INTERNATIONAL ISO
STANDARD 11451-5

First edition
2023-05

Road vehicles — Vehicle test methods
for electrical disturbanecés from
narrowband radiated electromagnetic
energy —

Part 5:
Reverberation'chamber

Véhicules routiers<= Méthodes d'essai d'un véhicule soumif
a des perturbations électriques par rayonnement d'énergie
électromagngtique en bande étroite —

Partie 5-Chambre réverbérante

Reference number
ISO 11451-5:2023(E)

© IS0 2023


https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

ISO 11451-5:2023(E)

COPYRIGHT PROTECTED DOCUMENT

© 1502023

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401  Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org
Published in Switzerland

ii © 1S0 2023 - All rights reserved


https://www.iso.org
https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

ISO 11451-5:2023(E)

Contents Page

1 SCOPI@ ... 1

U1 & W N
-
o
%]
[
o
=]
=
e
=g
=]
=
7]

Tcat :UL“t;Ull
5.1 Reverberation chamber description
5.2 WOTKING VOIUITIE ..o e e

6 Test INSTrUMENTATION ... W e
6.1 <] 0 =) ¥ OSSP -
6.2  Field generating deviCe ... B oot
6.3 23 T=] U0 o) 0] 1= S

6.4 Stimulation and monitoring of the device under test (DUT)
6.5 Optional: receiving antenna(s) and spectrum analyser

6.6 Optional: vector network analySer. ... S o]
7 TEST SEEUP ..ot M et
7.1 Vehicle placement. ... e
7.2 Field generating device location - Antenna constraints..
7.3 Vehicle test configurations ... &0
7.3.1  Vehicle not connected to the poWEer Grid ...
7.3.2 Vehicle in charging modex:l' or mode 2 (AC powered, without
COMMUNICATION s oo 10
7.3.3 Vehicle in charging mode 3 or mode 4 (AC or DC powered, with
COMIMUITCATION) e 73 e | 13
7.3.4  Vehicle in chargingimode through wireless power transmission (WPT]............... 17
8 TESEPTOCEAUTE ........ooccoo 5 N ettt
8.1 General.....oonn
8.2 Stirring configurations ..
8.3  Testplan.....(.) ..
8.4 TEST MNETNOASL s
8.5 Reverb method with substitution method power control...........cc]
8.5.1 Reverb reference POiNtS. ...
8.5.2~ Substitution method with empty chamber calibration...................
8.5/3¥ Substitution method with calibration including the vehicle
8.6 ST T@P T e

Annex D (informative) Tuned mode and stirred Mode.................ce e 44
Annex E (informative) TLS MEETROM. ...t 48
Annex F (informative) Cavity mode Method ... 55
Annex G (informative) Reverb method with closed-loop power control..............e. 59
Annex H (informative) Chamber time constant method.............. e 61
Annex I (informative) VINA ME@TNOM ...t 67
Annex ] (informative) Measurement of total antenna efficiency M. 74
Annex K (informative) Measurement of diffuse field correction factor Fgg ... 77

© 1S0 2023 - All rights reserved iii


https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

ISO 11451-5:2023(E)

Annex L (informative) Measurement of 7, Q, and ACS

Annex M (normative) AdAItiONAal AAN(S) ...t

BIDIHOGTAPIY ...t

iv © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

Fo

ISO 11451-5:2023(E)

reword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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vehicle(s)”, it can readily be applied to other types of vehicles:

verberation chamber

Scope

5 document specifies methods for testing the immunity of passenger carsfand commerc
lectromagnetic disturbances, regardless of the vehicle propulsion system (e.g. spark ignif
el engine, electric motor) using a reverberation chamber.

electromagnetic disturbances considered are limited to narrowbaid electromagnetic fi

le this document refers specifically to passenger cars ard commercial vehicles, gen

11451-1 specifies general test conditions, definitions, practical use, and basic principles
cedure.

ction performance status classification guidelinés for immunity to electromagnetic rad
ff-vehicle radiation source are given in Annéex A.

Normative references

following documents are referred to in the text in such a way that some or all of th
Stitutes requirements of this, document. For dated references, only the edition cited 4
ated references, the latestedition of the referenced document (including any amendmen

11451-1:2015, Roadvehicles — Vehicle test methods for electrical disturbances from n
ated electromagnetieenergy — Part 1: General principles and terminology

61000-4-21, Electromagnetic compatibility (EMC) — Part 4-21: Testing and measurement t
erberation chamber test methods

Terms and definitions

al vehicles
ion engine,

blds.

bralized as

of the test

ation from

Pir content
pplies. For
[s) applies.

arrowband

bchniques -

For

the’ purposes of this document, the terms and definitions given in ISO 11451-1 and th

p following

app

ly.

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

©IS

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

IEC Electropedia: available at https://www.electropedia.org/
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3.1

mean absorption cross section

ACS

OQ,TE

O3 ™™

Q

Note 1 to erftry: It is the measure for the ability of a vehicle to absorb energy in a reverberation chamber (3.1¢

gives the cr

1
(o, >Q s H (Ga,TE t 0™ )<
4r

. 1 1 . . P . - a PR T B - 1
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and TM waves;

is the absorption cross section for incident TE waves from a spatial direction;

is the absorption cross section for incident TM waves from a spatial direction;

is the solid angle which is 4z for the full sphere (i.e. waves from all angles).

the same e

(3.5), the A(S is a property of the vehicle only and is the same for all reverberation chambers. Therefore, it all
determination of the necessary extra power to compensate the loading effeets by the vehicle without a loa
factor measpirement or a new chamber characterization with vehicle.

Note 2 to enftry: See Annexes H and L.

Note3toe

3.2
antenna c
ACF

ratio of the
empty cha

Note 1 to enftry: See 8.5.2.

3.3

cavity mo
method ad
frequency
80) MHz, W

Note 1 to entry: See Annex F.

3.4

bss section area of an equivalent ideal absorber without any reflections or scattering, which abs
ergy as the vehicle in the reverberation chamber. In contrast to the chamber loading factor (i

ry: See Reference [19].

haracterization factor

average received power to forward/power obtained in the antenna characterization of]
mber characterization

le method

opting chamberp-modes to generate the required field strength with less power for
between TLS<{method (3.22) and the lowest usable frequency (LUF) (3.11), typically
rhere the chamber has a lower mode density

TE

b). It
brbs
[LF)
oWs
ing

the

the
30-

chamber ¢
CCF

haracterization factor

normalized average received power with the vehicle present

Note 1 to entry: See 8.5.2.

3.5
chamberl
CLF

oading factor

ratio of the antenna characterization factor (3.2) to the chamber characterization factor (3.4)

Note 1 to en

try: See 8.5.2.

Note 2 to entry: It is a measure for the additional loading of the chamber due to the test setup including, for
example, the vehicle and the support equipment (3.21).

2
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mber time constant

mean time decay of the received power delay profile in a reverberation chamber (3.16)

Note 1 to entry: See Annexes H and L.

3.7
cha

rging mode

mode of operation intended for charging the rechargeable energy storage system (storage system that
provides electric energy for electric propulsion which can be recharged)

3.7.

charging mode 1

cha
util

Not
Not

3.7.

chafrging mode 2

rging mode (3.7) where the vehicle is connected to a standard socket-outlet of an A€'supp
zing a cable and plug, both of which are not fitted with any supplementary pilot gr, auxilia

e 1 to entry: In some countries, mode 1 charging can be prohibited or requires speéial precaution
e 2 to entry: Charging mode 1 is defined in IEC 61851-1:2017,6.2.1.
2

y network,
'y contacts

S.

protection
protection

ent (EVSE)
nunication
rk lines)

chalging mode (3.7) where the vehicle is connected to AC mains using a charging cable, which has an
EV supply equipment (EVSE) (3.10) box in-line (e.g. in-cable control box / in-cable control and
devijice), providing control pilot signalling between the vehicle’and the EVSE box and personal
agajnst electric shock

Note 1 to entry: In some countries, special restrictions are@pplied for mode 2 charging.

Notg 2 to entry: There is no communication with the ¥ehicle.

Notg 3 to entry: Charging mode 2 is defined in IEC61851-1:2017,6.2.2.

3.73

charging mode 3

ch%ging mode (3.7) where the vehicle is connected to a fixed installation [EV supply equipni
(3.10), e.g. AC charging station, 'AC wallbox] providing AC power to the vehicle, with com
betveen the vehicle and the EVSE (through signal/control lines and/or through wired netw
Note 1 to entry: Charging mode 3 is defined in IEC 61851-1:2017,6.2.3.

3.7.4

charging mode 4

(31
cony
net

r
ch%ging mode(3.7) where the vehicle is connected to a fixed installation [EV supply equipn

0), e.g. DC)charging station], providing DC power to the vehicle (with an off-board ch
munjcation between the vehicle and the EVSE (through signal/control lines and/or thr
vork lines)

ent (EVSE)
ger), with
ugh wired

Not

3.8

cttoemryCharging mode 2 isdefimed i iEC 6185+ 12017,6:2 %

coherence time of the reverberation chamber
time interval between two independent stirring configurations (3.19) in stirred mode (3.18)

Note 1 to entry: The field in the reverberation chamber (3.16) conserves its statistical properties [e.g. the positions
of the field maxima and minima in the working volume (3.27)] during the coherence time.

©IS
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39
CDF

cumulative distribution function
probability that the electromagnetic field strength is less or equal to a specific value

Note 1 to entry: A value of this function can be used as levelling target (e.g. 100 V/m at CDF 0,2 means 20 % of the
measured electric field strength values are less or equal to 100 V/m and 80 % are higher than 100 V/m).

3.10

EVSE

EV supply equipment

equipmentfor a combination of equipment, providing dedicated functions to supply electric energy,ffom
a fixed eledtrical installation or supply network to an EV for the purpose of charging

3.11

lowest usgble frequency

LUF

lowest frequency for which the field uniformity requirements are met for the reverb.method (3.17) and
atleast 12 independent stirring configurations (3.19) can be achieved

Note 1 to entry: The LUF is determined in accordance with C.6.

3.12

maximum| chamber loading factor

MLF

figure of mlerit corresponding to the worst case loading configuration for which the field uniformityfhas
been demopnstrated

Note 1 to enftry: See 8.5.2.

3.13

periodization

method to|define an analysis time window for«the calculation of autocorrelation coefficients based on
the compldte period of a periodic stirring precess sequence

3.14

power delpy profile

PDP

temporal Yehaviour of the powerd€ecay in a reverberation chamber (3.16) after switch-off of the pojwer
source

3.15

quasi-tun¢d mode

operating mode of axeverberation chamber (3.16) where the response time of the DUT to the extefnal
field is shofter thanthe coherence time of the reverberation chamber (3.8)

Note 1 to e11try: See D.3.1.

3.16

reverberation chamber
high Q shielded room (cavity) whose boundary conditions are changed via one or several rotating
tuners or moving walls (including vibrating intrinsic reverberation chambers (VIRCs) (3.28) with or
without conductive contact to the floor) or repositioning of the transmitting antenna(s)

Note 1 to entry: This results in a statistically uniform electromagnetic field.

