave equivalent approximation may underestimate or_overestimate| power
density when the evaluation plane is in the near-field. Preliminary criterig-te’ establish af which
distande this approximation is valid are provided in 6.4.3.

When [the national regulation or the applicable exposure standard provides a djfferent
expresgion or interpretation for the incident power density, those expressigns or
interpre¢tations are used to evaluate Sy,

6.4.2 Power density assessment based on E- and H-field

Within [a short distance from the transmitting source, power density is determined based on
both electric and magnetic fields. Generally, thezmagnitude and phase of two compongents of
either the E-field or H-field are needed on a sufficiently large surface to fully charactetize the
total E{field and H-field distributions. Nevertheless, solutions based on direct measurement of
E-field|and H-field can be used to computé’power density (see, for example, Clause H.##). The
measufement points are chosen according to the requirements of the methodology used.
Togeth,ler, these points form the measurement surface. When the measurement surfade does
not cofrespond to the evaluation¢surface, reconstruction algorithms are necessary to [project
or trangform the fields from the measurement surface to the evaluation surface. The general
measufement approach is summarized in a) to g).

a) Mepsure the E- or H-field on the measurement surface at a reference location where the
fielg is well above _the noise level. This reference level will be used at the end |of this
procedure to assess output power drift of the DUT during the measurement.

b) Scan the electric and/or magnetic field on the measurement surface. The requiremients of

ndent on the measurement system and assessment meth
eT are (Nererore o] oramg to tne 1T I'a OT
measurement system manufacturer.

The distance from the measurement surface to the DUT is chosen carefully to avoid field
perturbation by the probe(s). A part of the signal incident on the probe can be scattered
and reflected back and forth between the DUT and the probe. These multiple DUT-probe
reflections can alter the field distribution surrounding the device. The reflection errors
generally decrease with increasing measurement distance. For miniature rectangular or
circular waveguide probes, a few wavelengths are typically necessary to avoid
unacceptable field perturbation. For low-directivity DUT antennas, the distance may be
reduced. The field perturbation of probes consisting of small dipole or small loop sensors
to the measured field can be sufficiently small for distances down to a 4 or even fractions
of a 1. In any case, probe perturbation and the uncertainty due to multiple reflections need
to be characterized.

c) Measurement spatial resolution can depend on the measured field characteristic and
measurement methodology used by the system. Planar scanners typically require a step
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d)

e)

f)

g)

6.4.3 Power density measurement based on the evaluation of E-field or H-field

size of less than A1/2. When measurements are acquired in regions where evanescent
modes are not negligible, smaller spatial resolution may be required [4]. Similar criteria
also apply to cylindrical scanning systems where the spatial resolution in the vertical
direction should be less than A/2. In the azimuth direction, the angular step size A¢ should
be less than A/(2pneas) iN radians, where p, .55 denotes the radial distance at the
measurement locations. For spherical systems, the maximum angular step sizes in
elevation and azimuth can be defined analogously as A0 =A¢=A/(2Rpeas) Where R s

denotes the radial distance at the measurement locations. The positioning uncertainty of
the probe sensors at the measurement points should be analysed and documented.

If only one field (E-field or H-field) is measured, the other field is calculated from the
measured field using a reconstruction algorithm. As Formula (2) requires knowledge of
amplitude and phase, reconstruction algorithms can also be used to obialn field

fields from the measurement surface to the evaluation surface. ~In substance,
nstruction algorithms are the set of algorithms, mathematical* techniqugs and
edures that are applied to the measured field on the meaSurement surface to
rmine E- and H-field (amplitude and phase) on the evaluation-surface. An oyerview
description of applicable algorithms and techniques is proyided in Annex F.

validation of reconstruction algorithms should be demenstrated and documepted in
il, including the minimum measurement plane dimensions and separation d|stance
the source to which the algorithm is applicable to the particular measurement probe
ethodology.

If bpth E-field and H-field are directly measured. (@mplitude and phase) on the evdluation

Us¢ Formula (2) to determine the spatial?average power density distribution pn the

lim|ts or regulatory requirements. If thelshape of the area is not provided by the rglevant

maximum spatial-average and/or local power density on the evaluation surfacg is the
fingl quantity to determine compliance against applicable limits.

Mepsure the E-field or H-field on the measurement surface position at the re:lerence
location chosen in step-a)” The power drift of the DUT is estimated as the difference
between the squaredamplitude of the field values taken in steps a) and g). When the drift
is $maller than = 5(%), this term should be considered in the uncertainty budget| Drifts
larger than 5 %_due to the design and operating characteristics of the device shquld be
acdounted for er\addressed according to regulatory requirements to determine compliance

amplitude only

If the gvaldation surface is in the far-field of the DUT, power density is given by Formula (3)
and only the amplitude of the electric or magnetic fields need to be measured on the
evaluation surface to correctly derive power density. If, for the tested configuration, the
separation distance between the DUT transmitting antennas and the evaluation surface fulfils
the far-field criteria in Table 1 [6], the following procedure can be used as an alternative to
that provided in 6.4.2. As shown in Annex D, Formula (3) might be accurate also at shorter
distances than those specified in Table 1 and can be used if justified.

a)

b)

Measure the local E-field or H-field on the evaluation surface at a reference location
where the field is well above the noise level. This reference level will be used at the end of
this procedure to assess output power drift of the DUT during the measurement.

Measure the electric or magnetic field amplitude on the evaluation surface. A spatial
resolution of at most 4/2 is recommended. A coarser sampling resolution can be adopted
provided that the impact on the measurement uncertainty is characterized and
documented.
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Use Formula (3) to determine the spatial-average power density on the evaluation surface.
The averaging area, 4, is specified by the applicable exposure limits or regulatory
requirements. If the shape of the area is not provided by the relevant regulatory
requirements, a circular shape is recommended. In Formula (3) the radial vector is
considered to be determined from the geometrical centre of the transmitting antenna3. If
no information about the DUT antenna is available, power density can be conservatively
assessed by Formula (4):

Sov =5 J Bl 4 4)

Formula (A) Is_—more conservative than Formula (Q) if the evaluation—surface  is not

orthogonal to the Poynting vector.

Calculate the maximum spatial-average and/or local power density over the)evdluation
surface.

Mepsure the E-field or H-field on the evaluation surface position at therneference Ipcation
chgsen in step a). The power drift of the DUT is estimated as the difference betwgen the
sqyared amplitude of the field values taken in steps a) and e). When the drift is gmaller
thap £ 5 %, this term should be included in the uncertainty budget. Drifts larger than 5 %
dug to the design and operating characteristics of the device“should be accounted for or
addressed according to regulatory requirements to determine’compliance.

Table 1 — Minimum separation distance between the DUT’s antenna
and the evaluation surface for which-Formula (3) applies

Antenna dimension Minimum distance

1 1,61
D<—21
3

D
%/1<D<2,5/1 S

D>252 22
2

D is the maximum linear dimension of the antenna operating in the selected
configuration.

Measurements of devices with multiple antennas or multiple transmitters

1 General

se 6 5 describes how to determlne the comblned exposure from multiple antennas
within

different frequencybands o

The fields generated by the antennas can be correlated or uncorrelated. At different
frequencies, fields are always uncorrelated, and the aggregate power density contributions
can be summed according to spatially averaged values of corresponding sources at any point
in space, r, to determine the total exposure ratio (TER). Assuming / sources, the TER at each

poi

3

nt in space is equal to

In theory, Formula (3) is exact at infinite distance where the antenna appears as a point source and the
definition of r is unambiguous. Since the minimum separation between the observation point and the DUT
antenna should fulfil the requirements in Table 1 and it is therefore much larger than the maximum antenna size,
the error introduced by considering the origin over any other point of the DUT antenna is expected to be small.
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where S, ; is the power density (as defined in 6.4) for the source i operating at a frequency f;
and S, is the power density limit as specified by the relevant standard.

Exposure from transmitters operating above and below f;,, where f;, denotes the transition
frequency where the basic restrictions change from being defined in terms of SAR to being
defined in terms of power density, are therefore uncorrelated and the TER is determined as

TERY™" (r) = TER(r) /< » + TER(r) 1 1 D ®©

o

NOTE For frequencies below the transition frequency, the exposure ratio is assessed usi Q:l/procedures in
IEC 62209-1 and IEC 62209-2 by dividing the resulting spatial-peak SAR value with the corr(—i\ég ing limit

Figure |7 illustrates how SAR and power density at a point r can be com@r?d assuming power
density on a plane surface and SAR at the surface of a flat phantom %g for body exppsure).
Before| summing the TERs [see Formula (6)], the correspondin &S R and power gensity
values|are to be spatially averaged, around r, according to th licable standard (¢.9. 1 g
or 10 ¢ for SAR, 4 cmZ2 for power density in the example of F'ggéé 7). For locations insfde the
phantom, the peak spatial-average SAR of individual pointsG not centred on the surface of

the 1 glor 10 g cube. Q
QQ
N

Sideview

Topview

1g SAR
1cmx1cmx1cm

10 g SAR

2em x 2 em 2,15cmx215cm x 2,15¢cm

C)é (example) IE
NS

Figure 7 — SAR and power density evaluation at a point r

For correlated fields, the determination of the combined exposure from I simultaneously
transmitting sources requires the true vector summations according to

I
E©(r)= Y E,(r, /) (7)
i=1

1
H(r) = > H,(r, f) (8)

i=1
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From Formulas (7) and (8), the average power density is determined according to
Formulas (2), (3) or (4) from which TER®C' is obtained by normalizing with the appropriate
exposure limit.

6.5.2 Examples
6.5.2.1 General

The generic expressions in Formulas (5) to (8) can be used to obtain the total exposure once
the contribution from each antenna or antenna element in an array is assessed. Further
guidance on how to measure exposure for multiple transmitters is provided in 6.5.2.2 and
6.5.2.3 for two possible DUT configurations.

6.5.2.2 DUT with one array antenna operating at /> f;,

The figlds transmitted by the elements of the array can be correlated ©of.'dncorrelated
depending on the transmission technique adopted by the DUT. For instance;

— for ftransmission modes making use of beamforming the fields can bgecorrelated gs each
antenna port is fed by the same signal scaled in phase and, eventually, in amplitudg.

— for|spatial multiplexing the fields are uncorrelated as the ¢input to the antenna ports
corfesponds to independent linear combination of one or mgte, ‘data layers’.

In casg¢ of correlated fields, the electric and magnetic fieldloh the evaluation surface(s) are
determfined, as described in 6.4, for each antenna elemént operating separately. E°P'™ and
HCO™ dre obtained according to Formulas (7) and (8)\for all possible linear combipations
corresponding to different phase and amplitude weights (codebook). The combined averaged
power density is therefore assessed according to<Formula (2) and the maximum valug for all
combirfations is selected. The combining of¢the electric and magnetic fields rgquires
knowledge of both amplitude and phase for each component.

If the ¢godebook is unknown, an overestimate of the combined power density distribution on
the evgluation surface is given by

1 I,L

2 140

‘(Ei(r)xﬂ*l(r))-ﬁ

: (9)

where [E; and H,~ate the electric and magnetic field for the antenna i and /, respectively. The

power density (Obtained in this fashion is then spatially averaged according to the applicable
limits. Formula*(9) might largely overestimate power density. More accurate but more cpmplex
methodologies, providing the upper bound of power density for array antennas are degcribed
in [7].|Farmula (9) requires knowledge of both amplitude and phase of the electfic and
magnetic field components. A simpler expression, based on the amplitude only is provided in
Formula (10):

1 L
> 2 |E, (r)|-|H,(r). (10)

Jj=1i=1

Formula (10) leads to an even larger overestimation of the combined power density compared
with Formula (9).

An alternative to combining exposures obtained separately for the different antennas is to
conduct repeated measurements corresponding to all phase (and amplitude) combinations
between the transmitters. This evaluation is time consuming and may not be practical.
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When the fields from the different antennas are uncorrelated, power density is determined
according to 6.4 for all antennas operating simultaneously. Otherwise, if the contribution for
each element is known, the power density distribution contributions on the evaluation surface
can be determined as

1
S(r)=ZSl—(r) (11)
i=1

The maximum spatial-average power density on the evaluation surface is calculated from the
distribution of the combined power density S(r).