3.17

reverb method
usage of a reverberation chamber (3.16) above the lowest usable frequency (LUF) (3.11)

© IS0 2023 - All rights reserved
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3.18

stirred mode

operating mode of a reverberation chamber (3.16) where a tuner (3.25) or a vibrating intrinsic
reverberation chamber (VIRC) (3.28) shaker is moved continuously while the test is running

3.19
stirring configuration
unique set of conditions that defines the RF environment

Note 1 to entry: It can stand for a single tuner (3.25) in a fixed position as in classical reverberation chambers
(3.16). In addition, it can stand for a position of a vibrating intrinsic reverberation chamber (VIRC) (3.28) at a point
i e, for amomentary Irequency in case of Irequency stirring, or a transmitting antenna configurhtion.

equipment associated with performing an EMC test on a vehicle including (but not all inclusive) load
simplator, charging cables, AMN(s), HV-AN(s), AAN(s), DUT monitoring equipment including| fibre optic

method using a TLS (similar as in ISO 11451-2) inside a reverberation chamber (3.16) fand which
exténds the usage beyond TEM-waveguide testing up-to the lowest usable frequency (LUF) (B.11) of the

of radiated power to forward power at antenna port, it is less than 1 or 100 % due to mjsmatching
and|losses of the antenna (e.g. ohmic loss of metallic material and dielectric loss of insulation)

operating mode of a-reverberation chamber (3.16) where the tuner (3.25) is moved stepwise to fixed

large metallic reflector capable of changing the electromagnetic boundary conditions in a reyerberation
chamber (3.16) as it rotates or maves

Note 1 to entry: As the tuner moves, the nulls and maximums in the field change location, ensuring the vehicle is
exposed to a statistically uniform field.

3.26

windowing

method to define an analysis time window for the calculation of autocorrelation coefficients based on a
part of a stirring process sequence

3.27

working volume

volume within the reverberation chamber (3.16) that contains the vehicle, the support equipment (3.21),
and the receiving antenna, if used

© IS0 2023 - All rights reserved 5
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3.28

VIRC

vibrating intrinsic reverberation chamber

tent-like structure formed by conductive fabrics where movements of the walls are excited, e.g. by
moving arms which push and pull corners or edges of the tent

4 Test conditions
The applicable frequency range for the reverb method is LUF to 18 000 MHz. Testing over the full

frequency range could require different field-generating devices, but this does not imply that testing of
overlapping frequency ranges is required.

NOTE The applicable frequency range is 0,01 MHz to LUF for the TLS method (see Annex E), 30 MHz to [LUF
for the cavify mode method (see Annex F), and LUF to 18 000 MHz for the other reverb methods (seé Annex¢s G,
Hand]).

The user shall specify the test severity level or levels over the frequency range. Suggested test sevefrity
levels are given in Annex A.

Standard tgst conditions are given in ISO 11451-1 for the following:
— testtemperature;

— supply|voltage;

— modulption;

— dwell {ime;

— frequency step sizes;

— definitlion of test severity levels;

— test signal quality.

5 Testlocation

5.1 Rev¢rberation chamber,description
The test shiall be performediiira reverberation chamber.

The aim qof using a _reverberation chamber is to create statistically homogeneous and isotrppic
electromagnetic fields(within the working volume.

These conditions:are not valid close to the ground floor in the working volume (see 5.2).

A reverbefation chamber for vehicle testing consists of a shielded enclosure, one or several field

generating devices, and some mechanical apparatus to change the boundary conditions for the
electromagnetic fields. This mechanical apparatus may, for example, contain one or several rotating
tuners or moving walls, or may even be realized by using conductive fabrics as shielded enclosure (e.g.
a VIRC).

The chamber may contain a vehicle dynamometer, a turntable or both.

It may also contain a TLS (see Annex E) or other type of field generators (e.g. tunable monopoles, see
Annex F) as field generating device for testing from 0,01 MHz to the LUF.

The chamber may also contain one or several receiving antennas and one or more field probes.

The size, shape and construction of the reverberation chamber can vary considerably. The minimum
size of the shielded enclosure is determined by the size of the test region needed, the size of the

6 © IS0 2023 - All rights reserved
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field generation device or devices, the size and shape and location of the tuner or tuners, the needed
clearances between all these and the largest vehicle to be tested, and the intended LUF of the chamber.
An example of a rectangular reverberation chamber with one mechanical tuner and one field generating
antenna is shown in Figure 1.

After initial construction, the reverberation chamber shall be characterized in accordance with the
test methods intended to be used. For the reverb method, the chamber shall fulfil the field uniformity
requirements of Table C.2. The LUF of the reverberation chamber is determined during this initial
characterization. Following any major modifications, a new chamber characterization shall be carried

out

again. Changes to the tuners shall be considered a major modification.

5.2

The
ant

Thd

Working volume

working volume is the volume that contains the vehicle, any support equipment and th
bnna, if used. The form of the working volume shall be a cuboid.

or dny tuner or any transmitting antenna shall be at least 1/4 at the lowest used frequency of

met

Thd
veh
cha

NO1
dist]

Mot
veh
cou
effe
wil

can

hod.

working volume for testing vehicles starts directly on the grouaad'plane in order to cont
icle. Although this differs from the IEC 61000-4-21 working velume definition, for the
ber calibration, the reverb reference points described indEE€ 61000-4-21 shall be used.

E For the TLS method (see Annex E), and the cavityxmode method (see Annex F), the A
Ance requirement does not apply.

e than one vehicle can be tested in one immuhity test (e.g. testing of communicatio
icles). If the distance between the vehicles iss¢loser than A/4 at the lowest tested frequ
d be significant interaction between the velicles. This can be desirable for investigating

be scattering between the vehicles siniilar to the scattering from walls, etc. Therefor
be interpreted as the simultaneous independent test of multiple vehicles. In either cag

homogeneity requirements shall still be fulfilled with multiple vehicles present and the load

conj

6

6.1

Tes
(RH

Thd

pensated appropriately as defined in the applicable test method.

Test instrumentation

General

[ing consists\of generating radiated electromagnetic fields using antenna sets with radia

following test instrumentation is used:

P receiving

minimum distance between the working volume and the walls and ceiling\efthe shielded enclosure

the reverb

din the full
purpose of

4 minimum

n between
ency there
proximity

cts. If the distance between the vehicles s larger than A/4 at the lowest tested frequency there

e, this test
e, the field
ng shall be

frequency

) sourcescdpable of producing the desired field strength over the range of test frequencifes.

field generating device(s): e.g. antenna(s);

©IS

field probe(s);
RF signal generator with internal or external modulation capability;

high power amplifier(s);

power meter (or equivalent measuring instrument) to measure forward power and reflected power;

optional: receiving antenna(s) and spectrum analyser;

optional: vector network analyser.

02023 - All rights reserved
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6.2 Field generating device

A transmit

NOTE

ting antenna is used as the field generating device for the reverb method.

(see Annex F) uses tunable monopoles.

The TLS method (see Annex E) uses a TLS as a field generation device, and the cavity mode method

Multiple antennas, amplifiers and directional couplers may be necessary to cover the complete

frequency

range.

The transmitting antenna(s) shall be linearly polarized antenna(s) capable of satisfying the frequency

requireme
fulfil this r|

£ 70 07 (1

rs Tl i £33 L. 1d 1. +£.1 a3 d 1 i 4+ H
ILS. 1T1IC AdlIItUIIITd Clll\,lcll\,y SlHIvudiudu v duiCdol 7J /U LIUS lJCl TUUIC AU 1IUT' 1T ATIItCIITId S L)’ IJIL

equirement). An example with a horn antenna is shown in Figure 1.

6.3 Field probes

Field prob|
communic

dynamic r3
for fast stit

At high fre

es shall be capable of measuring electric field strength in three orthogonal axes.
htion lines from the probes shall be fibre optic links. The sampling raté, bandwidth
nge of the probe shall be capable to measure accurately the field. This.is especially impor
red mode techniques.

uencies, the radiation characteristics of the field probes will deviate from the ideal one,

to size relaftive to wavelength, symmetry and other properties. Above which frequency, this happen

if it is reley

the reverb

for measuy

important
correction

ant in the frequency range of the probe, depends on the probe properties. For applicatio
bration chamber, the directivity and isotropy of the field'probe itself does not matter, s
ing the mean and maximum values, only the total ¢adiation efficiency of the probe ax

factors for field probes. If the properties of a field probe in the diffuse-field are not kng

it is recommended to determine the diffuse-field correction factor according to Annex K, and in ¢

deviations

6.4 Stim

The vehicl
effect on

actuators y

Connectioy

be accomp|
require ex
be carefull

are identified, to correct them.

ulation and monitoring of the device under test (DUT)

the electromagnetic characteristics, e.g. plastic blocks on the push-buttons, pneum
vith plastic tubes.

|s to equipment monitoring electromagnetic interference reactions of the vehicle 1
lished by using fibrereptics, or high resistance leads. Other type of leads may be used
reme care to minimize interactions. The orientation, length and location of such leads §
y documented®o ensure repeatability of test results.

Any electrical conneetion of monitoring equipment to the vehicle may cause malfunctions of the veh

Extreme c4

re shall'be taken to avoid such an effect.

ally

The
and
ant

due
S or
n in
nce
s is

not the gain. Annex K describes a method, how te measure and compensate diffuse-field

wn,
ase

e shall be operated as required‘in the test plan by using actuators which have a mininjum

atic

may
but
hall

cle.

6.5 Optional: receiving antenna(s) and spectrum analyser

For chamber characterization and test, receiving antenna(s) and a spectrum analyser may be used to
measure the received power. This measurement may be used to determine the chamber loading factor
due to the vehicle and the support equipment (see 8.5.2).

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

ISO 11451-5:2023(E)

1
K 8
J\

2
Key
1 |reverberation chamber / VIRC 8  RF signal generator
2 |amplifier / operator room 9  RF amplifier
3 |working volume 10 directional coupler
4 |tuner, if used 11 power meters
5 [transmitting antennd 12 spectrum analyser, if used
6 [|receiving antenfia,if used 13 vehicle
7 |field probe(s)sif used 14 dynamometer (with or without turn-table)

Figure 1 — Example of a reverberation chamber

6.6 Optional: vector network analyser

For the VNA method (Annex I) and measurement of the chamber time constant with the spectral
method (Annex L), and of antenna efficiencies (Annex |), a vector network analyser shall be used.

7 Testset-up

Four test setups are described:

— one for all type of vehicles when they are not in charging mode,

— one for vehicles in charging mode 1 or mode 2 (AC powered, without communication),

©1S0 2023 - All rights reserved 9
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7.1 Vehi

one for vehicles in charging mode 3 or mode 4 (AC or DC powered, with communication),

one for vehicles in charging mode through wireless power transmission (WPT).

cle placement

The vehicle shall be placed in the working volume. The working volume may contain a vehicle
dynamometer or turntable or both (see Figure 1).

7.2 Field generating device location - Antenna constraints

The locati
The transn

hitting antenna shall not directly illuminate the working volume. The transmitting arnte

should be glirected into a corner of the chamber if possible (see Figure 1 for location of a transmit

antenna as

NOTE A
wall resulti

7.3 Vehi

The config

propulsion)).

The config
they are in

The config
they are in

The config
mode thro

7.3.1 Ve

An exampl
732 Ve

7.3.2.1 (
This config

The vehiclg

example). Directing the antenna into the tuner is also acceptable.

g in a potentially high VSWR situation.

cle test configurations

uration of 7.3.1 is applicable to all vehicle types (combustion engine, electric or hy

charging mode 1 or mode 2.

charging mode 3 or mode 4.

iration of 7.3.4 is applicable only to the electric propelled vehicles when they are in charg
igh wireless power transmission (WPT).

hicle not connected to the power grid

e of a test set-up is shownn Figure 1.
hicle in charging mode'1 or mode 2 (AC powered, without communication)

feneral
uration concerns only charging mode 1 and mode 2.