6.5.2.3 DUT with one array antenna opertating at /> f;, and one antenna operating at
[ < fir both transmitting simultaneously

Power |density, and therefore the exposure ratio, for the array operating‘at above f, is
determfined according to 6.5.2.2. For the transmitter below f;,, exposure-isiassessed in terms
of SAR using the procedures in IEC 62209 series of SAR assessment-standards. When these
values |are known, the following options can be used to obtain the TER\for the DUT.

6.5.2.4 Alternative 1: Evaluation by considering spatial exposure distributions

Exposyre ratios (for frequencies above and below f;;) are summed point-by-point [accornding to
Formula (6)]. The TER is then taken as the maximum value of this summation. This
methodology is the most accurate but it requires evaluation of localized SAR and Ipcal or
spatialfaverage power density at common locationsyin space. For instance, this is pogsible if
the poywer density is determined on evaluation surface(s), corresponding to a represegntation
of the liser’s head or body surface, consistent-with the SAM and/or body phantom def}nitions
in IEC 62209 (see Alternative 1 in 6.2.5), where summing of TER for additional pointq inside
the phantom is not necessary.

If the Bntennas are located at different positions, it might be necessary to evaluate SAR
nearby|the antennas operating abeve f;, and power density nearby the antennas trangmitting
below j,.

For arfay antennas abowve)f;, which are used for beamforming (correlated exposurg), the
power |density is assessed for all possible phase and amplitude excitations (unlgss the
antennp precoding weight providing the maximum TER is known) and then combined With the
TER fqr SAR. In_general, the ERs for SAR and power density are to be combined ffor the
device [positions, configurations and operational modes resulting in the maximum TER.

6.5.2.5 Alternative 2: Evaluation by selection of highest exposure ratio

If the SAR—and powet dcllaity maxima—are apatia“y ccpalatcd, the agylegatc exposurehay be
evaluated by selecting the highest exposure ratio in terms of peak spatial-average SAR
(f < fir) and maximum spatial-average or local power density ( f > f;. ) in accordance with the
applicable exposure limits. This procedure gives an accurate estimate of the TER when the
measured exposure distributions have little or no overlapping contributions.

6.5.2.6 Alternative 3: Evaluation by summation of peak exposure ratios

The maximum ER for each source distribution is determined independently according to peak
spatial-average SAR or maximum spatial-average / local power density requirements and
summed irrespective of where the maximum ER occurs on the phantom or evaluation
surface(s). This procedure is the easiest approach to determine the TER. It is also the most
conservative procedure since, in many cases, the maximum ER for each source ( f < f;, and

f> fir ) will be at different spatial locations. The resulting TER is expected to largely
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overestimate the exposure. When compliance can be determined according to Alternative 3,
Alternative 1 and Alternative 2 may be avoided.

7 Uncertainty estimation

71 General considerations

The concepts of uncertainty estimation in the measurement of the power density (PD) from
wireless devices are based on the general rules provided by ISO/IEC Guide 98-3 [8].
Nevertheless, uncertainty estimation for complex measurements remains a difficult task and
requires high-level specialized engineering knowledge. Clause 7 provides a general
descrigti i . i ifi [SE; i power
density assessment is determined according to the averaging area specified by the,applicable
exposyre standard or regulatory requirements. For each uncertainty component,.the following
general approach is applied [8].

rmine the type of evaluation that will be used to estimate the uncertainty component.
Tyde A evaluation is a statistical analysis of a series of observationsi-Jype B evaluation is
estimation by any other means than Type A.

e Defermine the statistical distribution of the uncertainty component. If a large number of
obdervations are available from a Type A evaluation, the statistical distribution is|known
by plotting the results. Otherwise, the statistical distribution“is determined from knowledge
of the physics of the uncertainty component.

e Calculate the standard uncertainty. For Type A evaluation, the standard uncertainty is the
estimated standard deviation of the data. For Type(B evaluation, the standard uncértainty
is g¢stimated by dividing the maximum deviation® by the coverage factor. The cgverage
facfors for different statistical distributions are available in [8].

7.2 Uncertainty model

The combined standard uncertainty of the measured power density is the root sum squpred of
uncertainty contributions from the following influences:

1) ungertainty terms dependent.on*the measurement system (7.3);

2) ungertainty terms dependent on the device under test (DUT) and environmental [factors
(7.4).

Combining of uncertainty’ terms to determine the total expanded uncertainty is descrjbed in
7.5.

7.3 Uncertainty components dependent on the measurement system

7.3.1 Calibration of the measurement equipment

Calibration uncertainty is assessed and documented by the system manufacturer. Depending
on the system implementation, the probe is directly calibrated together with its readout
electronics or, if applicable, the readout electronics is calibrated separately. In the latter case,
additional uncertainties resulting from the connection of the two parts after calibration are
taken into account, e.g. mismatch uncertainty for a RF probe and RF readout having different
impedances.

7.3.2 Probe correction

Probe correction is the difference between the receiving properties of the physical probe
compared to an ideal probe that measures the field at a point in space. This term is especially
important in close proximity to a source where fields may vary significantly over the volume of
the probe. More information is available in [4] about probe correction for specific near field
implementations (planar, cylindrical and spherical). The uncertainty in the receiving properties
of the probe affecting probe correction is included.
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7.3.3 Isotropy

Probe isotropy is a measure of the deviation in probe response to arbitrary field polarization.
In general, fields emitted by small portable wireless devices are of arbitrary polarization.

7.3.4 Multiple reflections

The field scattered by a probe is partly scattered back to the DUT to be retransmitted again.
This effect depends on the frequency, the structure of the probe and the probe distance to the
DUT. Since this effect is a characteristic of a specific probe, it is determined by the
manufacturer during the probe calibration. If algorithms are applied to compensate for the
multiple reflections, then the PD uncertainty can be determined with the same evaluation
hardwgre and—software usedfor perrorming e measurelmnerits.

7.3.5 System linearity

The eyaluation of system linearity is performed such that all components of the pystem
introducing potential non-linearities are assessed. For instance, if a vectorsprobe contIins no
non-linear element but its readout electronic does, then the tests to evaluate this unceértainty
contribpution should include the readout electronics. This evaluation is performed by
measufing the PD over the dynamic range of the measurement system and determinjng the
maximym deviation from the best-fit straight line that goes through-the origin.

7.3.6 Probe positioning

The mEchanical restrictions of the field probe positioner can introduce deviations|in the
accuragy and repeatability of probe positioning. Thexuncertainty is due to the accuracy of the
mechapical movement of the probe.

7.3.7 Sensor location

The uncertainty is due to mechanical uncertainties in the sensor location |during
manufgcturing. The actual distance of-the sensor from the DUT is different from the agsumed
(nominpl) distance, and each sensgr location varies in a certain tolerance range.

7.3.8 Amplitude and phase drift

This tegrm describes thelinfluence of short-term and long-term drift of the measufrement
equipmnent on the measured PD. It is not related to the drift of the power of thg DUT.
Short-term drifts (e«g.-over a period of minutes or hours) are caused by influences sluch as
equipment heating,* electromagnetic interference and changes in ambient congitions.
Long-term drifts\(e.g. over a period of days to months) are caused by component drift,
amplifier stability and long-term fluctuations in dielectric parameters of materials of propbe and
related measurement equipment.

Uncertainty due to amplitude and phase drifts is evaluated from trend analysis of PD
measurements taken at different times. The uncertainties of short-term and long-term drifts
are evaluated separately and combined assuming that they are statistically independent.

7.3.9 Amplitude and phase noise

This term is the component noise of the measurement system. Amplitude and phase noise is
random fluctuations in the measurement due to short-term changes such as component noise.
This uncertainty is evaluated from the data taken to estimate the uncertainty due to short-term
amplitude and phase drifts. This uncertainty can be evaluated from measurement data taken
at several frequencies across the applicable range and for all system states if relevant. For
example, if a system includes amplifiers with several gain states, the uncertainty analysis can
be performed on data obtained for all possible gain states.
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7.3.10 Data point spacing

This component is determined based on the spatial resolution specified by the measurement
equipment manufacturers.

7.3.11 Measurement area truncation

The uncertainty for measurement surface truncation is determined according to
implementation of the measurement methodology for capturing the field distributions required
to maintain power density assessment accuracy. The criteria to minimize truncation errors are
typically specified by the measurement system manufacturer.

7.3.12| Reconstruction algorithms

project|or reconstruct the power density distribution at the evaluation surface introducqg errors
and tmzir uncertainty should be estimated. This is especially important considering that some
system[s might make use of very complex reconstruction algorithms, e.g: phase ré¢trieval
algorithms making use of amplitude only data. This is typically specified according to
implementations of the algorithms by the system manufacturer.

The nymerical techniques that are applied to the measured fields to propagate, traisform,

7.4 Uncertainty terms dependent on the DUT and environmental factors
7.4.1 Probe coupling with DUT

The prpbe partly scatters the impinging power radiated/by the DUT. In addition to gausing
multiple reflections (see 7.3.4), the modification of.the DUT loading causes a reaction of the
power jamplifier that may adjust its output powersThis uncertainty term is evaluated|as the
differemce between the transmission coefficientcof the DUT, T = [1 — S442], with and ithout
the prg¢sence of the probe, where S;; is thé\magnitude of the reflection coefficient| of the
antennp.

7.4.2 Modulation response

making use of diode-loaded probes). It can be assessed by using any source with a sefup the
same @s or equivalent to a-setup used for system verification. The signal generation setup
simulaies the modulatien\™ for which the uncertainty is determined according fo the
specification of the communication system standard. The PD is measured with the mog¢lulated
signal pnd with CW_at.the same RMS power (verification that the power meter is a truye RMS
detectqr and that the'amplifier is sufficiently linear for the entire dynamic range of the s|gnal is
required).

This u%certainty term might be relevant only for certain types of systems (e.g. system|that is

7.4.3 Integration time

Measurement—imtegration=time—umncertaities Tmay arisewhenm test—devices do Tmot—emit a
continuous signal. When the integration time and discrete sampling intervals used in the
probe electronics are not synchronized with the pulsed characteristics of the measured signal,
the RF energy at each measurement location may not be fully or correctly captured. This
uncertainty should be evaluated according to the signal characteristics of the test device prior
to the PD measurement. Measurements at a single point should be made consecutively using
the chosen integration time and progressively larger integration times.

7.4.4 DUT alignment

This uncertainty term is determined by evaluating the PD for different mechanical errors in the
DUT position, related to the mechanical tolerances of the device holder or similar hardware
used to secure the DUT and position it in the required orientations for measurement.
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7.4.5 RF ambient conditions

The ambient RF level is evaluated by performing PD measurements using the same
equipment setup used for testing the DUT, however with the RF power switched off.

7.4.6 Measurement system immunity/secondary reception

During measurements, the fields radiated by the DUT may be picked up by parts of the
measurement system other than the field sensors. This may result in undesirable effects
susceptible to increase the measurement uncertainty. For example, the uncertainty
assessment can be carried out by using the validation sources in specified test positions and
blocking the direct field reception from the probe supposed to perform the measurement. PD
measufements shoutd—be performed—m these conditions at—frequencies specifiedfor the
validatjon.

7.4.7 Drift of DUT

The mieasurement drift of the DUT is accounted for by the first and ‘ast step [of the
measufement process defined in 6.4.2 or 6.4.3. The drift is recorded>as the pergentage
differepce of the secondary reference measurement, Ref fromr-the primary reference

secondary
measufement, Ref

primary:
drift = 100% x (Refsecondary ~ Reforimary )/Refprimary (12)

7.5 Combined and expanded uncertainty

The cantributions of each component of uncertainty should be recorded with desdription,
probabjlity distribution, sensitivity coefficient, ¢;4@nd uncertainty value, u(x;) of the uncertainty
compopent, x;. A recommended tabular form iS’shown in Table 2.