, AMN(s) and power charging cable shall be placed in the working volume.

n of the transmitting antenna(s) shall be the same for both characterization and testling.

nna
[ing

\n upward tilt of the antenna is advisable to avoid direct incident wave illumination of the chanhber

brid

uration of 7.3.2 is applicable only to the electric or hybrid / plugin propelled vehicles wihen

uration of 7.3.3 is applicable only to the electric*or hybrid / plugin propelled vehicles when

1N g

Examples ¢f‘tést set-ups are shown in Figure 2 and Figure 3.

7.3.2.2 Power mains

The power mains socket may be placed anywhere in the test location (including the working volume)

with the fol

lowing conditions:

the socket(s) shall be placed on the ground plane;

possible;

plane.

10

the length of the cable between the power mains socket and the AMN(s) shall be kept as short as

the cable between the power mains socket and the AMN shall be placed directly on the ground

© IS0 2023 - All rights reserved
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Care shall be taken to avoid disturbances to the off-board peripheral equipment.

7.3.2.3 Artificial mains network

Power mains shall be applied to the vehicle through 50 uH/50 Q artificial mains networks (AMN(s)) as

defi

ned in ISO 11451-1:2015, Annex B.

The AMN(s) shall be mounted directly on the ground plane. The case of the AMN(s) shall be bonded to
the ground plane.

The

measuring port of each AMN shall be terminated with a 50 € load.

7.3

The
inle
The
-0)

For
allo
If it
use

Thd
the

Thd
matf

Unl
use

If th
per

t and shall be routed perpendicularly to the vehicle's longitudinal axis (see-Figure 2 ang

wed between windings. The width of the Z-folded cable shall be between 500 mm and

's installation, the disposition of the excess cable length shall be precisely noted in the t¢

2.4 Power charging cable

power charging cable shall be laid outin a straight line between the AMN(s) and‘the vehic

le charging
| Figure 3).

projected cable length from the side of the AMN(s) to the side of the vehigle shall be (8
mm as shown in Figure 2 and Figure 3.

a longer cable, the extraneous length shall be “Z-folded” symmetrically. No contact of

is impractical to do so because of cable bulk or stiffness, or be¢ause the testing is bein

charging cable at the vehicle side shall hang vertically~at a distance of (100 (+200 / -0)
vehicle body:.

whole cable shall be placed on a non-conductive, low relative permittivity (dielectri
erial (¢, < 1,4), at (100 £ 25) mm above the ground plane.

bss otherwise specified the mode 1 or mode 2 charging cable provided by the manufactu
d and shall have a maximum length of 10-m.

e vehicle manufacturer deliversanore than one mode 1 or mode 2 cable, the measureme
formed with one representative cable for each mode.

Dimensions in

©IS

|
800(+200/-0)

100(+200/-0)

a) Front view

02023 - All rights reserved
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NOTE

+200
800 -0
(=}
b
¥ <
[}
(=}
n
2
= O
3
6
b) Top view
vehiclefunder test
insulating support
charginlg cable (including EVSE for charging mode 2)
artificidl mains network(s) grounded
power mains socket (see 7.3.2.2)
extrangous length Z-folded

’

cable betwden the AMN and the EV.

Figure

12

N1 A

2 — Example of test setup for vehicle with socket located on vehicle side (charging
mode 1 epmode 2, AC powered, without communication)

'he cable between the AC mains and the AMN does not need to be aligned in same direction aq the

Dimensions in millimdtres

100 $25

N~ . 7 /

C@j

800(+200/-0)

a) Front view
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4
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45
o 2
S
So L
S
(e
i
+200
800%0
b) Tep view
Key
1 [vehicle under test
2 |insulating support
3 |charging cable (including EVSE for charging mode 2)
4 |artificial mains network(s) grounded
5 |power mains socket (see 7.3.2,2)
6 |extraneous length Z-folded
NOTE The cable between the AC mains and the AMN does not need to be aligned in same direction as the
cable between the AMINJand the EV.
Fighire 3 — Example of test setup for vehicle with socket located front / rear of vehicle| (charging
mode 1 or mode 2, AC powered, without communication)
7-3-3 ‘V’Cll;\,}c ;ll L}lal sills lllUc‘lC 3 Ul lllUdC 4 {AC Ul DC PUWCI Cd, Witll \,uuuuuu;t,at;uu]

7.3.3.1 General
This configuration concerns charging mode 3 and mode 4.

The vehicle, HV-AN(s)/AMN(s), AAN(s) and power charging harness shall be placed in the working
volume.

Examples of test setups are shown in Figure 4 and Figure 5.

©1S0 2023 - All rights reserved 13
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7.3.3.2 Charging station / power mains

The charging station may be placed either in the test location (including the working volume) or outside

the testloc

ation.

If the communication between the vehicle and the charging station can be simulated, the charging
station may be replaced by a power supply connected to the AC power mains network.

In both cases, power mains/supply and communication or signal lines socket(s) shall be placed in the
test location with the following conditions:

the soq

the len
AN(s) ¢

as pos

If the char
charging sf

the ha

the exf
imprad
install

Care shall
NOTE |

volume. Shi
disturbancd

7.3.3.3 A

AC power
ISO 11451-

DC power
ISO 11451-

The AMN(s
shall be bo

The measulring portef each AMN/HV-AN shall be terminated with a 50 (2 load.

7.3.3.4 A

In a reverberation chamber, strong electromagnetic fields are everywhere, not only in the wor

1 el 1 111 1 | 4] | 1
RCTLS) SIIAdIT DT plaltTdl UIT LT g1 OUulliu pI1dlic,

gth of the cable between the power mains/supply socket(s) and the AMN(s) or DC-charg
hould be kept as short as possible and shall be placed directly on the ground plane;

5ible and shall be placed directly on the ground plane.

ging station is placed inside the reverberation chamber, then the harnesses between

ness at charging station side shall hang vertically down to the @round plane;

raneous length shall be placed directly on the ground plane and “Z-folded” if necessary. If]
tical to do so because of cable bulk or stiffness, or becausé the testing is being done at a usg
htion, the disposition of the excess cable shall be precisely noted in the test report.

be taken to avoid disturbances to the off-board péripheral equipment.

elding the off-board power unit or placing it-outside can be the simplest countermeasures to a
S.

irtificial networks

mains shall be applied to. the vehicle through 50 pH/50 Q AMN(s) as defined
[:2015, Annex B.

mains shall be applied to the vehicle through 5 pH/50 Q HV-AN(s) as defined
[:2015, Annex B.

)/HV-AN(s) shall be mounted directly on the ground plane. The case of the AMN(s)/HV-A
hded to the gfound plane.

Lsymmetric artificial network

ng-

the lenfgth of the cable between the communication socket(s) and the AAN(s) should be kept as short

the

ation and the power mains or communication socket shall satisfy the-following conditions:

itis
er's

King

yoid

in

in

N(s)

Communication lines connected to signal/control ports and lines connected to wired network ports
shall be applied to the vehicle through AAN(s).

The variou

s AAN(s) that shall be used are defined in Annex M and in ISO 11451-1:2015, Annex B:

[SO 11451-1:2015, B.4.1 for signal/control ports with symmetric lines,

— IS0 11451-1:2015, B.4.3 for signal/control ports with PLC technology on the control pilot line and

— M.1 for signal/control ports with a control pilot line.

The AAN(s) shall be mounted directly on the ground plane. The case of the AAN(s) shall be bonded to
the ground plane.

14
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measuring port of each AAN shall be terminated with a 50 () load.

If a charging station is used, AAN(s) are not required for the signal/control ports and/or for the
wired network ports. The communication lines between the vehicle and the charging station shall be
connected to the associated equipment on the charging station side as in typical installations.

If communication is emulated (i.e. the charging station is replaced by a power supply) and if the presence
of the AAN prevents proper communication then no AAN shall be used.

7.3.

3.5 Power charging harness

The
out
be 1
har
(+24

For
allo
it is
use

The
sidd

Thd
mat

Unl
sha

If th
wit

Unl

power (charging) harness, including the power and the communication wires/cables;s
in a straight line between the AMN(s)/HV-AN(s) / AAN(s) and the vehicle charging'inlg
outed perpendicularly to the vehicle's longitudinal axis (see Figure 4 and Figure’5)’Th
hess length from the side of the AMN(s)/HV-AN(s) / AAN(s) to the side of the vehicle sh|
0 /-0)) mm.

a longer harness, the extraneous length shall be “Z-folded” symmetrically. No contact o
wed between windings. The width of the Z-folded cable shall be between 500 mm and 1

hall be laid
t and shall
e projected
all be (800

- overlap is
000 mm. If

impractical to do so because of harness bulk or stiffness, or because‘the testing is bei
- installation, the disposition of the excess harness shall be precisely noted in the testr

power (charging) harness, including the power and the conithunication wires/cables, at
shall hang vertically at a distance of (100 (+200 / -0)) mmfrom the vehicle body.

whole harness shall be placed on a non-conductive,low relative permittivity (dielectri
erial (&, <1,4),at (100 = 25) mm above the groundplane.

bss otherwise specified the mode 3 charging cable provided by the manufacturer shall b
| have a length greater than 2 m but shortertor equal to 10 m.

e vehicle manufacturer delivers more than one mode 3 cable, the measurements may be
h one representative mode 3 cable.

bss otherwise specified the mode 4 charging cable of the test facility shall be used.

Dimensions in

+200

800 -0

eport

done at a

the vehicle

[-constant)

e used and

performed

millimetres

©IS

a) Front view
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7
9
+200
800 -0 8
L
2 (E__
e

11

b) Top view
Key
vehiclelunder test

insulating support

charging harness with communication lines

AMN(s] or DC-charging-AN(s), grounded

power mains / supply socket (optional, see 7.3.3.2)

AAN(s)} grounded (optional, not represented in‘the front view)
charginlg station (can be emulated)

communication lines

O 0 N O U1 b W N -

commupnication module
10 power ¢able
11 extrandous length Z-folded

NOTE The cable between_the AC/DC mains/supply and the AMN/DC-charging-AN does not need t¢ be

aligned in sime directionas\the cable between the AMN/DC-charging-AN and the EV.

Figure 4 +— Example of test setup for vehicle with socket located on vehicle side (charging mode

3 or mode 4, AC or DC powered, with communication)

800 -0

a) Front view

16

Dimensions in millimetres
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11
o o
3 %<
2 S
- v
+200
800 -0
b) Top view
Key
1 [vehicle under test
2 |insulating support
3 |charging harness with communication lines
4 |AMN(s) or DC-charging-AN(s), grounded
5 |power mains / supply socket (optional, see 7.333:2)
6 |AAN(s), grounded (optional, not represented’in the front view)
7 |charging station (can be emulated)
8 |communication lines
9 |communication module

[EEGY
_ o

power cable
extraneous length Z-folded

NOTE The cable between the AC/DC mains/supply and the AMN/DC-charging-AN does not
alighed in same direction as the cable between the AMN/DC-charging-AN and the EV.

Figure 5 —Example of test setup for vehicle with plug located front/rear of vehicle (|
mode 3 or mode 4, AC or DC powered, with communication)

IAIDT)

need to be

Charging

7 3 4 YMalial H 1a Ll daila A Y L 1 . H H L
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The wireless power transfer (WPT) system mainly consists of a primary device (ground side), a
secondary device (vehicle side) and an off-board power unit. In some designs, the primary device and
the off-board power unit are both integrated in a single unit.

7.3.4.1 Off-board power unit

The off-board power unit may be placed outside of the reverberation chamber or anywhere on the
ground plane of the reverberation chamber.