If all pncertainty components, x; are\ “statistically independent, the combined standard
uncertainty u, for spatial-average PD.measurement is estimated according to Formula ([13):

Ug = iciz-uz(x,-) (13)
\'i=

If some¢ uncertainty\eomponents are statistically dependent on others, Formula (14) fan be
applied to calculate-'the combined standard uncertainty:

m m=1 m
U = IZC,-Z () + 23 > cieuloulx Yr(x.x;) (14)
i=1 i=1 j=i+1

In Formula (14), r(x;, x;) is the correlation coefficient which is calculated from the estimated
covariance u(xl-,xj) associated with the two components x; and Xjl

u(xi)xj)

u(x,Ju(x,) e

r(x;,x;)=

In the special case where all uncertainty terms are completely correlated (i.e. r(x;, xj) =1), the
uncertainty is a linear sum of the individual components:
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uc(y):ic,- -u(x,-) (16)

i=1

Further description and examples of evaluating uncertainty are provided in
ISO/IEC Guide 98-3 [8].

The expanded uncertainty U is estimated by multiplying the standard uncertainty by a
coverage factor of £ representing a confidence interval of 95 %. The coverage factor is k = 2 if
the combined uncertainty has a Gaussian distribution. Otherwise, see [8] for more information.

ctly by
Monte-Carlo-method or other methods. In such cases the calculation of the copjelation
coefficlent may not be needed.

Table 2 - Example of measurement uncertainty evaluation
template for power density measurements

Slource of uncertainty Description Unc. Prob. Div. < Standard v;
Dist. uncertainty
+ % or
+ %
Veff

Uncertalnty terms dependent on the measurement system

Calibratipn

Probe cqrrection

Isotropy

Multiple feflections

System linearity

Probe pgsitioning

Sensor Ipcation

Amplitude and phase drift

Amplitude and phase noise

Data poipt spacing

Measurgment area truncatjon

Reconstfuction algorithms

Uncertalnty terms-dependent on the DUT and environmental factors

Probe cquplingwith DUT

Modulatipn{response

Integration time

DUT alignment

RF ambient conditions

Immunity / secondary reception

Drift of the DUT

Combined standard uncertainty

Expanded uncertainty
(95 % confidence interval)
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8 Measurement report

8.1 General
8.1.1 General

The test report includes all test results, the necessary information related to the
configurations tested, the methods and instrumentation used for the assessment of the DUT.

If SAR measurements were also required to assess the full compliance of the DUT, the
reporting includes the items set forth in other applicable IEC standard(s), including any
additional reporting requirements identified by national requlatory agencies.

8.1.2 Items to be recorded in the measurement report

All infgrmation required to perform repeatable tests, calculations, and/or measurempnts is
record¢gd to obtain results within the acceptable calibration and uncertainty |range.
Furthetrmore, the measurement report should include the following specific information:
1) Geperal information

a) [identification of the test laboratory;

b) lidentification of the DUT including hardware and seftware revision numbers| serial
number, e.g. International Mobile Equipment Identity (IMEI);

c) |lcompliance requirements, e.g. test standards, guidglines, recommendations, etc|;
d) [applicable exposure limits, e.g. ICNIRP, IEEE/ICES, etc.;

e) [a list of accreditations provided by national‘or international bodies to perform tegting to
applicable standards, procedures, etc. with the expiry date of the accreditation.

2) Report summary (for all power density related data)

a) [frequency bands and configurations:
i) list of all frequency bands.ahd modulations tested;
i) list of all test configurations assessed;

b) ftabulated average power density values over the testing positions, bands, opgrating
modes and device configurations including all applicable tune-up specifications;

c) [tabular and graphical results for the highest maximum average power fensity
measurement for each frequency band and modulation;

d) [reference 6" exposure limits and a statement of compliance. The statement of
compliance takes into account the combined exposure from multiple antennas
operating simultaneously.

3) Defailed-description of the DUT and test details

£ T
I I

) £ £ b £ ) Dl
e 101 1actorn o1 ure Uu

i L
I

a) descriptiom o and—abrief—descriptiom—of—its—intended

function(s);
b) description of the positions and orientations to be tested, including photos;
c) description of the available and tested antenna(s) and accessories, including batteries;

d) description of the available and tested operating modes, power levels and frequency
bands;

e) detailed description and rationale for any test reductions used during the evaluations;

f) detailed description of the applicable test mode software used along with the specific
configurations used for each operating mode tested (i.e. power level, antenna,
frequency and modulation settings);

g) testing environmental condition, e.g. temperature;

h) type of power density measurement performed (i.e. evaluation of both E-field and
H-field vs. evaluation of E-field or H-field field only);
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results of all tests performed (i.e. maximum spatial-average power density and/or local

power density for each test);

graphical representation of the evaluation surface with respect to the DUT
maximum average power density value of each operating mode);

for the

information on the measured drift for each test including the maximum drift measured;

details on scaling of the results (i.e. tune-up tolerance scaling and power drift
as applicable).

Uncertainty estimation

a)
b)
c)

uncertainty for measurement of the DUT (Table 2);

scaling

uncertainty budget of the system check;

uncertainty budget of the system validation.

Mepsurement system

a)

measurement system main component description including:

i) probe(s), including information on dimensions, isotropy,. (spatial reso
dynamic range and linearity;

i) readout electronics;

iii) device holder;

iv) scanning systems;

v) other relevant components.

calibration data for relevant components (e.g<{probe calibration certificates) m
provided in the measurement report.

results of system check:

i) measurement results for each frequency band;

ii) deviation from the power density*target value(s);

iii) detailed description of the reference radiating source.

Vallidation of the power density méasurement method

a)

b)

reconstruction algorithm;\including the validation data, and detailed description
power density is determined using the measured field components;

results of the computations, measurements and/or other assessments perforn
he measurement system developer in order to validate the power
measurement method;

a description of any additional analyses or conditions imposed by the
eveloper)used to validate the power density measurement methodology;

refefence radiating source description and power density distribution fo
réeguency band;

utions,

ght be

bn how

hed by
density

5ystem

each

range of operating frequencies and modulations;
power density method uncertainty.

9 Recommendation for future work

9.1

9.1.1

Measurement standard for EMF compliance assessment of devices operatin
frequencies above 6 GHz

General

g at

This document describes possible methods and measurement techniques for the evaluation of
power density from transmitting devices operating close to the user at frequencies between
6 GHz and 100 GHz. While this document is informative and details the current state of
knowledge, IEC TC 106 submitted a new work item proposal in early 2018 for an International
Standard (IS) addressing the same frequency range. This document provides extensive
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material for the development of such an IS. Nevertheless, some items requiring additional
considerations have been identified and are discussed in Clause 9.

In general, the complexity of devices has increased dramatically over the years. Additional
effort should be made in specifying methods, procedures and in identifying equipment which
allow for an increased efficiency of EMF compliance testing; thus limiting the amount of
redundant compliance testing required without jeopardizing the conservativeness of the
testing regime.

9.1.2 Test frequencies

Subclause 6.2.4 defines the channel or a practical subset of channels where power density
measufements are performed. The procedure comes from the SAR standards where tetting is
performed close to the phantom and likely to affect the tuning of the antennas differgntly at

differeIt frequencies. Since power density measurements are conducted in frée-spafe and
there are no frequency-varying tissue simulant parameters, the possibility to reduce the
numbef of channels to be assessed should be investigated.

9.1.3 Evaluation surfaces

Subclapse 6.2.5 provides two alternatives which can be used to,define the surface(s) and
orientations with respect to the DUT where power density.is, to be evaluated. Fgr both
alternatives, further investigations to simplify the procedure of identifying the surface
orientation are needed. Some aspects related to these two options need further investigation.

— In Alternative 1, the evaluation surface corresponding to the shape of the inner sunface of
the] SAM phantom and flat phantom defined by, [EC 62209 series of SAR assepsment
stapdards are used. For some measurement techniques based on nepr-field
recpnstruction algorithms, the fields are therefore to be projected on a complex $urface
(cofresponding to the SAM). Although possible in theory, the implications on the adqcuracy
and feasibility of such solution in_sindividual implementations need to be [further
invgstigated. According to Alternative” 1, evaluation surfaces in the shape of g plane
tangential to the SAM can also be-used. This will lead to flat (and therefore less cdmplex)
surfaces. Nevertheless, each point of the SAM surface would correspond to a plang with a
different orientation. As a result, such solution might require reconstruction of the| power
der]sity on several planes.

— For| Alternative 2, power density is assessed in the evaluation plane(s) corresponfding to
thelmaximum available’local or spatial-average power density. As these are not khown a
prigri, methods and optimization techniques to find such plane(s) are to be exam|ned. A
brute force approach could be applied where power density is evaluated (e.g. by méans of
a re¢construction algorithm) on different planes. However, this approach might resllt in a
very time-Consuming process. Furthermore, it might be difficult to make use of
Altgrnative-2 when evaluating exposure for multiple transmitters and combining SAR and
power density distributions (6.5.2.4) since the evaluation plane is defined indepepdently
from~what is specified by IEC 62209 (to notice that the more conservative combining
methods described in 6.5.2.5 and 6.5.2.6 would still apply). Another factor to be
considered when using Alternative 2 for DUT with multiple transmitters (e.g. antenna
arrays making use of beamforming) is that the plane providing the largest power density
might vary with the applied antenna weight.

For multiple exposure conditions, both alternatives may be applied to evaluate combined total
exposure ratio (TER). Alternative 1 may be used in conjunction with Alternative 2 to reduce
the complexity of the test procedures. Some test positions or exposure scenarios (e.g. head
exposure) can be assessed according to Alternative 1. The remaining test positions or
exposure scenarios (e.g. body exposure) may be optimized by using Alternative 2, ensuring
that the assessment fully takes into account all necessary test positions and exposure
scenarios.

Exploratory and investigative work should continue while more devices operating in the
targeted frequency range (6 GHz to 100 GHz) are made available. Other alternatives than the
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ones specified in 6.2.5 might provide better solutions. For instance, the possibility to use only
planar evaluation surfaces parallel to the faces or edges of a device should be considered as
it would greatly simplify the overall measurement procedure. Evaluation surfaces conformal to
the DUT shape should be also investigated as they could be used to maintain a fixed
separation distance for devices characterized by curved surfaces.

9.1.4 Evaluation of exposure from multiple transmitters

In this document, 6.5 describes how to determine the total combined exposure from multiple
antennas operating simultaneously. The following items are to be considered for further study.

— As the number of antennas simultaneously transmlttlng is mcreased simplified procedures

fields for each antenna element operating separately are to be assessed for,correlated
sources. Otherwise, repeated measurements for all possible excitations| ‘sholld be
conducted which might not be practical. The measurement time could -belreduped by
synchronizing the measurement system with the software control of the’DUT t¢ cycle
throqugh the antenna ports in a single scan. Alternatively, if the signal is processed [so that
the| contribution from each port can be separately detected (when demodulated,
meg@surements could be conducted for a single scan with all/4ransmitters operating
simultaneously. The possibility of adopting such solutions should be investigated in the IS.

— For| uncorrelated sources, a large number of combinatiofis,corresponding to djfferent
deVice positions and operational modes may be required in order to evalugte the
makimum TER (see 6.5). Moreover, when the TER is determined by spatial summation of
the| ER distributions, the contribution of each soure&. at common locations in space is
negded. This might imply that the volume or area(where exposure is assessed shuld be
enlarged resulting in an increased measurement time. Procedures and equipnpent to
speed up this process should be addressed ifila future IS. For instance, well defined and
effgctive criteria to identify antenna element§characterized by exposure distributiohs with
little or no overlap (see 6.5.2.5), and for Which exposure can be assessed indeperdently,
shquld be defined.