© IS0 2023 - All rights reserved
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Care shall be taken to avoid disturbances of the off-board power unit.

NOTE

In a reverberation chamber, strong electromagnetic fields are everywhere, not only in the working

volume. Shielding the off-board power unit or placing it outside can be the simplest countermeasures to avoid
disturbances.

The off-board power unit shall be bonded to ground (< 2,5 m{Q).

The harness between the off-board power unit and the primary device shall be placed directly on the
ground plane.

Use of an 3

rtificial mains network (AMN) is recommended on the AC mains feed to the cnpp]y device

(off-board
If the off-b

bower device).

bard power unit is placed inside the test site then the harness between the off-bgard po

unit and thle primary device shall satisfy the following conditions:

the ha

the exf

7.3.4.2 K

The prima
primary dé
report.

In order to
plane by n

The functi
device abo
the actual
vehicle und
between t}

However, t
the ground

The arran
test, includ
metallic g

Example o

ness on the off-board power unit side shall hang vertically down to the gretind plane;

raneous length shall be placed directly on the ground plane and “Z folded” if necessary.

rimary device

'y device shall be aligned with the vehicle's secondary deviee. The distance(s) between
vice and the secondary device shall be defined in the test\plan and documented in the

prevent coupling with the ground floor, the primary device shall be raised above the gro

pn-magnetic and non-metallic material.

bnality of wireless power transfer shall be@nsured by adapting the height of the prim
coupling that would otherwise be seen-by the system. This may lead to the raising of]

e primary and secondary devices.

he cable between the primacydevice and the off-board power unit shall be placed directl
plane.

rement of the vehiclg)\its secondary device and the primary device that are used for
ing the air gap sizé;the misalignment size and direction, as well as the separation from
ound plane shallbe documented in the test report.

a test set-ups shown in Figure 6.

Wer

the
test

und

ary

ve the ground plane, so that the air gap between primary and secondary devices emuflate

the

er test on metallic spacers such thatthe necessary air gap separation distance is maintained

y on

the
the
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Key]
vehicle under test

primary device (off-board)

secondary device (on-board)

air gap

cable (between primary device and off-board power unit, placed on ground plane directly)
off-board power unit (grounded to ground‘plane)

non-magnetic and non-metallic support

ground plane

O© 0 N O U1 o W N =

metallic spacers (optional)

-
o

associated equipment: key.2, 5, and 6

Figure 6 — Example of test setup for vehicle in charging mode through wireless gower
transmission (WPT)

8 [Test precedure

8.1| “General

CAUTION — Hazardous voltages and fields can exist within the test area. Take care to ensure
that the requirements for limiting the exposure of humans to RF energy are met.

The general arrangement of the disturbance source and vehicle represents a standardized test
condition. Any deviations from the standard test configuration shall be agreed upon prior to testing
and recorded in the test report.

The vehicle shall be made to operate under typical loading and operating conditions. These operating
conditions shall be clearly defined in the test plan.

The orientation(s) of the vehicle for radiated immunity tests shall be defined in the test plan.
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In case of tuned mode, the positions of the tuner(s) shall be defined in the test-plan. In case of stirred
mode, the speed(s) of the tuner(s) and/or VIRC shaker(s) shall be defined in the test-plan. In case of
antenna-stirring, the positions and orientations of the antenna(s) shall be defined in the test plan.

8.2 Stirring configurations

Several stirring methods exist and may be used separately or in combination. They can provide a
continuous stirring or a discrete stepped or tuned stirring. Consequently, the mathematical operations
included in the formulas to calculate the test level, the number of independent stirring configurations,
and the field uniformity shall be modified for each stirring method or each combination. The user of
this docu ' ' TTTati

The term sfirring configuration leaves the individual method open.

Consequenitly, the calculation of mean values would include summation over discrete ‘valueg or

integratior} over proper time spans (e.g. the dwell time used for testing) which practically wil| be

approximated by a proper sampling of the field or power over time and proper summmation over|the

sampled values. With the mean value (or the maximum value) over all stirring configurations (totdlity

of methodq or combination of methods chosen by the user shall be applied for calibration and testing), a

proper cal¢ulation over all relevant stirring methods is meant, denoted as (-}SC (or as max(-)).
SC

8.3 Testlplan

Prior to pefforming the tests, a test plan shall be generated which shall include:
— testsef-up;

— frequency range;

— working volume and reverb reference points (andTLS reference points, if applicable);
— positidn(s) of receiving antenna(s), if used;

— vehiclg mode of operation;

— vehiclg acceptance criteria;

— definitliion of test severity levels;

— vehiclg monitoring conditions;

— modulption;

— vehiclg orientation;

— positigns and/or speed(s) of tuner(s) and/or VIRC shaker(s);

— antenrlddocation(s) of transmitting antenna(s);

— testreport content;
and any special instructions and changes from the standard test.

Every DUT shall be verified under the most significant situations, e.g. in stand-by mode and in a mode
where all the actuators can be excited.

8.4 Test methods

This document defines several test methods described in the main body and in Annexes E to 1. Tables 1
and 2 summarize the main properties of each test method. Tables 1 and 2 are intended to serve as a
guide for selecting a test method that best fits the needs.
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Unless otherwise specified, methods described in 8.5.2 or 8.5.3 are the methods to be used. Methods
described in Annexes E to I are alternative ones.

Table 1 — Test methods in the main body

Test method

Subclause

Features

Lo

Reverb method with
substitution method

power control
+

ding factormeth-
(=]

8.5.2

Frequency range: fiyr to 18 000 MHz
Same method as defined in IEC 61000-4-21.

Tuned mode and stirred mode are possible.

od

Requires a spectrum analyser or power meter and a receiving g
loading determination.

Field uniformity check only for maximum loading. As lonhg:as ac
ing is smaller, validity of field uniformity is assumed.

If only one measurement with receiving antennafdsyused for det
CLF, this method is less accurate than the twojother calibration|
for substitution method. The accuracy may be improved by tak
urements with different receiving antenua positions, but this w
more time.

Since power control loop typically isfaster than field control lo
time of test level is faster than with closed-loop method.

ntenna for

tual load-

ermining
methods
ng meas-
ill take

b, settling

R
su

Fig

verb method with
bstitution method
power control

+
Id calibration with

the vehicle present

Frequency range: fiyr to 18000 MHz
Tuned mode and stirred mede are possible.

Needs field probes forthe calibration for each new vehicle (clas
ble.

For each vehicle{class) the field uniformity is actually measure
allows therefore a direct comparison with the field homogeneit
ments. Thus a too high loading can be directly determined and

tive) experimental determination of the maximum permissible

notnéeded.

Unless multi-probe setups are used, this method needs the long
determination time.

Since power control loop typically is faster than field control lo
time of test level is faster than with closed-loop method.

K) availa-

d and

y require-
the (itera-
loading is

est loading

b, settling

Table 2 — Alternative test methods in Annexes

Test method

Annex

Features

TLS method

Annex E

Frequency range: 10 kHz to f;yp

Only test method below 30 MHz. Alternative method to cavity mo
in frequency range 30 MHz to f] yr.

e method

nn]y stirred maode pnccih]a

Extension of TLS testing with TEM mode to higher frequencies with smooth
transition from dominantly vertical polarization to statistically isotropic
reverb method.

© IS0 2023 - All rights reserved
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Table 2 (continued)

Test method Annex |Features
Cavity mode method| AnnexF |Frequency range: 30 MHzto fiyp
Alternative method to TLS method in frequency range 30 MHz to f{yg.
Mainly intended for tuned mode, but stirred mode possible.
Requires tunable monopoles, but other antennas may be used.
Extension of the reverb method towards the undermoded frequency range
where there might be nearly no modal overlapping, and not for all stirring
contigurations, energy can be coupled efficiently into the chamber.
Allows immunity testing in chambers which are significantly smallex than
those required for ISO 11451-2 testing with antennas at 30 MHz and much
less power.
Reverb method with| Annex G |Frequency range: fiyp to 18 000 MHz
close(?:-cl)(r)lgtl?o%)ower Only stirred mode possible. Fast stirring (e.g. VIRC) necessary so that staffis-
tics can be reasonably measured in a short time.
No calibration needed.
No need for determining loading effects prior to.testing.
Always provides the field uniformity with.the actual vehicle under test.
Needs fast field probes and a multi-prolye setup.
Only method that directly controlsthe fields actually measured and not the
power with assumption that relation to fields remains the same as during|
calibration.
Reverb method with| AnnexH |Frequency range: fiyp to18'000 MHz
substitutiop method . .
power dontrol Tuned mode and stirredimode possible.
+ Needs a vector netwerk analyser or spectrum analyser and a signal generp-
Chamber fime con- tor with pulse.modulation (both synchronized) for measuring the chambgr
stant method time constarit.
Expected maximum of an electric field component estimated from Rayleigh
assumption, not measured.
ACS of the vehicle is typically more accurate than other two methods and
ACS is a property of the vehicle and independent of the reverberation chap-
ber (re-use in other facilities is possible).
Since power control loop typically is faster than field control loop, settling
time of test level is faster than with closed-loop method.
VNA mgthod Annex 1 |Frequency range: fjyp to 18000 MHz

Tuned mode and stirred mode possible.

Needs a vector network analyser for calibration.

No need for T1eld probes and considerations of 1sotropy of I1eld probes neces-
sary.

Expected maximum of an electric field component not defined as test level
and depends on number of independent stirring configurations. Test level is
based on CDF value assuming a Rayleigh distribution.

Accuracy of loading determination comparable to chamber time constant
method.

22
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NOTE The hybrid method of SAE ]J551-16 describes a special method for very large vehicles where the fields
in the reverberation chamber are not homogeneous any more (the vehicle is too large for the room and the energy
cannot be distributed to every place in the chamber). This method directly illuminates the vehicle with the
transmitting antenna while rotating the tuner(s). The features are: frequency range from fp to 18 000 MHz;
lowest frequency fpu to be determined during a calibration procedure, but differs from f}g; only stirred

mode is defined.

8.5 Reverb method with substitution method power control

The substitution method is based upon the use of forward power as the reference parameter used for
fielfrcatibration and during test.

Thip method is performed in two phases:
— |field calibration of the reverberation chamber;
— |test of the vehicle.

Thd field calibration of a vehicle class needs to be performed only once and is'valid for all vehjcles of this
clags. Classes may be, for example, small, mid-size, and large vehicles,ot-based on the vehicle type. The
applicability of the classification shall be demonstrated by sample calibrations. The needed|number of
clagses depends on the differences in sizes of the vehicles tested @and the size and instrumentation of
thereverberation chamber.

Theg RF power required to achieve the required test level for'the test of the vehicle is deterrhined from
the[results of the field calibration phase.

For|the field calibration of the reverberation chamber,'two methods are defined:
— |substitution method with empty chamber ¢alibration (see 8.5.2);
— |substitution method with calibration inicluding the vehicle (see 8.5.3).

NOTE1 Annex H describes an alternative calibration method based on the chamber time constanf, which can
be used, if required in the test plan.

NOTE 2  All three calibration pfocedures (see 8.5.2, 8.5.3, and Annex H) will yield practically the pame power
reqiiirement and can be combined in a single setup and measured in parallel. This has the advantpge that the
actyal field homogeneity with-the vehicle under test, and the mean absorption cross section of the ve¢hicle under
test|can be measured, and also the comparison with the chamber loading factor from IEC 61000--21 can be
made.