— Sinfpe portable devices are expected to operate simultaneously above and belpw the
transition frequency where the basic restrictions change from SAR to power density, a
futyre IS should provide furthér guidance on how to combine exposure from djfferent
mefrics. In this document, seme guidance is given in 6.5.2.3.

9.1.5 Other future work items
9.1.5.1 Energy steering methods

Some ¢gevices mightimake use of beamforming techniques or alternative antennas to stger the
transmjtted energy away from the user when operated in close proximity to the head of body.
The fLJture IS\'should provide clear procedures describing how this can be factor¢d into
applicgble test conditions.

9.1.5.2 Reconstruction algorithms

In this document, the term reconstruction algorithm is used in a broad sense to identify
algorithms, mathematical techniques and procedures that are applied to the measured fields
to propagate, transform, project or reconstruct the power density distribution at the evaluation
surface in order to determine spatial-average and/or local power density. It includes
algorithms to (back-)project the field from the measurement to the evaluation surface, to
retrieve the phase of the field from amplitude only measurements, to calculate the H-field from
the measured E-field (or vice versa), etc. (see Annex G). During the development of the IS,
the requirement for separate terms to identify different techniques should be taken into
consideration in order to avoid misinterpretations.
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9.1.5.3 Uncertainty evaluation

Clause 7 provides a general description of the uncertainty components related to power
density measurements. More detailed guidance and recommendations on how to evaluate the
contribution of each component should be provided in the IS.

9.2 Numerical standard for EMF compliance assessment of devices operating at
frequencies above 6 GHz

IEC TC 106 and IEEE/ICES TC 34/SC 2 are developing the IEC/IEEE 62704 series of
standards for the application of numerical methods for compliance testing of wireless devices
in the frequency range from 30 MHz to 6 GHz. The main objective of these standards is to
quantif i ' fcti ' ift ' f ftware
and alporithms (e.g. calculation of the maximum spatial-average SAR), including
protocgls for the development, validation and uncertainty assessment of the numerical
of the [DUT and the exposed phantom(s). The IEC/IEEE 62704 series comprises
standafds on the requirements and application of the Finite Difference Timé:Domain (FDTD)
and F|nite Element (FE) methods as well as application orientednstandards
assessment of the EMF exposure to vehicle mounted antennas and mobile-phones.

For thg compliance testing of certain 5G devices transmitting abeve 6 GHz, the meth¢ds set
forth in the first edition of IEC/IEEE 62704-1 [9] cannot bg& ‘applied directly. Enhanced
transmjssion technologies, such as phased array systems cammon to these devices, and the
quantifjcation of the exposure in terms of the incident(power density, pose adgitional
requirgments on the simulation software. For example, jitiincludes particular interpolation and
superppsition techniques for incident fields and averaging algorithms for the calculation of the
incident power density in terms of the basic restrictions [ICNIRP 1998]. For the develppment
of standardized numerical techniques, ICES TC @4>recently approved the development of a
new nymerical standard within the Project P1528.6 which addresses these issues wWith the
objectiye of providing a conservative estimate "of the power density of the exposure| of the
head ¢r body of the users of wireless devices. As in the previous series of numerical
standafds, the new standard will focus” on the particular requirements and verification
techniques for the FDTD and FE methods. Furthermore the standard will give general
guidange for model validation and “numerical uncertainty assessment. The activity will be
carried| out in parallel with the. development of the measurement standard for compliance
asses%nent of 5G devices. The role of numerical methods in finding the worst case corditions

for measurement testing should be carefully considered. Annex G gives an example of
complignce assessment.Where numerical techniques are used in combination with
measufements.

9.3 Updates to, IEC 62232

For base stations with transmit frequencies in the range 110 MHz to 100 GHz, IEC 62232 [10]
defined the methods to assess the compliance boundaries based on reference levgls and
basic restrictions. SAR tests are recommended when the compliance distance is in the close
proxim ty of—the—transmitters upclaﬁlly ir—the—366-MHz—to—66GH=z flcqucll\,y rangce. It is
recommended to leverage the ongoing IEC 62232 maintenance period to include the testing
methods described in this document, in particular for equipment with a transmit frequency
above 6 GHz having zero compliance boundary dimensions (EO installation class, see
IEC 62232) or with small compliance boundaries. In the same way as IEC 62232 makes
reference to IEC 62209-2 [11] for the detailed specification of SAR tests below 6 GHz,
IEC 62232 should be able to leverage on a dedicated measurement standard for power
density at frequencies above 6 GHz. In this way, IEC 62232 updates would mainly focus on
the specific requirements for base stations.
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Annex A
(informative)

Measurement system check and validation

Background

General

The goal of Annex A is to define possible system check and system validation procedures that

enabler%ﬂ—ﬂwﬂ—paﬁee—&%&%—pw%m&e#ﬁw—meammenﬁy&&
procedure by applying consistent protocols:

1) Syq
op¢

2) Sys

tem check: procedure that uses specific reference sources to verify that‘the sy
rational and repeatable for the intended measurements.

tem validation: procedure that uses specific reference sources).io validate

sygtem meets the accuracy, performance and uncertainty specifications required b

is d
NOT

Examp
Annex

A.1.2

Systen
system

eployed and also after hardware or relevant software changes‘have been perfor
E System validation is normally performed by the system manufacturer.

es of reference sources for validation are defined in Annex B and for system ¢
C.

Objectives of system check

check provides a fast and reliable method to routinely verify that the measu
is operational with no system component failures, including probe defects, d

deviati
of the

The s
(see f
the tol
should

A1.3

Systen
specifi

conser
accura

bn from target performance requirements. A system check also verifies the reped
easurement system before compliance testing.

tem check is a complete measurement using simple well-defined reference s
instance Annex C). The system check is successful if the measured results arg
rances described in A.3.2:"The instrumentation and procedures used for system
ensure the system is ready for performing compliance tests.

Objectives of.system validation

m and

stem is

that a
bfore it
med.

heck in

rement
rifts or
tability

ources
within
check

validationw.provides a means to independently evaluate the system aga1nst its

cations and- its specified uncertainties, i.e. if the measurement uncerta
ative. Fhe outcome of the system validation is an assurance that the system p
e results.

nty is
ovides

Althou

hthevatidatiom testscam be performedindependentty, they or asubsetther

eof are

usually performed and documented by the measurement system manufacturer on an annual
basis or whenever modifications are made to the system, such as software or hardware
changes. The selection of the subset should be justified.

The validation tests should cover the frequencies, power levels, and signal modulations an
individual system supports or the subset should cover the range of usage. The set of
measurement configurations should be evaluated and reported. The set of reference sources
defined in Annex B have been determined to be sufficient to validate any assessment
techniques.
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A.2 Measurement setup and procedure for system check and system
validation

A.2.1 General

Clause A.2 describes the required power measurement setup for system check and system
validation.

A.2.2 Power measurement setups

Both system check and system validation procedures require accurately measured and stable
forward_power at the RF input of the reference sources

A recommended test setup for using off-the-shelf instrumentation with a reference source is
shown |in Figure A.1. The system includes a signal generator, an optional frequency ij‘ItipIier,
10 dB [to 20 dB attenuators, a power meter including power sensor, the reference amptenna,
cables] connectors and adapters.

Cable /

Signal waveguide
generator ¢ —NM—X)

Attenuator 1) 2)

Multiplier

o

Antenna

2) ®—— IEC

Either 1) the power meter PM1 or 2) the reference antenna is connected at the output of the attenuator (®)

Figure A.1 — A recommended power measurement setup for system check
and system validation

The requirements of the~components used in the setup shown in Figure A.1 are described in a)
to e).

a) ThI signal—generator should be stable (after warm-up). The forward power |to the
ref¢rence-antenna should be high enough to avoid the influence of measurement ndise.

b) A frequency multiplier (optional) is used to convert the frequency to the reilerence
frequency

c) An attenuator (= 10 dB) should be placed before the power meter and antenna to provide
good matching and to improve the accuracy of the power sensor (some higher power
heads come with a built-in calibrated attenuator). The exact attenuation at each test
frequency should be verified and used in the calculations.

d) The influence of the cable or waveguide between the multiplier and the reference antenna
should be evaluated as part of the uncertainty assessment.

e) The power meter PM1 should be of high quality. If the power meter and reference antenna
require different connector systems, a calibration grade, high-quality adapter should be
used.

To avoid unacceptable power drifts during system validation and system check, the equipment
should be allowed to warm-up for the duration recommended by the manufacturer(s) before
any measurement.
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A.2.3 Procedure to normalize the measured power density

The power density measurement results should be normalized to the delivered input power to
an input power level of 0 dBm and compared to the appropriate target values of the calibrated
reference sources.

The test procedure is described in steps a) to i).
a) Connect the equipment as shown in Figure A.1, with the power meter PM1 connected at
location ®.

b) Adjust the power output from the signal generator until the forward power P; at PM1 is at
the desired power level

c) Ensgure that the power output is stable over time within + 0,05 dB.

d) Cohnect the equipment as shown in Figure A.1 with the reference antennarcoennepted at
location ® instead of the power meter PM1.

e) Mepsure the power density as specified in this document.

f) Connect the equipment as in step a) and remeasure the forward power P;.

g) Verify that the output power has not changed by more than 0,1 dB, from step b).
h) Nofrmalize the measured power density by the ratio R = 1 mW, -

i) Compare the measured values with the appropriate target«walues.

A.3 [System check

A.3.1 System check sources and test conditions

The squrces used for system check can be\different than those required for the pystem
validation. Example reference sources forssystem check are provided in Annex C. $ystem
check |sources should have good positioning repeatability, mechanical stability, and
impedgnce matching for the measurement conditions. In Annex C, a pyramidal horn antenna
is used as an example to illustrate system check source usage.

A.3.2 Test procedure

The syistem check is a lecal power density measurement. The measured fields are ysed to
determfine the power density at the reference distance. Results are normalized to 0 dBfn input
power pt the system check source, and compared with the numerically validated target|values
for m3aximum power density. The RF power measurement setup and power {ensity
normaljzation pro¢edure are described in Clause A.2.

The syptem_check is successful if:

— the differencebetweenmthe mormatizedmeasuredtocat-power density and-—theomerically
validated target value is within the reported expanded uncertainty of the measurement
system, and

— the difference between the measured local power density and the measured reference
value is within £10 % for system repeatability.

The measured reference value is determined for the individual measurement system after
calibration, using the same source.

A.4 System validation

A.4.1 Reference sources and test conditions

Validation test conditions should be selected based on system specifications defined by the
manufacturer and according to measurement requirements for the system at the testing
laboratory. Examples of reference sources that meet these criteria are provided in Annex B.
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System validation should cover the range of frequencies applicable to the system. If the
measurement system is broadband, it is sufficient to perform the validation at the following
frequencies: 10 GHz (6 GHz to 20 GHz), 30 GHz (20 GHz to 45 GHz), 60 GHz (45 GHz to
75 GHz) and 90 GHz (75 GHz to 100 GHz). If the measurement system does not cover the
entire frequency range, the validation should be performed at the above frequencies that fall
within the frequency range used by the system.

The reference sources should be calibrated in amplitude and phase at the defined reference
distances.

A.4.2 System validation procedure

System validation is characterized by power density measurements.The measured fie]ds are
used tp determine the maximum spatially averaged power densities at a planar'evgluation
surfacg. Results are normalized to 0 dBm input power at the reference source, and’ compared
with thie numerically validated target values for maximum local power density- and :Epatial—
averagE over a circular area (e.g. 1 cm? and 4 cm2). The RF power measurement setup and
power flensity normalization procedure are described in Clause A.2.
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Annex B
(informative)

Examples of reference sources

Background

Annex B describes examples of reference sources that can be used for system check and/or

system

validation.

Dipole
electrid
relevar

specifit/d and calibrated for the frequencies defined in A.4.1. Annex B descrilbies the

and ph

To meg¢t the target values described below, the microwave source feeding the antenna

have h

B.2

B.2.1

This c4

an offget lattice according to the modes generated-into the resonant cavity. The dipo

printed
rectang
excitat
is use

wavegliide transition instead of a probe feed. The diameter of the iris from the way

transiti
a refle
are ind
probe.