8.5]1 Reverbweference points

The reverb'reference points are the positions of the field probes used for characterizing the chamber
for the reyeérb method.

The reverb reference points are eight points on the four vertical corner edges of the cubofd working
volume. The lower four points shall be at least A/4 (at LUF) above the shielding enclosure floor, the
upper four points shall be at least as high as the highest vehicle intended to be tested and at least A/4
(at LUF) above the lower four points. The distances between reverb reference points along the sides
shall be greater than the dimensions of the vehicle including the peripheral devices that shall be placed
inside the working volume (e.g. AMN(s), HV-AN(s), see Clause 7 for details) but not less than A/4 (at LUF).

Figure 7 shows an example of choice of a working volume with the corresponding eight reverb reference
points.
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c) Side view

reverberation chamber / VIRC receiving antenna, if used (only shown in top view)

tuner reverb reference points (8 points)

dynamometer (with or without turn-table)

0 N O Ul

1
2
3 working volume
4

transmitting antenna (only shown in top view) minimum distance between receiving antenna and

any field probe shall be at least A,z / 4
d minimum distanced = A,z / 4

Figure 7 — Example of reverb reference point
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8.5.2 Substitution method with empty chamber calibration

This subclause describes a field calibration procedure that is based on the field calibration of the empty
chamber and uses a power compensation of the vehicle loading. This method uses the mean of the
normalized received power to quantify the loading effect. This procedure is the same as defined in
IEC 61000-4-21.

The method is performed in four phases:

— field calibration of the empty chamber (see 8.5.2.1);

Aade - ds il H 1 o £ 4. L fo Tl mlille BEahY
I UCTLCT IIIITTIAUIUIT Ul UIT TTTdATIITUITT 1uau1115 IdCLUI LDCC U.J.L.LJ,
— |determination of the chamber loading factor (see 8.5.2.3);

— |vehicle test (see 8.5.2.4).

8.5]2.1 Field calibration of the empty chamber
Caljbration is performed without a vehicle in the test location.

The specific test level (field) shall be calibrated periodically by recarding the forward pow¢r required
to groduce a specific test level (calculated from field probe measurements in the eight reverb reference
points) for each test frequency.

Thif calibration shall be performed with an unmodulated:sinusoidal wave.

When requested, the values of forward and reverse pawer recorded in the calibration file anjd a precise
desftription of the associated position of the field probe shall be included in the test report.

Plage the field generating device(s) at the intendéd location(s).

A r¢ceiving antenna placed within the working volume is used to measure received power.|In place of
the|receiving antenna, a calibrated isotropic field probe may be used. In this case, the recefjved power

P..} is calculated from the measuredelectric field strength component E; with Formula (1)
22E?
Py = 12 (@8]
320r
where
B  isthedéceived power for a single stirring configuration in W;
A issthe wavelength at the test frequency in m;

E.

; is the measured component of the electric field strength in any direction x, y or 2in V/m.

ForlalLéight reverb reference points, do the following.

— Place a calibrated isotropic field probe at the reverb reference point to be measured and place the
receiving antenna somewhere within the working volume, for each of the eight measurements at a
differentlocation with a different polarization and different orientation. A direct line-of sight to any
transmitting antenna shall be avoided.

— For each test frequency, record the readings of the three electric field components, the forward
power, the reverse power, and the received power for all stirring configurations.

For each test frequency, calculate:

— thereached testlevel Ep in V/m according to Formula (B.1),
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— the mean forward power <Pf_p> in W feeding the transmitting antenna,

— and the mean received power <

SC

P

rev,p >SC in W measured by the receiving antenna (or field probe

calculated with Formula (1))

for each of the eight measurements (subscript p denotes the probe position) over all stirring
configurations separately.

For the forward power calculate the mean value over all eight measurements using Formula (2):

and

1 o
(Pr)se Tg 2 Piv )sc (2)
p=1
For each tegst frequency, check that the field uniformity requirements given in Table C.2 aré&imet.
Determine|the lowest test frequency f,. that fulfils the field uniformity requirement.
For each test frequency, calculate the chamber gain GReempty of the empty chamber using Formula|(3):
Exc
GRCem ty = o (3)
P
(P )se
For each tdst frequency, calculate the receiving antenna characterization factor of the empty chanjber
ApCF empty| using Formula (4):
1 & (Prevp )
Apcretpty = 8 2 Tp N 4)
p=1 < f,p >sc
For lowest|test frequency f. that fulfils the field uniformity requirement, determine the numbgr of
independent stirring configurations N;,q according to C.2. A separate measurement (e.g. with a vegtor
network amalyser or with small in-between stéps between stirring configurations) might be needef to
accomplisi this. In case N;,4 =12, the lowest usable frequency of the empty chamber is found
JLUF,empty [F fc - Otherwise, check the next larger test frequency, until the requirement Nj,q 212, is met
and the lowest usable frequency for the empty chamber is found.
8.5.2.2 Determination of the-maximum loading factor
In order to|determine if theychamber is adversely affected by a DUT which “loads” the chamber, perfprm
a one time|check of thé/elfamber field uniformity under simulated loading conditions. It is suggegted
the “loaded” chamber, characterization be carried out only once in the life of the chamber or after mpjor
modificati¢n to thexchamber.
In the working'wvolume of the chamber install a sufficient amount of absorber to load the chamber to at
least the lezelexpected during normal testing

NOTE
and error.

Each chamber is unique. The easiest way to determine the amount of absorber necessary is by trial

Repeat the characterization outlined in 8.5.2.1 using the eight locations of the E-field probe. Ensure that
the E-field probe and receiving antenna maintain a distance of greater than A/4 from any absorber.

Repeat the calculation of the field uniformity using the data from the (at least) eight locations of the
E-field probe. If the chamber loading results in a rectangular component of the fields exceeding the
allowed standard deviation, or if the standard deviation for all vectors (i.e. o) exceeds the allowed
standard deviation (see Table C.2) or the number of independent stirring configurations becomes less
than 12, then the chamber has been loaded to the point where the performance of the chamber is
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unacceptable. In this case the amount of chamber loading shall be reduced and the loading effects
evaluation shall be repeated, or the chamber is only used above f} g maxioad -

Determine the maximum chamber loading factor Fyr by comparing the antenna characterization
factor (ACF) from the empty chamber Apcp empty to that obtained from the “maximum loaded” chamber

AACF maxload Using Formula (5):

ApCFem
Fyr = _Achempty (5)
AACF,maxload

A value of 16 (12 dB) for Fy  should be considered as a nominal amount of loading.
To pvoid overloading the reverberation chamber, the reverberation chamber can-be loaded using
absprbers which have the same ACS (or slightly higher) as the vehicle under test.
8.5)2.3 Determination of the chamber loading factor
Thip procedure shall be carried out prior to each test, unless the test is performed with an alfeady used
vehjicle of the same vehicle class. In this case a new determination of the leading effects is notf necessary.
Plage the receiving antenna at a location within the working volume of the chamber and mpintain A/4
seppration from the vehicle, support equipment, etc. (at the lowest test frequency).
For|each test frequency, record the readings of the forward power and the receiving power for all
stirking configurations.
For|each test frequency, calculate the mean forward power (P )sc , and the mean received power

P

rd

(

If the value of (P,.,)

locd
nec

For

NO1T
repg
meg

v )sc Over all stirring configurations.

sc s within (i.e. neither-greater nor less than) the values recorded f

tions during the field calibration of the empty chamber (see 8.5.2.1), calculation of the
pssary and the value of F¢p should®be assumed to be 1.

each test frequency, calculate the chamber characterization factor Aqcg using Formula

<Prcv >sc
(P e

E It is possible\to improve the quality of the estimation of the chamber characterizatid
ating the procedure for several receiving antenna positions, orientations and polarizations ar
n value of thelindividual measurements (like for the determination of the receiving antenna char

Accr

br all eight
CLF is not

6):
(6)

n factor by
d using the
hcterization

factpr). Howeyelythis needs more time (e.g. if eight receiving antenna configurations are measured, fhen making
a fu]l chamber.calibration with vehicle present will not take longer but would be more accurate).
Forleach test frequency, calculate the chamber loading factor F¢ r using Formula (7):
A
_ “7ACF, empty
Forp=——— (7)
CCF

If the dynamic range of the measurement system was insufficient to get accurate average received

power measurements
max (
SC

P

rcv

P

v ) and then used to calculate Fgp. If maximum received power is used, it should

recalculate both the Apcp and Agcr-

>SC , the ACF and CCF may be recalculated using maximum received power

be used to

CAUTION — This applies only to the calculation of the F; ;. Do not use the A,cr or Acc; based
on maximum power to determine any other parameters.
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If the chamber loading factor Fp is greater than the maximum loading factor Fy p determined during

the chamber characterization for more than 10 % of the frequencies, the chamber may be loaded to a
point where field uniformity could be affected. In such case the field uniformity measurements for the
loaded chamber shall be repeated with the vehicle in place or with a simulated loading equivalent to the
vehicle.

For each test frequency, calculate the chamber gain Ggcyep Of the chamber with vehicle using

Formula (8):

GRC .empty

GRC,Veh

8.5.24 Y

The vehicl
(Figures 1

N
[ehicle test

e and associated equipment are installed in the working volume as described in Clau
to 6).

(8)

be 7

The positign of the charging cable between the vehicle and the HV-AN(s)/AMN(s), if any, shall renpain

unchanged
The vehiclg

The test is
predeterm|

into the tr4

regardless of the vehicle orientation, antenna location(s) and stirrifig configurations.
shall be operated according to the test plan.

conducted by subjecting the vehicle to the test signal)based on the calibrated valu
ined in the test plan. Calculate for each test frequency:the necessary forward power Pj

nsmitting antenna for the required test level Epc oo Using Formula (9):

P dS
test

2
E RC,test
P frest ] G 9)
RC,veh
Monitor the forward power into the transmitting antenna(s) and record the average value over all

stirring co

NOTE1 4

Tests shall
this practi
be at least

For stirred
ensure at |
(see C.3) i

3,24 s.

Interpolati

hfigurations. Variations greater thafy3 dB shall be noted in the test report.
\ field probe can be placed in or outside the vehicle during the test.

be conducted for all stirring'configurations over the test frequency range. Any exception
e shall be specified in the/test plan. The number of independent stirring configurations s
12 and at least 6 above)3 f,yrven OF 3 fLUFmaxload -

mode testing theminimum dwell time defined in ISO 11451-1 might need to be extende
past 12 or 6 indépendent stirring configurations (see C.4). For example, the coherence ]
540 ms then the minimum dwell time is 6,48 s and above 3 fypyenh O 3 fLuFmaxload

on’methods may be used between calibration levels to determine the specific forw

power to leused for a test. From a practical viewpoint, the increment between calibration le

s to
hall

d to
ime
it is

ard

vels

when the amplifier is operating in a linear range may be larger than when operating in a region where
compression occurs.

Scan the frequency range at the test level noting any anomalies.

Continue testing until all frequencies, modulations, stirring configurations and vehicle orientations
specified in the test plan are completed.

For pulse modulation, it shall be checked that the pulse duration is long enough to reach a steady-state
of the fields in the chamber and the switch-on transients have decayed. This can be easily checked
with an oscilloscope or a spectrum analyser in zero-span mode connected to a receiving antenna in the
working volume. The pulse duration of the pulse modulation shall be extended so that the steady-state
time equals the required pulse duration.
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This especially applies to pulse modulation PM2 defined in ISO 11451-1.

NOTE 2 The switch-on and switch-off transients typically last for a few hundred nanoseconds to a few
microseconds and can be easily distinguished from the “steady-state” that can change due to a stirred mode.

8.5.3 Substitution method with calibration including the vehicle
This subclause describes a method to determine the chamber gain Gy e, With the vehicle present.

The method is performed in two phases:

— [Cattbratiom procedure (See 8-5.3-1);

— |vehicle test (see 8.5.3.2).

8.5)3.1 Calibration procedure
Caljbration is performed with the vehicle in the test location.

The specific test level (field) shall be calibrated periodically, for each (vehicle class, by redording the
foryard power required to produce a specific test level (calculated fram field probe measufrements in
theleight reverb reference points) for each test frequency.

Thip calibration shall be performed with an unmodulated sinuSeidal wave.

If requested, the values of forward and reverse power recorded in the calibration file anfl a precise
desfription of the associated position of the field probes‘shall be included in the test report.

Plage the field generating device(s) at the intended:location(s). Place eight calibrated isofropic field
propes at the reverb reference points, or perfori several measurements consecutively to[obtain the
datd in the eight reverb reference points.

For|each test frequency, record the readings of the 24 electric field components in the elght reverb
refdrence points, the forward power and;the reverse power for all stirring configurations.

For|each test frequency, calculate:

— |the reached test level Ep¢ in V/m according to Formula (B.1),

— |the mean forward power (P) . in W feeding the transmitting antenna,
over all stirring configurations.

For|each test fréquency, check that the field uniformity requirements according to Table C|2 are met.
Detprmine the lowest test frequency f.. that fulfils the field uniformity requirement.

Forleachttest frequency, calculate the chamber gain Ggc e, With vehicle using Formula (10):

E
URC,veh = — = (10)
(Pr)sc

This chamber gain is valid for all vehicles that belong to the same class as the vehicle present in the
reverberation chamber during this calibration.

For lowest test frequency f. that fulfils the field uniformity requirement, determine the number of
independent stirring configurations N;,4 according to C.2. A separate measurement (e.g. with a vector

network analyser or with small in-between steps between stirring configurations) might be needed to
accomplish this. In case N;,q =12, the lowest usable frequency of the chamber with vehicle is found

SLuFven = fc- Otherwise, check the next larger test frequency, until the requirement N;,4 212, is met
and the lowest usable frequency for the chamber with vehicle is found.
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Test frequencies below the lowest usable frequency fjygyen cannot be used for testing of any vehicle of
the same class as the vehicle present in the reverberation chamber during this calibration.

NOTE

In case the user does not intend to use the chamber loading factor, this procedure can also be used

to calibrate the empty chamber. The difference is, that a reference antenna is not needed and more than a single
probe can be used to accelerate the calibration procedure and save time.

8.5.3.2 Vehicle test

The vehicle and associated equipment are installed in the working volume as described in Clause 7

(Figures 1
The positi

unchanged
The vehicle

The test is
predeterm|

into the tr4

Y
0 0J:

regardless of the vehicle orientation, antenna location(s) and stirring configurations.
shall be operated according to the test plan.

conducted by subjecting the vehicle to the test signal based on the calibrated valu
ined in the test plan. Calculate for each test frequency the necessary-forward power P;

nsmitting antenna for the required test level Ep¢ o using Formuta (11):

pn of the charging cable between the vehicle and the HV-AN(s)/AMN(s), if any, shallrénpain

P ds
test

2
ERC test i
Ptest 7 G 11)
RC,veh
Monitor the forward power into the transmitting antenna(s)<and record the average value over all

stirring co

NOTE1l 4

Tests shall
this practi
12 and at I

For stirred
ensure atl
540 ms the

hfigurations. Variations greater than 3 dB shall be@oted in the test report.
\ field probe can be placed in or outside the vehicle:during the test.

be conducted for all stirring configurations over the test frequency range. Any exception
Ce shall be specified in the test plan. The’number of stirring configurations shall be at |

past 6 above 3fLUF,veh or 3fLUF,maxload'

mode testing the minimum dwel/time defined in ISO 11451-1 might need to be extende
past 12 or 6 independent stirking configurations (see C.4). E.g. the coherence time (see C.]
n the minimum dwell time 15 6,48 s and above 3 fj yg yen OF 3 fLuF maxload it 1S 3,24 s.

Interpolati
power to
when the

on methods may be ysed between calibration levels to determine the specific forw
e used for a test“From a practical viewpoint, the increment between calibration le
plifier is operating in a linear range may be larger than when operating in a region w}

m
compressi{n occurs.

Scan the fr

equency«dange at the test level noting any anomalies.

Continue t

esting7until all frequencies, modulations, stirring configurations and vehicle orientat

s to
past

d to
) is

ard
vels
lere

ons

specified i1|1 the'test plan are completed.

For pulse modulation, it shall be checked that the pulse duration is long enough to reach a steady-state
of the fields in the chamber and the switch-on transients have decayed. This can be easily checked
with an oscilloscope or a spectrum analyser in zero-span mode connected to a receiving antenna in the
working volume. The pulse duration of the pulse modulation shall be extended so that the steady-state
time equals the required pulse duration.

This especially applies to pulse modulation PM2 defined in ISO 11451-1.

NOTE 2  The switch-on and switch-off transients typically last for a few hundred nanoseconds to a few
microseconds and can be easily distinguished from the “steady-state” that can change due to a stirred mode.
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Test report

As required by the test plan, a test report shall be submitted detailing information regarding the test
equipment, test site, test set-up, systems tested, frequencies, power levels, system interactions and any
other information relevant to the test.

The test report should include the following parameters for each test frequency, in addition to the
reporting requirements related to the vehicle:

curves of maximum and average received power from the receiving antenna used to monitor the

field in the chamber over all stirring configurations, if a receiving antenna is used;

Any

curve of the test level, if applicable;

curves of the maximum and average readings of a field probe and of the ratio maximum
applicable;

curve of the average forward power delivered to the transmitting antenna over
configurations;

variations in forward power during the test greater than 3 dB;

curves of the chamber loading factor and the maximum loadingfactor, if applicable;
stirring configurations used for the test;

used test method;

chamber characteristics (coherence time, minimum dwell time, etc.).

deviation from the test plan shall be specifiedin the test report.

average, if

1l stirring
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Annex A
(informative)

Function performance status classification

A.1 General

This anney gives examples of test severity levels which should be used in line with the pringipl

functional performance status classification (FPSC) described in ISO 11452-1.

A.2 Clagsification of test severity level

Examples

df test severity levels for reverberation chamber are given in Table A1

Table A.1 — Example of test severity levels (reverberation'chamber)

Frequency band Testlevel 1 Test level 11 Test level 111 Testlevel IV Testlevel ¥
[MHz [V/m] [V/m] [V/m] [V/m] [V/m]
0,01 tof10 25 50 75 100
10 to 30 25 50 75 100 o
Specific valups
30 to 2P0 20 40 60 80 agreed betwden
200 to 1j000 20 40 60 80 the users of this
1000 to § 000 25 50 75 100 document
8000 to 1B 000 25 50 75 100
Frequency bpnds and test levels values given in this table are examples.
A.3 Example of FPSC application using test severity levels
An examplp of severity levels is given in Table A.2.
Table A.2 —<Example of test severity levels (reverberation chamber)
Test severity level Function Function Function Function
category 1 category 2 category 3 category 4
I4i Level IV — — —
I3i Level 111 Level [V — —
1{2i Level I1 Level III Level IV —
L1i Level Level I Level 111 Level [V

32
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Annex B
(normative)

Test level definition

B.1

General
=enera:

In alreverberation chamber the electromagnetic fields change for each stirring configuratio
strgng variations with maxima and minima across the chamber volume. The locations of t
and minima change when changing the stirring configuration. The field statistics inside a rey
chamber well above the LUF has well-behaved properties like expected mean values o
maximum values of the field components which are nearly (within defined statistical vari
sanje in all positions inside the working volume irrespective of the orientation of the field ¢
Consequently, the test level is defined as a statistical property of the eleCtric field.

n and show
he maxima
erberation
I expected
ations) the
omponent.

In gractice the mean and maximum values are not exactly the sarne‘everywhere within the working

volyme. The test level Ep. in a reverberation chamber is defined‘as an estimator for the g
valuie of the maximum value of an electric field component inside the working volume.

Thn

rect
Wh

ee different approaches to estimate Ep: based on theglectric field strength component

bived power, or on the forward power are used by the different test methods in this
ch to use, is defined for each test method.

Med
util

surements of antenna efficiencies (see Annéx’]), and diffuse field correction factors (se
ze the equivalence of the three approaches.

B.Z Testlevel based on electricfield components
The three components of the electric field are measured in all eight reverb reference points
for pll stirring configurations-and the mean value of the 24 maximum values calculated i
over all stirring configurations’is calculated using Formula (B.1):
138
Epc=— (max E +max(E +max(E )
o g 2 (maslE ) rmax(, ) man (£,

Theindex p dendtes the probe position; E, , denotes the x -component of the electric field
V/n} in position p; E,p denotes the y-component in V/m in position p; and E,p den

-COo

Xpectation

5, or on the
document.

b Annex K)

(see 8.5.1)
hdividually

(B.1)

strength in
ptes the z

ponent in V/m in position p.
Thislnﬁfﬁ_rhﬁrWe ITITION IS USed in the Teverb test methods of 8.5.2 and 8.5.3 and of ANNeX G.

B.3 Testlevel based on received power

The expectation value of an electric field component may be calculated from the mean v

alue of the

received power measured with a linearly polarized receiving antenna with known total antenna

efficiency using Formula (B.2):
(57 (Pyy)
nrx,tot
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where
E; is the electric field strength component in direction i as,e.g. measured with one of the three
measurement axis of an isotropic field probe;
i any of the 3 axis x, yorz;
A is the wavelength, in m;
By is the received power in W measured by the receiving antenna;
Mxtot [ 1S LNE total antenna efficiency of the recelving antenna in linear scale (€.g. measured accprd-
ing to AnnexJ).
This estimptor (Formula (B.2)) is used in the VNA method of Annex [.
The expectation value of the maximum electric field component can be estimated fromi-the mean value
by a known ratio of the maximum to mean value « . This ratio may be determined;by‘experiment ps a
function of frequency o/(f) or analytically as a function of the number of independent stirfing
configuratfons a(N;,q) (see H.2) which varies with frequency, using Formula-(B/3):
4‘77: 5” <PI‘X >sc
ERC:“(Nind)<|Ei|>sc=0‘(Nind)7,/— (B-3)
nrx,tot
The receivied power measurements may be performed using power meters, spectrum analyser§ or

vector nety

To improve
antenna lo

B.4 Tesl

The expecf
power and
forward pc¢

ERC =

where
o

N, ind

F

N tot

o

T

34

vork analysers.

the estimation, calculating the mean value of several measurements with different receiy
Cations, orientations and polarizations is allowed.

level based on the forward power

ation value of an electric field gomponent may also be calculated from the mean net iy
the chamber time constant. The ' mean net input power can be determined from the m
wer and the total antenna efficiency of the transmitting antenna using Formula (B.4):

tx,tot <Pf >SC
vV

10 Co Tl n
K (Ning ) (i s ZO‘(Nind)”\/

maximum to mean ratio of the electric field strength in linear scale (see H.2);

number of independent stirrer positions;

ring

put
ean

B.4)

isthe electricfield strenath comnonentin direction i aseo o measuredwith ane ofthe th

ree

r
measurement axis of an isotropic field probe;

any of the 3 axis x, yorz;

is the forward power in W feeding the transmitting antenna;

is the total antenna efficiency of the transmitting antenna in linear scale (e.g. measured

according to Annex J);
speed of light in air (approximately 3 108 m/s);

chamber time constant in s with loading including the vehicle under test;
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|4 volume of the reverberation chamber in m3.