Figure
descrig

dipoles and magnetic dipoles represent the range of sources under test't

sical characteristics of these reference sources.

brmonics better than —20 dBc and spurious emissions less than*-40 dBc.

Cavity-fed dipole arrays

Description

onto one face of a low-loss dielectric substrate and excited by non-rg
ular slots located on the opposite face of the substrate as shown in Figure B

j, as shown in Figure B.1(c). For higher frequencies, the feeding may req
bn should be tuned to give.thevbest match. The arrays have been optimized to 4

ction coefficient better than,~25 dB. In order to fine-tune the array, two tuning
luded in the centres of( both cavity walls that are perpendicular to the dipoles 2

B.1 shows the perspective, top and side views of the dipole array. The V
tions and main.dimensions are shown in Table B.1 for each frequency.

arrays and slot arrays have been chosen in Annex B as reference sources. Arrays of

at are

t to this document. They meet the specifications of A.4.1, and they ean easily be

design

should

tegory of validation antennas consists of a gavity-backed array of dipoles arrapged in

es are
sonant
1. The

on modes are generated by the resenant cavity. A probe feed from an SMA comnnector

uire a
eguide
chieve
SCrews
nd the
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Vias frame

Dielectric
substrate

Dipoles

Metallic block
with cavity

Feeding

Slots probe

(a) Perspective view 65

H i

1 H d

1 Hi x
I Slle—0r0o

. . (c) Lateral view showing the probe feed
(b) Top v§ . with length 7,
This diagram corresponds&)@ 30 GHz design.

Figure @1’— Main dimensions for the cavity-backed array of dipoles

O
D
((/O
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Table B.1 — Main dimensions for the cavity-backed dipole array
at each frequency of interest

Frequency Number of Number of Dipole Dipole length | Slot length Slot width
dipoles & dipoles & width
slots along x slots along y
dx dy Sy Sy
[GHZ] [mm] [mm] [mm] [mm]
10 3 3 2,40 £ 0,05 5,10 £ 0,05 5,70 £ 0,05 1,20 £ 0,05
30 3 3 0,8 + 0,05 1,86 = 0,05 1,90 + 0,05 0,40 £ 0,05
6 O 3 u,4u 002 U900 U002 u,as 0702 07201t 0,02
90 3 3 0,267 + 0,01 0,640 + 0,01 0,633 £ 0,01 | 033+ 0,01
Frequgncy | Relative position Relative position in Distance Feeding Cavity| [~Cavity ||Cavity
in x dimension of | y dimension of each between probe length | width ||height
each dipole/slot dipole/slot centre vias length
centre with with respect to the inside the
respect to the centre of the cavity cavity
centre of the
cavity
d, A C, ¢, C,
[GHE] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
-21,18/0/+21,18 +24,18/+18,18/+24,18
-21,18/0/+21,18 -3/+3/-3
10 120,05 | 4,0£005 | 2334 | 5554 1) 102
-21,18/0/+21,18 -18,18/-24,18/-18,18 = = ’
(+ 0,05) (+ 0,05)
-7,06/0/+7,06 +8,06/+6,06/+8,06
-7,06/0/+7,06 =1/+ =1
30 1£005 | 132005 | 2078 | 2018 1} 5%
-7,06/0/+7,06 -6,08/<8,06/-6,06 = = ’
(+ 0,05) (x 0,05)
-3,53/0/+3,53 #4,03/+3,03/+4,04 N/A 10,66 3,0+
+ 0,05
50 -3,563/0/+3,53 -0,5/+0,5/-0,5 05+ 0025 10,66
0t ) +
-3,53/0/+3(53 -3,03/-4,03/-3,03 0,05 0,025
(+ 0,02) (+ 0,02)
-2{35/0/+2,35 +2,69/+2,02/+2,69 N/A 7,10 £ 2,0+
0,02 0,05
<2,35/0/+2,35 -0,33/+0,33/-0,33 0,5+ 7.10 +
90 0,05 0,02
-2,35/0/+2,35 -2,02/-2,69/-2,02 ’ ’
(£ 0,01) (£ 0,01)
Frequency Substrate Substrate Substrate electric Metallic Metallic Metallic
thickness relative loss tangent block block width block
permittivity length height
h &, tan(d) L, L, L,
[GHZ] [mm] [mm] [mm] [mm]
10 0,813 £ 0,05 3,63 0,0027 75+ 0,05 75+ 0,05 12 £ 0,05
30 0,525 + 0,05 3,63 0,0027 at 10 GHz 30 £ 0,05 30 £ 0,05 8 £ 0,05
60 0,305 + 0,025 3,63 0,0027 at 10 GHz 20 £ 0,05 20 £ 0,05 6,5+0,5
90 0,203 £ 0,02 3,60 0,0027 at 10 GHz 15+ 0,05 15+ 0,05 55+0,5
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B.2.2 Target values

Table B.2 provides the target values for the E-field, H-field and power density from the cavity-
backed dipole arrays defined in B.2.1. All target values are the maximum values in planes at
distances of d = 2 mm, 5 mm, 10 mm and 25 mm parallel to the top surface of the dielectric
substrate. £, = max(|Eyyyl) and Hy,,x = max(|Hyy|) are the maximum local E-field and
H-field magnitudes. S, ,, is the maximum value of § defined in 3.17, where the normal vector
n is the direction of the local power density, not the normal of the plane parallel to the
antenna. S,, is the maximum spatial-average power density, as defined in Formula (1), for
circular surfaces of 1 cm2 and 4 cm? areas. The accepted power is 0 dBm.

Table B.2 — Target values for the cavity-backed dipole arrays

at different frequencies (ug (k = 1) = 0,5 dB)
f d Max. E-field Max. H-field Max. local power Sy h
density 1 cm? 4 tm?
Emax Hmax smax

[GHE] [mm] [V/m] [A/m] [W/m?] W/m?] [W/m?]
2 48,50 0,20 3,19 1,05 0}57

5 24,19 0,06 1,18 0,85 0}48

"9 10 14,86 0,04 0,63 0,51 034
20 14,07 0,03 0,47 0,43 0}33

2 42,12 0,13 4,32 1,28 0}98

5 33,50 0,09 2,77 1,17 0181

% 10 31,76 0,08 2,64 1,43 0}64
20 25,23 0,07 1,73 1,22 0}54

2 79,30 0,24 17,25 6,94 3197

5 90,27 0,24 21,44 5,00 3117

*9 10 68,17 0,18 12,45 4,24 2|57
20 41,15 0,11 4,57 2,99 1196

2 123,99 0,33 40,75 6,77 5|49

5 109,62 0,29 32,27 5,09 4425

* 10 75,26 0,20 15,30 4,01 329
20 41,62 0,11 4,69 2,88 2137

The p4tterns’ of |Eyy, | and R(S)og :0.5-91(ExH*) are shown in Figures B.2, B.3, H.4 and

B.5 forthecavity-backed—armay of dipotes—attheoperatimgfrequencies of+6-GHz,—30 GHz,
60 GHz and 90 GHz, respectively, each for the distances 2 mm, 5 mm, 10 mm and 20 mm
from the antenna surface normalized to an accepted power of 0 dBm.
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Figure B.2 — 10 GHz patterns for the |E,,/| and Re{S},¢, for the cavity-backed array of
dipoles at various distances, 4, from the upper surface of the dielectric substrate
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Figure B.3 — 30 GHz patterns for the |E;¢, | and Re{S};,1, for the cavity-backed array of
dipoles at various distances, d, from the upper surface of the dielectric substrate
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Figure B.4 — 60 GHz patterns for the |E;¢, | and Re{S};,1, for the cavity-backed array of
dipoles at various distances, d, from the upper surface of the dielectric substrate
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Figure B.5 — 90 GHz patterns for the |E;¢, | and Re{S};,1, for the cavity-backed array of
dipoles at various distances, d, from the upper surface of the dielectric substrate
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B.3 Pyramidal horns loaded with a slot array

B.3.1 Description

This category of reference antenna consists of a pyramidal horn loaded with an array of
rectangular slot antennas on the aperture. Because of the mismatch experienced by the
pyramidal horn as a result of the loading with the arrays, the slot arrays have been optimized
to guarantee a reflection coefficient better than —20 dB at the design frequency. The slots are
symmetrically arranged on the horn aperture. They have been fabricated on a 0,15 mm thick
metal sheet. Figure B.6 shows the main dimensions for a generic stainless steel stencil. The
details for the dimensions of the stencil are summarized in Table B.3 for each frequency. The
main dimensions for the pyramidal horns are shown in Figure B.7 and Table B.4.

A
-

-y .

IEC

The number of elements shown corresponds to the 90 GHz design.

Figyre B.6 — Main dimensions for thed0,15 mm stainless steel stencil with slot afray

H, WG,

IEC ——

IEC

(a) Front view (b) Side view

Figure B.7 — Main dimensions for the pyramidal horn antennas
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Table B.3 — Main dimensions for the stencil with slot array for each frequency

Frequency | Stencil | Stencil Stencil Number Number Slot Slot | Spacing | Spacing
length width thickness of slots of slots | length | width | between | between
along x along y slots slots
along x along y
S, s, L, W, d, D,
[GHZ] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
10 57,0 + 47,0 + 0,150 % 3 5 175+ | 24 ¢ 22,0 + 10,0 £
0,01 0,01 0,01 0,01 0,01 0,015 0,015
0,80 6,70 = 4,47 +
30 4250+ ) 3380+ | 0150+ 6 7 540t | Ty 0,015 | 0,015
864 8-64 8-64 864 007
D
60 23,40+ | 18,80+ | 0,150 + 5 g 2,75+ | 042 %’%25* 5’%*251
0,01 0,01 0,01 0,01 z , '
0,01
o 16,70 + | 13,40+ | 0,150 + 6 6 180% | 030 \230% | 10z
0,01 0,01 0,01 0,01 = ) ,
0,04
Tablg B.4 — Main dimensions for the corresponding pyramidal horn at each freqyency
Frequgncy Horn Horn Horn Horn Horn Waveguide | Waveguide | Waveguide
typical aperture aperture size thickness length width segment
gain along x along y along
(internal) | (internal) z
H, Hy, H, H, WG, WG, VG,
[GHZ] [dB] [mm] [mm] [mm] [mm] [mm] [mm] [m]
67,6 + 49,5 + 108 + 10,16
10 15 0.2 0.2 0.2 1,63+0,1 | 22,86 £ 0,1 0.05 30 ¢ 0,05
40,0 + 31,3+ 47,6 + 3,556 +
30 20 0.1 0.1 0.1 1,25+0,1 | 7,112+ 0,1 0,05 11 £ 0,05
21,33 ¢ 16,65 + 26,25 3,7592 + 1,8796 +
60 20 0.1 0.1 £ 0.1 1,25+ 0,1 0.1 0.05 6,2 0,05
90 20 1%21 3 11+£0,1 17(’)315 1,25+ 0,1 2,54 + 0,1 1,27 £ 0,05 | 10,6/ 0,05
B.3.2 Target values
Table B.5 provides the target values for the E-field, H-field and power density from the
pyramigal horn defined in B.3.1. All target values are the maximum values in plgnes at

distang
substre

. max
field magnitudes. S
is the direction of the local power density, not the normal of the plane parallel to the antenna.
S,y is the maximum spatial-average power density, as defined in Formula (1), for circular
surfaces of 1 cm?2 and 4 cm? area. The accepted power is 0 dBm.