More details are given in Annex H.
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Annex C
(normative)

Reverberation chamber characteristics

C.1 General

This anne>];1escribes procedures to quantify some characteristics of reverberation chambers which|are
needed to apply the reverb test methods.

C.2 Number of independent stirring configurations

The number of independent stirring configurations that the complete~ensemble of stirfing
configurat]ons used for testing can produce shall be determined for the revetrb’ method. The method
used is based on the calculation of autocorrelation coefficients of received power, S parametey, or
electric fie]d component measurements while applying the stirring scheme!

In the case|of the tuned mode method, the number of independent stirring configurations might noft be
determinegl as detailed in the present clause. Instead, it is allowed. to use the recommended numbdr of
tuner posifions provided in Table C.1.

Table C.1 — Recommended number of tuner positions for tuned-mode

Frequency range bRecommended num- Minimum nu.n_1ber of
er of tuner positions tuner positions
fs to 3f; 50 12
3 fLur to 6 fiur 18 6
6 fLur to 10 fiyp 12 6
>10 fiur 12 6
fs : lowest frequency for chamber characterization
fLur : lowest usable frequency of the chamber

First, the stirring schemé\for testing shall be defined. Examples:
— Tuner |n tunedanode: value of the angular step (e.g. tuner 1 in 30° steps);

— Tuner [in stitred mode: value of the rotation speed in rpm (e.g. tuner 1 with 10 rpm, tuner 2 with
120 rpIm and tuner 3 with 75 rpm);

— VIRC: number of shakes per second (e.g. shaker 1 shakes once every 3,9 s, shaker 2 once every 6 s).
If more than one tuner (or shaker) is used, this information shall be available for each.

To calculate the autocorrelation coefficients, a series of measurement values is needed. For stirred mode
and VIRC, this series is generated by sampling the received power, S parameter, or electric field with
a sufficiently high sampling rate while stirring. For tuned mode, the received power, S parameter, or
electric field is measured not only for the tuner positions defined in the stirring scheme for calibration
and testing, but also for a number of smaller in-between steps (e.g. with 1° resolution). In case of
antenna stirring methods, where distinct transmitting antenna positions and/or antenna polarizations
are utilized, this sampling of a smooth transition between stirring configurations is not possible.

NOTE1 This sequence of course is not unique. There are many ways to define it. In case of stirred mode the
exact sequence is not even controlled, just the statistics is repeatable.
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To demonstrate a number of independent stirring configurations of N;,4,atleast 10 N;,4 measurement
samples are needed.

For this (time) sequence, an analysis window for the calculation of the autocorrelation coefficients
needs to be defined. This might be the complete sequence (useful for a single tuner or other periodic
sequences) which then is periodized for the calculation (called “periodization” below, which is in the
case of a single tuner the definition from [EC 61000-4-21:2011, Annex A) or only part of it (called
“windowing” below), where the window length corresponds to the intended minimum dwell time of e.g.
two seconds.

ing volume
ed using a

ely, one or
several electric field components may be measured with field probes instead of the received power for
all frequencies and all stirring configuration.

In dase of windowing, measure the received power with the receiving antenna in the workjng volume
or dne or several electric field components while stirring for a (time) sequence that is at leasf two times
the window width.

NOTE 2  Longer times allow investigation of the stationarity of the$tochastic process similar likg short-time
FFT|of signals, i.e. it enables investigations of changes due to different'tuner angles or similar influenices, but this
is n¢t required.
Thq frequency range shall include the LUF. Usually, the;,LUF is not known in advance. When |f, denotes
the[first resonance of the empty chamber, the LUF bc¢curs between 3 f; and 10 f;,. The freqyency steps

sha]l be chosen in conformance with ISO 11451=1. It may be reduced to 20/decade in the| frequency
ranpe above 10 f.

In fase of periodization: calculate the_autocorrelation r for the (time) lags [=0,...,N—1 with

Formula (C.1):
3 (p()~B) (p((ikt) mod (N)) - p)

r(l)= 1 s ” (C.1)
Y o W()-p)
whére
N size,of'sample sequence (e.g. 10 001);
p(i) thie i th measured received power value in W (or absolute value of an electric field compo-
nent or the total electric field strength measured with a field probe in V/m);
p mean value over all p(i);
mod(.) modulo function;
[ is the normalized lag and corresponds e.g. to a rotational increment of a tuner in tuned

mode or to a time increment in stirred mode.

In case of windowing: calculate the autocorrelation r for the (time) lags [=0,...,N—-1 with

Formula (C.2):

" p(i)-P)(p(i+1)-p
r(,):Z,-zo (PI\E_)1 p)(p( +2) p) ©2)
> (p()-p)
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where

N size of sample sequence (e.g. 10 001);

p(i)  the ithmeasuredreceived power value in W (or absolute value of an electric field component
or the total electric field strength measured with a field probe in V/m);

p mean value over all p(i);

[ normalized lag and corresponds, e.g. to a rotational increment of a tuner in tuned mode or
to a time increment in stirred mode.

In order t(l» be able to calculate the autocorrelation r for all values of lags | in Formula (G:2))[the
sequence ¢f measured received power values (or absolute values of an electric field eomponent
measured Wwith a field probe) needs to have at least 2N values.

NOTE 3 By shifting the window by M samples, the autocorrelation for a time shift can easily be calculated
which mearns it can easily be investigated what happens, if the sequence (i.e. the test start time) is shifted.

The time [lags [;,q for which the autocorrelation has dropped below a(threshold value uging

Formula (d.3):

7,22 s
r(lind)<0'37(1_N0,64- ] £.3)

are said to[be independent from the initial sequence.

Since somg¢ tuners show partial correlation of the prodused 'sequence after the autocorrelation [has
dropped bglow the threshold (e.g. as a consequence of @ tuner with some rotational symmetry),|the
number of jndependent tuner positions N;,4 is defineddby Formula (C.4):

N
Ning = (C4)
Ling
where L; { denotes the number of time lags”l;,q4 for which the autocorrelation is greater than or equal

to the threphold defined in Formula (Gs3):

NOTE4  This deviates from the definition in IEC 61000-4-21. IEC 61000-4-21 only uses the first value [that
drops below the threshold of Forniula(C.3), i.e. min(/j,q)-

This calcujated number ¥q); changes when changing the antenna or field probe position and/or

orientatior]. Using the mean value of multiple measurements (e.g. from field probes in the eight reverb
reference points) is,allowed but not required. Similarly, in case of windowing using the mean valule of
the result ¢f calculations with shifted window is allowed.

NOTES5  The’number of independent tuner positions can be a fractional value, e.g. 12,7.

Dealing with several transmitting antenna positions or polarizations may be taken into account by
determining the numbers of independent stirring configurations individually for each transmitting
antenna position or polarization. Assuming that each position and polarization creates uncorrelated
sequences, the individually determined N;,q can be simply summed up, e.g. in case of three different
transmitting antenna positions, choose three distant locations within the working volume, three
different antenna orientations and three different polarization angles. Under these conditions, use

Formula (C.5):

Nind = Nind, pos1 + Nind,posZ + Nind,pos3 (C-S)

To illustrate the calculation procedure, an example is given from a facility using stirred mode. Figure C.1
shows the electric field component E, measured with an isotropic field probe in one of the reverb
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reference points. The sampling rate was 10 kS/s. At 100 MHz, the total measurement time was 3 s; at
350 MHz, it was 2 s.

Y Y
140 140
120 t 120 ¢
100 | n n n N 100 | n
8c | | A w | 80 h IU'" ﬁ ,
6(d | v 60 U W
4q } 40 N
2q ¢t 1 20
{ ‘5 1 1‘5 2 2I5 0 0‘5 ‘1 1‘5 2
0 0, , , 3 X 0 ) ) X
a) E,; f=100 MHz b) E,; f=350 MHz
Key
X |tins
Y |EinV/m
Figure C.1 — Example: measured electric field strength
Singe the signals are not periodic, the windowing method is applied. A window of length| 800 ms is
chogen, to allow illustrating the effect of,choosing different starting times of the window. The window
length N is 8 001 samples (including Q@m's and 800 ms).
Figuire C.2 shows the autocorrelation coefficients calculated according to Formula (C.2). The threshold
in cpse of 8 001 samples is 0,361\5. At 100 MHz, the firstlag | below the threshold is 316; ofly the lags
up |to 315 are above or-equal to the threshold (including the lag 0, yields L;,q #316), i.e.
N;ply =8001/316=25,3-At'350 MHz, the firstlag [ below the threshold is 104; only the lags up to 103
arefabove or equal to the threshold (including the lag 0, yields L;,4 =104),i.e. N;,4 =8001/[104=76,9.
Y Y
1 1
0F5H t> 0,75
0
0,25
0
-0,25
-0,5 ' : : -0,5 . ‘ .
0 2000 4000 6000 8000 ¥ 0 2000 4000 6000 8000 yx
a) /=100 MHz; t=0 s: N;,4=25; t,;,=31,6 ms b) /=350 MHz; t=0 s: N;,4=77; t.,;,=10,4 ms
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Key Key
X | (star indicates 316 lags) X I(starindicates 104 lags)
Y r (star indicates 0,359 714) Y  r(starindicates 0,358 949)

Figure C.2 — Example: autocorrelation coefficients (no offset)

Figure C.3 shows the autocorrelation coefficients with shifted windows. For 100 MHz, the window was

shifted by gH4-st-thiseasethethrsttestbelow-the thresholdis 257 butnetonly 25Hassareabeve or
equal to |the threshold, around 6 000 there are another 329 resulting in L;,q =586)]|i.e.
Ninq =80Q1/586=13,7.For 350 MHz, the window was shifted by 0,2 s. In this, the firstlag [-below|the
threshold is 107; only the lags up to 106 are above or equal to the threshold, i.e. N;,q =8 0014107 =74,8
Y Y
1 1
0,75] 0,75
0,5 0,5
0,257 0,25 |
0 0
-0,25¢| -025 |
-0,5 ‘ ‘ ‘ -0,5 . ‘
0 2000 4000 6000 8000 X 0 2000 4000 6000 8000 X
a) f=10[0 MHz; t=0,4 s: N;,,4=14; t_,;,=25,7 ms b) /=350 MHz; t=0,2 s: N;,4=75; t_.,,=10,7 ms
Key Key
X 1 (stalr indicates 257 lags) X  1(starindicates 107 lags)
Y r (stqr indicates 0,3597193) Y  r(starindicates 0,359 915)
Figure C.3 — Example: autocorrelation coefficients (with offset)
C.3 Coherent stirring configurations

For time lags [<min(l;,q) the stirring configurations are said to be coherent, i.e. they are not
statistically independent.

For tuned mode using a single stirrer, this allows to calculate the minimum angle that the tuner needs
to be turned to create a new statistically independent stirring configuration using Formula (C.6):

acoh =A0{min(1md ) (C6)

where A is the angular increment that was used to measure the sequence of received power (or field
strength) values.
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Similarly, for stirred mode, this allows to calculate the minimum time span that needs to pass by to
create a new statistically independent stirring configuration using Formula (C.7):
tcoh = =At mm( md) (C.7)

where At is the time increment that was used when sampling the sequence of received power (or field

strength) values.
This time span ¢, is called coherence time.