max

ota

max
is the maximum value of S defined in 3.17, where the normal vector n

Oota
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Table B.5 — Target values for the pyramidal horns loaded with slot arrays at different
frequencies (ug (K =1) = 0,5 dB)

f d Max. E Max. H Max. local power density Sav Sy
field field 1 em? 4 em?
E hax Hnax Sok
[GHZz] [mm] [VIm] [A/m] [W/m?2] [W/m?2] [W/m?]
2 49,01 0,09 2,07 1,15 0,83
5 25,39 0,05 1,16 0,96 0,76
10 10 16.41 0.05 0.76 0.73 ,66
20 15,78 0,04 0,69 0,65 4,59
2 35,37 0,10 2,93 1,83 1,36
5 29,66 0,09 2,60 1,64 1.27
1° 10 25,65 0,07 1,85 1,47 1,22
20 22,75 0,06 1,44 1,19 0,98
2 62,18 0,15 8,24 5,43 2,90
5 52,07 0,13 6,54 4,52 2,77
1° 10 48,91 0,14 6,74 3,94 3,46
20 38,23 0,10 3799 2,98 1,94
2 82,20 0,24 19,55 8,30 3,67
) 5 71,62 0,19 13,57 7,16 4,55
1° 10 50,67 0,14 6,70 5,37 2,26
20 44,95 0,12 5,48 3,64 1,92

The pdtterns of |Eiyy| and R(S)otal =0,5~*J1(E><H*) are shown in Figures B.8, B.9, B.[fI0 and
B.11 for the horn loaded with the-array of slots at the operating frequencies of 10 GHz,
30 GHz, 60 GHz and 90 GHzrespectively, each for the distances 2 mm, 5 mm, 10 mfm and
20 mm|from the antenna surface normalized to an accepted power of 0 dBm.
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Figure B.8 — 10 GHz patterns for the |E;,¢,| and Re{S};,ta for the pyramidal horn loaded
with an array of slots at various distances, d, from the array surface and P;, = 0 dBm


https://iecnorm.com/api/?name=091dcb752270acd66ebc1223e7d19cd5

- 56 — IEC TR 63170:2018 © IEC 2018

4 RS total
0 !
. 3
) , .
-8 =
-12 £ ! e T
S < 9 ” £
-16 s ]
g E
20 L -1 .. .
S -2
24 5
a .
—28 -3
—4 .
4 -3 2 -1 0 1 2 3 4
A
2/ IEC
(@) d=2mm
4
0
. 3
2 2
-8 =
12 E ' .
> =< 0 £
-16 = =
2 = =
—20J -1
o
-24F -2
kel
—28 -3
4 -4
4 -3 -2 -1 0 4 342> 0 1 2 3 4
xz/A
IEC
(b) d=5mm
4 RS total
0 2.00
3
-4 & 1.70
- 2
= 1.30
g A :
S = 9 100 £
-16 = . =
@ = . ]
—20 ! -1 0.67
£ -
_24% 0.33
_28 -3
. 0.00
—4 -3 -2 -1%.0 4 -3 -2 -10 1 2 3 4
w/\ z/\
/ / IEC
(¢) d=10 mm
R{S | iota

IEC

(d) d=20 mm

Figure B.9 — 30 GHz patterns for the |E;,¢, | and Re{S};,ta for the pyramidal horn loaded
with an array of slots at various distances, d, from the array surface and P;, = 0 dBm
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Figure B.10 — 60 GHz patterns for the |Ey,, | and Re{S};,¢, for the pyramidal horn
loaded with an array of slots at various distances, d, from the upper surface
of the slot array
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Figure B.11 — 90 GHz patterns for the |E;,, | and Re{S};,¢, for the pyramidal horn
loaded with an array of slots at various distances, d, from the upper surface

of the slot array
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Annex C
(informative)

Examples of system check sources

Background

C defines a selection of system check sources meeting the criteria of A.3.1.

stem check sources are pyramidal horn antennas as shown in Figure B.7 -Atythe
bperture, the horn antennas provide a linearly-polarized electric field in.the y d
nearly-polarized magnetic field in the x direction. These horn antennas typically
feed.

stem check sources are defined at four frequencies: 10 GHz{ 30 GHz, 60 G
. The dimensions of the pyramidal horn antenna at eagh of these frequenc
in Table B.4. The return loss is typically better than 20-dB. The microwave
the horn antenna should have harmonics less than —20'dBc.

Target values

C.1 provides the target values for the Exfield, H-field and power density fr
dal horn antennas. All target values,@re the maximum values at a dista
0 mm from the horn aperture. E .. S=omax(|Eotgl) and Hyax = Mmax(|Higiall)

centre
rection
have a

Hz and
es are
source

bm the
ce of
re the
power

im local E-field and H-field magnitudes. S5, is the maximum value of the loca
S defined in 3.17.
Table C.1 — Target values for_pyramidal horn antennas at different frequencig
Frequency d Max. E-field | Max. H-field Max. local
power density
Emax Hmax Smax
[GHZ] [mm] [V/m] [mA/m] [MW/m?2]
10 150 6,54 17,60 116,67
30 150 8,75 23,7 215
60 150 9,66 26,1 261,3
90 150 12,66 33,6 425,2
All results are normalized to a forward power of 0 dBm.
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Annex D
(informative)

Information on the applicability of far-field methods

D.1 Background

Annex D introduces investigated results of evaluation methods based on

e equivalent isotropic radiated power (EIRP) (D.2), and

e plane wave equivalent approximation (D.3).

These [two methods are rigorous in the far-field but their applicability at closer digtances
required investigation [12]. The main difference between them is whether E-field“or Hifield is
measufed or not. The evaluation method using EIRP only requires input power and antenna
gain while measurement of E- or H-field is necessary for the plange, ‘wave eqyivalent
approxjmation.

D.2 |Evaluation method using EIRP

D.2.1 General

In the far-field, power density Seirp (W/m2) is given bysFarmula (D.1). As this evaluati¢pn only
requirgs input power and antenna gain, electromagnetic field measurements clpse to
antennps are not necessary.

EIRR\ ~ PG

—o> = 5 (W/m?2) (D.1)
4nd 4rnd

eirp =

where
P is the input power (W);

G is the antenna gain;

d is the distance betweéniantennas and evaluation point (m).

D.2.2 Numerical simulated results

In ordTr to investigate the accuracy of Formula (D.1), Seirp Was compared to nuperical
simulafions of\Sz, using Formula (1) for patch and slot antennas operating at 28,5 GHz as
shown |in Figure D.1. For the arrays, the individual antenna elements are spaced at a d|stance
of 0,5\ and fed in- phase Figure D.2 shows calculated results of Selrp by Formula (D|1) and
numerieat-simutatedrestttsof *’av avclaycu over4 u|||9, e and26 u|||9 |cuta||9u=a| areas,
respectively. Antenna gains used in these calculations are indicated in parenthesis on each
graph. The distance and power density are normalized to the free-space wavelength (1) and
maximum Sg;,, respectively. The results show that S, is larger than the actual spatial-
average power density close to the antenna. For instance, Seirp is approximately 6 dB to
16 dB larger than the power density averaged over 1 cm?2 area at dlstance of 0,5A. The results
suggest that evaluation based on EIRP provides an overestimate of power density. This
approach may be used to show compliance of devices without requiring more complex and
accurate near field measurements described in this document.
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Figure D.2 — §;,, compared to §,, (normalized to maximum of S;.,)
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D.3 Plane wave equivalent approximation

D.3.1 General
Based on the plane wave equivalent approximation, the spatial-average power density is

determined according to Formula (3). In the direction of propagation, the power density for a
plane wave is therefore given by

L or 377)uf (D.2)

where
E is the RMS electric field (V/m);
H is the RMS magnetic field (A/m).

D.3.2 Numerical simulated results

In this pase both S; and S, are obtained by numerical simulations fer'the same configurations
descrifjed in Clause D.2. Figure D.3 shows the ratio of S, to S,, (versus distance (). Yertical
red dofted lines show the minimum separation distance calculated according to Table 1 which
is the minimum separation distance between the antenna and:the evaluation surface fof which
Formula (3) applies. D is the maximum linear dimension‘of the antenna operating|in the
selectdd configuration.

Figure|D.3 shows that, for the cases investigated;:the distance from antennas whgre the
differepce between S, and §,, exceeds 1 % does\not depend on the antenna dimengion. In
additiop, the minimum separation distances obtdined by Table 1 are much larger comppred to
the reqults for 1 cm2 and 4 cm?2 especially, for antenna arrays. Figure D.4 summarizes the
ratios for all antennas. The results indieate that, for the investigated cases, a sepfaration
distande of a few A might be sufficient\to use the plane wave equivalent approximation by
applying a compensation factor of 1,x¢.9. Sg x 1,2.
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Figure D.3 — Plane wave equivalent approximation (S,) and simulation ($,,) results
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Annex E
(informative)

Rationale for the use of square or circular shapes for the averaging area
applied to the power density for compliance evaluation

E.1 General

Annex E discusses the difference in averaging areas with square and circular shapes, which
are used to derive the spatial-average of power density over an evaluation surface S,,. As
discus§ed below Ihe averaging area with a square shape cannot be uniquely determined over
an evaluation surface and the derived S, will vary and may adversely impact reproducipility in
the commpliance assessment of power density.

E.2 |Method using computational analysis

Computational simulations were conducted using the Method of Mofment (MoM) at $everal
frequencies from 30 GHz to 100 GHz. Patch array antennas with-2 X 2 and 1 X 4 elements
were |sed as sources. Each element was excited with equal -amplitude and phase. The
spatialjaverage power density S,, was derived from Formula.(2) for averaging area of 1 cm?
and 4 pm?2 and separation distances between the antennd and evaluation surface fanging
from 1]Jmm to 10 mm. Spatial resolutions used to derive~S§, were 1 mm, 0,5 mm, and (,2 mm
at 30 GHz, 60 GHz, 100 GHz, respectively.

The anmtennas were rotated up to 90 degrees “from the initial set position as shpwn in
Figure |E.1. The spatial maximum value of S ~averaged over the square shape was gerived
for each antenna positioning.

Rotating
antenna

-~
ol
"
-

AUT

Evaluation Averaging shape
surface

Circular
[ 1]

AUT

Separation
distance

[T 1]
[TT]

AUT = antenna under test

Figure E.1 — Schematic view of the assessment of the variation
of §,, using square shape by rotating AUT

E.3 Areas averaged with square and circular shapes

Figure E.2 shows the ratio between S,, when averaged over squares compared with the circle
as a function of the separation distance from each antenna. The solid lines in the figure are
given by the mid-range of S, for square averaging shape while the vertical bars represent the
range of the spread values by rotating the antenna.
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Because of the spread in S, obtained for different orientations of the square averaging area,

—67 —

it is recommended to use a circular averaging area to ensure better reproducibility.
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Figure E.2 — Comparison of maximum values
of §,, averaged toward square and circular shapes
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Annex F
(informative)

Near field reconstruction algorithms

F.A1 General

In electromagnetic (EM) field measurements, from a theoretical point of view, the presence of
a measurement instrument, wherever it is, always affects the measurement outcomes since it
perturbs the electromagnetic field radiated by the device under test (DUT). The relevance of

such bigstshighty-variabtedependingonthetypeof probe-inuse:

In recelnt years probe and measurement solutions have been developed which are)clai

have
measu

On thd
probes
results

procesping algorithms are therefore necessary.

Conceptually the standard way to tackle this problemis to take field measureme

enough

the quantities of interest in proximity of the DUT by “‘¢omputational methods. Howeve

type of
field eX

In the |iterature this class of problems is _known as "inverse problems" and it has b

decade
commu
(closed

imited or even negligible impact on the DUT, thus making direct’ ne
ements possible.

other hand, for many of the measurement systems currently, in’ use, the im
may become quantitatively severe, to the point of jeopardizing the reliability,
when the measurements need to be taken close to the”DUT. In these case

from the DUT, so that perturbations on the lattéryare negligible, and then reco

operation is a mathematically ill-posed problem: a function mapping near field
ists, but it is not invertible.

ed to
r field

bact of
of the
5 post-

nts far
nstruct
r, such
nto far

pen for

s an active field of research for) both the applied mathematics and engi

eering

nities. As mentioned in the previous paragraph, inverse problems do not admit exact
-form) solutions, but only approximated ones; consequently, numerous methofds and

approaches have been proposed,~each one with its own merits and drawbacks depending on
the spgcificities of the problem~and on the details of each algorithm.

In the pontext of this document, it is worth remarking that, being approximated solutipns, all
these methods bring,..along a numerical error which must be taken into account|in the
uncertainty budget, and which is distinct from the random and/or systematic errors|of the
measufement setup-

The existing<approaches to address inverse problems in electromagnetics can be divided in
two mdin groups:

1) fieldexpansiomand{back=)projectiom methods 41 31 4151 16T;

2) source reconstruction (or inverse source) methods [17][18][19].

Clauses F.2 to F.4 provide a general introduction to these approaches.

e Clause F.2 contains an overview of field expansion methods.

e Clause F.3 contains an overview of source reconstruction methods.

e Clause F.4 contains a discussion on possible implementations.
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F.2 Field expansion methods

F.2.1 General

Here the fields are measured on a scanning surface, which may typically be a plane, a sphere
or a cylinder. The measured spatial data are converted into the spectral domain and
expanded in terms of modes, i.e. according to a basis of solutions of the wave equation. The
basis for the expansion is chosen in order to have basis functions which are orthogonal on the
scanning surface; hence we may encounter expansions in planar, spherical or cylindrical
waves depending on the scanning surface. On the other hand, the choice of the scanning
surface is typically dictated by the DUT characteristics and by the measurement requirements.
It is worth mentioning that it is possible to pass from one basis to another, for example from a
spherigal wave expansion to a plane wave expansion [20].

Among| the basis decompositions mentioned above, the plane wave spectrum |(PWS)
decomposition is at present the most widely used in the domain of human exposure
assessment to RF fields.

F.2.2 The plane wave spectrum expansion
F.2.2.1 General

In the framework of assessment of human exposure to radiation from wireless devices, the
PWS method consists in measuring the electromagnetic field, in amplitude and phas¢, on a
measufement plane at a large enough distance from~the DUT, so that the perturpations
caused by the measurement system become negligible. The measured values are thef back-
projected, by means of a reconstruction algorithm, to the position where the electromagnetic
field aqtually needs to be assessed.

Globally the electromagnetic field counts six” complex degrees of freedom: amplitugie and
phase for each of the three components. af;the electric (E) and magnetic (H) field. Howgever, it
follows| from Maxwell equations in a source-free, homogeneous, linear, non-magnetic and
isotropjc medium that the number of.independent complex degrees of freedom of the M field
is only|two; therefore, in order to‘determine the EM field it is sufficient to measure twp of its
complgx components. Usually,.the’amplitude and phase of the two components of the|E-field
tangential to the measurement.plane are those which are measured directly.

In the harmonic regime{PD can be expressed as the real part of the complex Poynting |vector.
It is wqrth recalling that)the time-averaged value of the Poynting vector represents the |energy
flow of|the electromagnetic field through a given surface element during the considered| period
of time

At short distances (fractions of a wavelength) from a source, the reactive parts of the |E- and
H-fields J“might contribute to the time-averaged Poynting vector (although they fo not
contribtte—to—the—totatradiated pUVVUI). Te—error—introduced—byback=projection of pure far-
field data needs to be characterized.

A typical PWS algorithm may be decomposed into the following steps.
e Let PO be the measurement plane. The two components of the E-field tangential to PO are
measured, in amplitude and phase. PO should be chosen parallel to the target plane P1.

e The measured values are converted into spectral domain and back-projected to the target
plane P1 using plane wave expansion (e.g. by means of a discrete Fourier transform).

e The normal component of the E-field on plane P1 is calculated using Gauss law, in
spectral domain.

e The H-field is calculated from the E-field using the spectral formulation of the Maxwell-
Faraday equation.
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e The E-field and H-field vector fields are converted into space-time domain by means of an
inverse discrete Fourier transform.

e The PD is calculated.

A sample test case of the PWS method and its reconstruction error is sketched in F.2.2.2.

F.2.2.2 Reconstruction error in PWS: an example

The reconstructing error of the PWS technique was assessed by computational simulation
using a patch antenna and one-dimensional array antenna with four elements. Operating
frequencies were set as 30 GHz and 60 GHz. Spatial-average of power density §,, was
derivedq_from Formula (?2) and averaging area are set as 1 cm? and 4 cm? at separation
distande between the antenna and evaluation surface ranging from 1 mm to 20 mm.

Measufement plane for the reconstruction was set at 54 away from DUT antennas: Redolution
of the ¢lectric fields used for the reconstruction was set to 0,4A. Measuremént-plane was set
to covdr approximately -30 dB from the peak of amplitude of electric field,

Figureg F.1 and F.2 show back projection error (dB) for assessmentofimaximum value$ of S,
ratio of the value obtained by the back projection to that by the computational simtlation.
Note tpat the maximum values of S,, are conservatively estimated, if a value df back
projectjon error is positive. The accuracy of the back projection”depends on the accufacy of
the elgctric field measurement, the condition for the, measurement (e.g. measurement

resolutjon, size of the measurement plane, etc.) and the-rélative distance from the evgluation
surface to the source.

. 1.0

averaging area: 1 cm averaging area: 4 em’

0.8

back projgction error [dB]
back projection error [dB]

96 4+ patch antenna :

olgdn O B . 08 -+ patch antenna
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_-l ID ] \ I T I T I T I T 1 _] -ID I T I T I T I T I T 1
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Figure F.1 — Comparison of maximum values of 5, between
the computational simulation and back projection at 30 GHz
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Figure F.2 — Comparison of maximum values of 5, between
the computational simulation and back projection<at 60 GHz

F.3 Inverse source methods

Inversg source problems arise in many scientific and“industrial areas besides antenna
measufements, such as biomedical imaging, tomography, transport equations, etc| As a
conseduence, these have been extensively studiedrand it would be hardly possible tq list all
the algprithms and variations which have been developed. Therefore, only the main pripciples
for the|EM domain will be illustrated.

The input data for the problem are typically the complex values of the electric field, radiated
from the DUT, tangent to a given measurement surface. The primary output are eqyivalent
currents on a reconstruction surface‘which encloses the DUT; these equivalent currepts are
then used as sources to calculatexthe EM field radiated from the DUT in the space region of
interest.

The main technical difficulty. is to obtain the equivalent current distributions from the r@diated
field dgta, i.e. to inverse the electric field integral equation (EFIE):

E(r) = jou, IS[J(r') + kLZVV-J(r')}G(r,r')dS + jS M(r') <V G(r,r')dS (F.1)
0

where G(l,l') is—the—free Space Green—functiom——and—M—are—the—etectric—and—m gnetic
equivalent currents, respectively, that are positioned at r’, S is the reconstruction surface and
r belongs to the measurement surface.

Again, mathematically this is an ill-posed problem. Several numerical algorithms have been
conceived to re-shape Formula (F.1) into a matrix equation of the form Ax = b, through
expansion of the currents on a set of basis functions. Anyway, the matrix 4 remains ill-
conditioned and therefore a regularization procedure is required. Among the most used
mathematical approaches, it is worth mentioning: singular value decomposition (SVD),
L2 — LT — LY minimizations, Tikhonov regularization, Morozov regularization, etc. [21][22]

Another point to be stressed is that in standard EM problems addressed by an inverse source
method, the measurement surface is relatively close to the DUT while the regions where one
wants to estimate the field values are further away. In other words, inverse source methods
are traditionally used to perform a near field to far field transformation. On the other hand, in
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the present framework, the measurement surface will most likely lie in the far field region,
while the quantity to be evaluated is the PD in the near field or very near field region. This is a
further source of inaccuracy that needs to be characterized, since by far field measurements
one cannot get information on the reactive part of the EM field.

F.4 Implementation scenarios

F.4.1 General

For most of the reconstruction methods, as well as in this document, it is assumed as
standard to have the two complex tangential components of the E-field as inputs,
i.e. me i 5 s i f0, ST ruction
algorithms can be implemented otherwise: in F.4.2 to F.4.4 some other impleméntation
scenar|os are summarized.

F.4.2 Alternative field measurements

Strictly| speaking, nothing prohibits to measure directly also the third component of the E-field,
which ay be useful to overcome problems in its numerical reconstruetion. In the samg¢ spirit,
nothing prohibits to measure two or three components of the H-field and derive the|E-field
from thiese, or even measure all the components of the EM fielddirectly.

Actuallly, all these approaches are theoretically equivalent.and the choice of one oyer the
other depends exclusively on the technical solutions available, and on their efficiency.

F.4.3 Phase-less approaches

In casq the phases of the electric and/or magnetic field cannot be measured directly, tHey can
be numerically retrieved from multiple measurements of the field amplitudes, usjng for
instande interferometric or iterative procedures such as the Gerchberg—Saxton algorithm [23].
The regonstructed phases can then be used, together with amplitudes, as input for eithtler field
expandions or inverse sources methods. The errors coming from phase reconsfruction
algorithms should as well be taken into account in the uncertainty budget.

F.4.4 Direct or quasi-direct' near field measurements

As mentioned in Clause-F.1, advancement in probe technology, such as miniaturized|and/or
non-mgtallic probes, may lower considerably the perturbations on the DUT, thus makjng the
role of reconstruction algorithms less crucial. Therefore, a scenario should not be excllided in
which dlirect nearsfield measurements on the evaluation surface will be possible, with|limited
use of|post-processing algorithms, or with no use at all. In the latter case, the uncértainty
budget| will_net contain contributions from reconstruction algorithms, but only errors goming
from tl‘]e measurement setup.
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Annex G
(informative)

Example of a mixed (numerical and experimental) approach
to assess EMF compliance for a WiGig device

G.1 General

Numerical techniques are valuable to assess EMF compliance, and as a minimum, in
combination with measurement, to identify the locations where the worst-case maxima occur
to redLimWesowmgamﬁmmals can
be us¢d from design phase to final compliance, optimizing product performange and
assurapce of timely compliance. While near-field millimetre-wave probes and measufement
techniques are under development, numerical techniques have been successfully gpplied,

with s@me limitations to assess compliance for certain low power 60 GHz\WiGig radios in
tablet gnd notebook devices.

G.2 [Approach used to assess conformance

An apgroach had been used to assess conformance with respéct to human exposurg limit.
This agproach is based on the following steps.

1) Defermine the location and orientation of the valuation surface(s) or plane(s) and
corffigurations based on exposure conditions of\the platform to users (and bystanders if
applicable).

2) If the transmitting antenna is an array involving beam-steering or beam forming, thg phase
combination leading to the maximum power density is determined, through nuerical

Finding the location of maximum' power density on the evaluation surface in each
valuation configuration using‘an upper-bound method. The basic concept behjnd the
upper-bound method is tol-assume that there could be an “ideal beam f¢rming”
mechanism that could align’the phases of all the elements for both E-field and H-field.

hen this ideal mechanism is used, all complex phasors are aligned to thg same
phase, hence the phasor absolute value can be used instead of the phasor. The|E-field
and H-field) forcany direction is the sum of the magnitude of the fields. This method
identifies the (location of the maximum power density on the evaluation |plane,
independent ‘of-the antenna phases. It allows finding the location for an upper bound of
power density with this “ideal beam forming” mechanism.

—~

he antenna phases are then adjusted (according to the device codebook) to maximize
he power density across the spatial averaging area that was found using the|upper-
bound method in a). The method that is used to find the required antenna phasgs is as

Hosaia
LAARAvA'A Ko

i) Turn on elements one-by-one and calculate for each active element the power
density in the spatial averaging window.

ii) Sort the antenna elements based on their spatial-average power density
contribution at the location determined by the upper-bound method. The elements
are arranged in descending order of power density from the highest to the lowest,
#0 to #n—1 (where n is the number of elements in the array).

iii) Turn on #0 with phase PO = 0 (reference).
iv) Turn on #1 and change the phase to maximize the power and find the phase P1.
v) Keep PO and P1 on, then turn on #2 and do same.
vi) Repeat for the rest of the elements.
3) Calculate the power density with the antenna phases that were found in 2) b).
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4) Repeat the steps from 1) to 3) for all channels. The channel leading to highest power
density is therefore determined as well as the corresponding phase configuration.

5) Validate the simulation by measurement at distances supported by the measurement
method. This is achieved by comparing E-field, H-field, local and spatial-average power
density values and distributions for the highest exposure conditions (in terms of antenna
excitations and frequency channel) found in 4).

Figure G.1 shows an example of the evaluation plane and antenna position for a platform with
WiGig technology (step 1).

RFEM 2 antenna
elements

Hvaluation plane

RFEM =|Radio Front End Module

Figure G.1.= Evaluation plane and antenna position

Table .1 shows the phase shift (in degrees) between antennas providing maximum| power
density found for the three WiGig frequency channels (step 2).
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Table G.1 — Phase shifts between antenna elements leading
to the maximum power density for each channel

Phases [degrees]
Antenna index
Channel 1 | Channel 2 | Channel 3

0 315 0 45
1 45 90 90
2 135 180 180
3 315 315 315
4 315 315 0

5 45 45 90
6 135 135 180
7 315 270 315
8 45 90 90
9 90 135 135
10 180 225 225
11 0 0 0

12 45 45 90
13 90 90 135
14 180 180 225
15 0 (0} 0

In this [example, the number of antenna elements is 16 and the possible phase valueg are 0,
45, 90,/ 135, 180, 225, 270 degrees (phase;shifter of 45 degree).

Figure |G.2 shows simulation results fop the peak power density and the spatial-averagg power
density| distributions in the evaluation plane for the phase configurations in Table G.]. Note
that the¢ maximum value was found’for Channel 1 (step 3).
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The source is determined according to the procedure described in Annex G (see also FCC ID PD918260NG).

Figure G.2 — Local and spatial-average power densities in mW/cm?

Figure G.3 shows the changes in 1 cm? spatial-average power density at the highest
exposure location with distance from the evaluation plane. Two plots are shown at 100 % and
70 % duty cycle as a function of the separation distance.
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The soufce is FCC ID PD918260NG.

Figure G.3 — Spatial-average power densities variation
with the distance from evaluation plane

Dependling on the complexity of the antenna array, exposure. conditions, availability of
platforn modelling details and millimetre-wave material dielectrie/properties, the simulation
may bg verified using far field measurement or near field measurément. Figure G.4 shows far-
field vglidation of the simulation by the EIRP measurement ofithe device in the transitipn field
and faf field zone. Good correlation between simulation and measurement can s¢rve to
demongtrate that the near-field results provided by the.simulation may be used to eyaluate
complignce.
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Figure G.4 — Correlation (simulation vs. measurement)

G.3 Conclusion

At millimetre-wave frequencies, it is often difficult to identify certain dielectric material
properties of the DUT required for numerical simulation, which can increase the simulation
uncertainty. However, depending of the measurement methodology, it may not be feasible to
obtain accurate power density results next to the DUT surface. Under such circumstances,
simulation and measurement may be used to complement each other in order to establish
compliance. Numerical techniques can be useful to assess power density levels for a
comprehensive product development programme and to demonstrate compliance to RF
exposure guidelines. The aforementioned numerical approach has been used successfully for
certain WiGig designs to demonstrate conformance to regulatory limits and prevailing
standards. As the standards for near-field millimetre-wave measurement and simulation
capabilities evolve, both techniques will continue to be useful to optimize product design and
supplement each other to simplify the near-field millimetre-wave RF exposure evaluation
requirements.
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H.1

Annex H
(informative)

Use cases

General

In Annex H, results of power density measurements conducted on a mock-up device are
presented. The DUT provided has a form factor typical of a mobile phone. It is characterized
by an antenna array operating at about 28 GHz [24]. This is formed by several notch cuts and

it is pl
printed
antenn

on a 68 mm x 25 mm x 0,3 mm Rogers RO4003C™#4; the detailed geomgtry
is provided in Figure H.2. The four ports are excited externally as the RE front

not indluded with the mock-up. The cover of the device was realized in plastics Figu

shows

the 3D radiation pattern (at 28 GHz) of the device obtained by sneans nu

simulafions and for a uniform excitation of the four ports.

Measu

methodologies and equipment. Some of these setups involve commercial solutions av

on the

market while others are based on investigative and reseafch/projects.

The main purpose of this activity was to illustrate that different systems and techniqu
be usged when assessing power density in close proximity of a device. The as
configyrations were selected by IEC TC 106 to be representative (but not comprehens
the tedt approaches defined by this document and.considering the time constraints

project

In ordgr to add confidence to the measurement results, data obtained by means of nu
simulafions are also presented. These, however, should not be considered as an a
reference for the ‘true’ values as based-only on an approximated modelling of the devig

Roger
permit

RO4003 substrate on whichCthe antenna is printed was modelled with a
vity of 3,55 and loss tangent.of 0,0027. The plastic box on which the antenna 3

chassig are placed has a dimension of 144 mm x 72 mm x 9,8 mm and thickness of 1
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Figure H.1 — Picture of the mock-up used for power density measurements

4 RO4003C is the trade name of a product supplied by Rogers Corporation. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of the product named.
Equivalent products may be used if they can be shown to lead to the same results.
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‘Top’ andl ‘Front’ represen(@evaluation surfaces where power density was evaluated.

Q‘ g.ure H.3 — Picture of the mock-up numerical model

O
H.2 C\?O@Jrations

The adopted measurement protocol is as follows.

e The test frequencies selected were: 27,5 GHz, 27,925 GHz and 28,35 GHz according to
the criteria specified in 6.2.5 assuming an operating bandwidth of 27,5 GHz to 28,35 GHz
(even though the antenna bandwidth was larger).

e The evaluation surfaces were chosen to be flat and parallel to the ‘top edge’ and to the
‘front face’ of the device (see Figures H.1 and H.3). The (planar) evaluation surfaces were
chosen independently (at least in part) from what is specified in 6.2.5. This was necessary
to reduce the measurement time and to allow different laboratories to take part in this
activity within the given time frame. The selected evaluation surfaces would correspond to
the flat phantom configuration in Alternative 1 of 6.2.5 . Such evaluation surfaces are also
consistent with Alternative 2, as the maximum spatial-average power density was found in
one of such planes.
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e Results are presented for a separation distance from the device to the evaluation plane of
5 mm. At the single frequency of 27,925 GHz, power density is also provided at 10 mm
and 20 mm.

e The antenna was excited through a CW signal and the spatial-average power density was
determined according to Formula (2). Circular averaging areas of 1 cm2, 4 cm? and
20 cm? were selected.

e The power density values are provided for an input power of 5 mW (RMS) to each antenna
port.

e The precoding weights defining the possible phase and amplitude excitations for each
antenna port (codebook) of the mock-up are described in Table H.1.

Table H.1 — Phase shift values for the mockup antenna ports.

w, w, Wy W, W
Port 1 1 1 1 1 1
Port 2 1 —iin —iﬂn i—n iﬁn
e 2 e 2 e WO2
Port 3 1 oim e’iﬁ T o ei\/§ T
Port 4 1 i3, y Bﬁn PN i3\/§ .
e 2 e 2 e e 2

H.3 [Results obtained at Laboratory 1

H.3.1 General

The measurements of the mock-up provided (DUT) were performed in a tempgrature
controlled anechoic chamber, using an“automated positioning system and a minigturized
probe ps described below; the amplitude of the E-field components is measured gnd the
phase |s retrieved similarly to what.is described in F.4.3. In H.3.2 to H.3.8, the methoglology,
setup fpr the mock-up measurements and results are presented.

H.3.2 Miniaturized probe

The prpbe is based 6n,the pseudo-vector probe design, which not only measures the field
magnitude but also_derives its polarization ellipse. This probe concept also has the advantage
that th¢ sensor angle errors or distortions of the field by the substrate can be largely nullified
by calibration. This is particularly important as, at these very high frequencies, field disfortions
by the|substrate are dependent on the wavelength. The design entails two small (0,8 mm
dipole [sensers mechanically protected by high-density foam, printed on both sid of a
0,9 mm_wide and 0,12 mm _thick glass substrate. The body of the probe is spegifically
constructed to minimize distortion by the scattered fields.

The probe consists of two sensors with different angles (y4 and y,) arranged in the same
plane in the probe axis. Three or more measurements of the two sensors are taken for
different probe rotational angles to derive the amplitude and polarization information. These
probes are the most flexible and accurate probes currently available for measuring field
amplitude.

H.3.3 Scans

The scan involves the measurement of two planes spaced A/4, with three different probe
rotations for each plane. The grid steps are optimized by the software based on the test
frequency and the size of the device under test (DUT). The location of the lowest
measurement plane is defined by the distance of first measurement layer from DUT defined
by the user, in this case the planes of interest: 5 mm, 10 mm and 20 mm.
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For the numerical description of an arbitrarily oriented ellipse in three-dimensional space, five

parameters are needed (Figure H.4): the semi-major axis (a), the semi-minor axis (b), two
angles describing the orientation of the normal vector of the ellipse (¢, 6), and one angle
describing the tilt of the semi-major axis (y). For the two extreme cases, i.e. circular and

linear polarizations, three parameters only (a, ¢ and 6) are sufficient for the description of the
incident field.

IEC

Figure H.4 — lllustration of the angles used for the numerical description
of the sensor and the orientation of an ellipse in 3-D space

For thg¢ reconstruction of the ellipse parameters from measured data, the problem

reform

can be

ilated as a nonlinear search problem. The semi-major and semi-minor axeg of an

elliptical field can be expressed as functions of the threesangles (¢, 8 and ). The pargmeters
can be|uniquely determined towards minimizing the erforbased on least-squares for th

set of

hngles and the measured data. In this way, the number of free parameters is r

from five to three, which means that at least three sensor readings are necessary
sufficignt information for the reconstruction of .the ellipse parameters. However, to syppress

the noi

system| of equations. The solution to use a‘probe consisting of two sensors angled by

7o tows

i.e. at

information or increased accuracy, more rotation angles can be added.

The re
that ar

b best solved by thée\Givens algorithm combined with a downhill simplex algorit

minimize the mutual coupling, sensor angles are set with a 90° shift (; = 7 + 90°),

simplif
in [25].

b given
bduced
0 gain

5e and increase the reconstruction accuracy, it is desirable to have an overdetgrmined

77 and

rd the probe axis and to perform_tmeasurements at three angular positions of thg probe,
B4, Po, and fBs, results in over determinations of two. If there is a need fof more

construction of the ellipse parameters can be separated into linear and non-linegr parts

hm. To
and, to

, the first rotation angle of the probe (£,) can be set to 0°. Mode details can b¢ found
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H.3.4

Probe output signals
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Figure H.5 — Numerical algorithmfor reconstructing the ellipse parameters

Total field and power density reconstruction

Computation of the power density in general requires knowledge of the electric (E

magne
quantit]
Maxwe|
[26][27]
ellipse
ability
permits
measu
recons

-) and

| has been deyeloped, which benefits from the availability of the E-field pola
information ebtained with the probe. This reconstruction algorithm, together w
pof the probe:to measure extremely close to the source without perturbing th

reconstruction of the E- and H-fields, as well as of the power dens
emeni-planes located as near as A/5 away. A flow-chart of the algorithm u
ruction is presented in Figure H.5.

es from pseudo-vector E-field measurements is feasible, as they are constraiped by

ic (H-) field amplitudes_and phases in the plane of incidence. Reconstruction o£these
[I’'s equations. A_feeonstruction approach based on the Gerchberg—Saxton algorithm

ization
ith the
b field,
ty, on
sed for

H.3.5

Power density averaging

The average of the reconstructed power density has been evaluated over a circular area in
each measurement plane. The area of the circle is defined by the user; for this study the area
was defined as 1 cm2, 4 cm2 and 20 cm2. Note that the average is only evaluated for grid
points where the averaging circle is completely filled with values; for points at the edge where
the averaging circle is only partly filled with values, the averaged power density is set to zero.
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