For.the Psmmplp of C2 At=100 TR A(‘r‘nrdinglv the values for 100 MHz are 31 6 ms (vvind

W starts at

05s)
and

and 25,7 ms (window starts at 0,4 s), and the values for 350 MHz are 10,4 ms (windows{
10,7 ms.

arts at 0 s)

C.4 Minimum dwell time

For|tuned mode, the minimum dwell time ¢ty is defined in ISO 11451-1,T¢ is used for edch stirring
configuration.

For|stirred mode, also the number of independent stirring configurations has to be taken into account.

example, to assure 12 independent stirring configurations, the miinimum dwell time shal
imes the coherence time t_,, calculated according to Fopmiila (C.7). In case of partial ¢

. The autocorrelation again exceeds the threshold (C.3), the minimum dwell time shall als
n At times the minimum window length N > inyC.2) that results in at least 12 in

ring configurations. This means that the dwell time shall be the maximum of these ty

min,1

be at least
orrelation,

0 be larger
dependent

o or three

valges (depending on the partial correlation, witliout partial correlation 12t.,, =AtN 1, holds)
using Formula (C.8):

Eawell =MaX ({awell15011451-1 12 teoh 546N min 12 }) (C.8)
In the example of C.2 N, , (for 08 5 'window or dwell time) is always larger than 12, J.e. in case

lL1S011451-1 = 1 § this alwaysgives tg, =15 . To illustrate the application of Formula (C

p, there was ne_partial correlation, i.e. again in case tgye)1s011451-1 =1$ this gives ty
1 =1,2s_and tg,, =1,3s. For the second case, a more detailed analysis changing t

8), assume

N, 1

ind ’

of 800 ms,

nt stirring
and fourth
vell =3,85,

ne window

independent

time+as

C.5 Field uniformity

be clearly
), the dwell

figurations.

The field uniformity is specified as a standard deviation from the mean value of the maximum values
obtained from each of the probes in the reverb reference points during all stirring configurations. The
standard deviation is calculated using data from each probe axis independently and the total data set.
The maximum permissible standard deviations are given in Table C.2.
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From the data collected during the chamber calibration procedure (e.g. 8.5.2.1 or 8.5.3.1), determine
for each frequency and for each probe location ne{1,...,N} (usually N=8) using Formulae (C.9, C.10

and C.11):

€xn =H§C1X(Ex,n) (C9)
€yn= n;eclx(Ey'n ) (C.10)
e, ,=max(E, ) (C.1)

SC
where E; | are the measured electric field components in direction i€ {x, y,z} in probe locationin |

Alternativ¢ly, the maximum electric field strengths may also be normalized to the mean forward pojwer
(Pr)g. usirlg Formulae (C.12, C.13 and C.14):

€xn :max(Ex'n)/,/(Pﬁsc (cl12)
eyn=tax(Ey )/ (Pr)g (G13)
€sn :maX(EZ'n)/1/<Pf>SC (Q14)

This nornjalization is not required for the calculation of“the standard deviation in dB, since
the normallization term would cancel. So either Formulae{C.9), (C.10) and (C.11) can be used or
Formulae (IC.12), (C.13) and (C.14).

For each frpquency calculate for each probe axis the average of the maxima of the E-field measuremé¢nts
over all N |probe locations using Formulae (C.15, €16, C.17 and C.18):

1 N
{ex)=f7 ewn cl15)

n=1

1 N
(ey)=ly 2-evn (df16)

n=1

| N
<ez>='v Zez,n (Cf17)

n=1

1 N
(e)=3 Xulevn teyntenn) 19

n=1

NOTE If Formulae (C.9), (C.10) and (C.11) are used, then (e)=Epc holds (see Formula (B.1)). If
Formulae (C.12), (C.13) and (C.14) are used, then (€)= Gg holds (see, e.g. Formula (3)).

The standard deviations shall be calculated using the following Formulae (C.19, C.20, C.21 and C.22):

N-1

n=1

1 < 2
Ox :\/—Z(ex,n _<ex>) (C.19)

N
1
Oy :\/EZ(ey,n_<ey>>2 (C.20)
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727 NLAE(%"*%»Z (C.21)
) LS 2 : i C.22
o= BN_lg((ex,n—@X» +(eyn—{e) ) +(ezn—(e,))) c22)

The standard deviations shall be expressed in terms of dB relative to the mean using Formulae (C.23,
C.24, C.25 and C.26):

Gy g =20l0g g (%@J (C.23)
o, +
o, a8 =20log, %] (C.24)
y
o, +(e;)
O-Z,dB :2010g10 T (CZS)

645 =20logy [G+<e>] (C.26)

(e)
Thd field uniformity can also be measured using the received power p,, Dy and p, (usipg a vector

netjvork analyser or a spectrum analyser). In this case, 10log;, shall be used when convefting to dB
unit. py, p,, and p, are thereceived powers measured by an antenna (in three orthogonal orfientations)

instlead of using a field probe, e.g. as used in the V"/N'A method (Annex F).

Table C.2 — Field uniformity requirements

F Tolerance requirements for standard deviatio-
requency range na
below 100 MHz 6 dBb
b .
100 MHz t6 460 MHz 6 dB P at 100 MHz decreasing linearly to 3 dB at
400 MHz
above400 MHz 3dB

a2  CAymaximum of three frequencies per octave may exceed the allowed standard
devijation by an amount not to exceed 1 dB of the required tolerance.

b The standard deviation requirement of IEC 61000-4-21 (4 dB at frequencies <
100 MHz) may be necessary if required by the test plan. Additional tuner steps may
be necessary to achieve this more stringent standard deviation requirement.

C.6Lowestusable frequency (LUE)

The lowest usable frequency fjyr of the chamber is the minimum frequency for which at least 12
independent stirring configurations can be achieved (i.e. N;,4 212, see C.2) and the field uniformity

requirements of Table C.2 are met for the standard deviations of the three individual field components
and for the total data set (see C.5, Formulae (C.23) to (C.26)).

In the case of using Table C.1, the lowest usable frequency f| ;r of the chamber is the minimum frequency
that only meets the field uniformity requirements of Table C.2 for the standard deviations of the three
individual field components and for the total data set (see C.5, Formulae (C.23) to (C.26)).

The LUF shall be determined after initial construction and major changes.
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D.1 Gen

Annex D
(informative)

Tuned mode and stirred mode

ral

Reverberat
Two differ
early inves
stirred mo
users of th
reading, Re

bnt basic philosophies how to create the statistics have been developed already.'during
tigations on applying reverberation ideas in electromagnetics: the tuned mode and
de methods. This annex summarizes the main pros and cons for each methad to provide
is document with the knowledge necessary to balance the benefits and \risks. For furt
ference [9] is recommended.

D.2 Tu

In tuned
transmitti
The proce
required fi
each stirri

changed dyiring the measurement or dwell time. Often, the'settling time of mechanical tuners is la

than the djy
and the ch
needed for

For VIRCs,
mode met}

Similarly,

modulation. In principle, the signal modulation may be discretized into a fixed sequence, but usu

stirred mo

A special c
than the chj
mode meth

fast movinlg objects~Fhis method, for example, can be used to efficiently measure the chamber t

constant.

The main

:1ed mode

1g antenna to be used, or the angle of a turn-table) is defined prior to calibration or t
ure is that the necessary measurements (in case oficalibration) or the application of
1d level for the defined dwell time (in case of test) are-performed for each frequency and
hg configuration of the sequence. Neither the frequency nor the stirring configuration

inge of frequency as the inner loop in the tést automation software to optimize the total t
calibration or test.

od is practically impossible to implement for a VIRC.

frequency stirring typically* uses bandlimited white noise or some kind of frequg

de is used with frequency stirring.

hse of a tuned mede-Can be created with applying pulse-modulated signals which are lot
amber time censtant, but significantly shorter than the (mechanical) changes of the stij
jod. The ideads 'similar to stroboscopes or the usage of flashlights in photography to fr¢

advantage of tuned mode is, that during the dwell time, the field patterns inside

reverberat

ion chambers provide a means to create a statistical radiated immunity test environmlent.

the
the
the
her

ode, a sequence of fixed stirring configurations (e.g. the-angles of rotating tuners, which

est.
the

for
are
‘ger

vell time, so typically, the change of stirringconfiguration is implemented as the outer loop

ime

the positions of the fabric walls practically cannot be fixed in their position. So the tuned

ncy
ally

ger
red
eze
ime

the

an‘chamber are constant Qf course foreach cfirring r‘nnfignrqfinn’ this pattern is diffend

nt,

and in different places in and around the vehicle the values of the field components significantly
differ. But the time behaviour of the field components is nearly the same as that of the output signal
of the amplifier (except for changes which are not slower than the chamber time constant e.g. pulse
modulation with pulse width of 3 ps or less). An electronic device or system in the vehicle therefore
has the full dwell time to react to the electromagnetic field configuration. This means that the same
considerations for the choice of the dwell time apply as for the other parts of the ISO 11451 series. Also
a CW test can be performed with tuned mode.

The main drawback of the tuned mode is the time required for performing calibration and test. All
stirring configurations need to be measured or tested. For example, the total test time for a test with
12 stirring configurations with mode-tune is six times the test time of a test with antenna irradiation
according to ISO 11451-2 with frontal irradiation and the two antenna polarizations horizontal and
vertical. Depending on the instrumentation available for calibration, a new calibration may require
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a significant amount in time. It is not unusual that a full calibration takes several days when using a
single field probe.

Another drawback is that the test level uncertainty is directly influenced by the number of independent
stirring configurations. For the well-stirred frequency range where the underlying assumption of a
Rayleigh distribution for an electric field component holds, the confidence interval for the maximum
value at a given input power can be calculated analytically, see Reference [21] and IEC 61000-4-21:2011,
K.3.

Figure D.1 shows the ratio Rgs, of the upper bound to the lower bound of the 95 % confidence interval

in dependence of the number of independent stirring (‘nnfigurarinnq Niud

10 100 1000 10 000 X

Key
X |IN

Rgso, in dB
Figure D.1 — Width of 95 % confidence interval

For|only 6 stirring configurations, the width is 8,5 dB, for 12 stirring configurations p,7 dB, for
100 stirring*configurations 4 dB, for 500 stirring configurations 3 dB, for 2 000 stirring configurations
2,5|dB< These results show that the more stirring configurations are tested, the smalldr becomes
the[width of the 95 % confidence interval of the maximum field component and thus in the end the
measurement uncertainty.

D.3 Stirred mode

In stirred mode, the frequency is kept constant while the stirring configurations are changing
continuously during the measurement or dwell time. For example, mechanical tuners are rotating with
a defined speed, a VIRC is excited by a shaker. This means that the automation control loop just steps
through the frequencies. The rest is done by, e.g. controllers of the mechanical tuners that set fixed
speeds and turning directions during the dwell time.

This creates a constantly changing field pattern and the field values at any position are never constant
during the dwell time. They change all the time. In other words, they are amplitude modulated but not
with a 1 kHz constant frequency. It is a statistically amplitude variation. To some extent there will be
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also a varying frequency shift due to the Doppler effect caused by moving walls or mechanical tuners.
This effect is known to influence the measurement results of mobile transmitters, but is believed to
be of little influence in EMC immunity testing, due to the limited frequency shifts of just a few 10 s
or 100 s of Hertz. In the end, CW testing in stirred mode is impossible. On the other hand, there is
only a very limited number of significant unmodulated CW sources installed, and when the vehicle
is moving, the amplitude will change due to the distance change and due to the wave interference
introduced by scattering objects like buildings, trees, and of course other vehicles. So usually, real-world
electromagnetic fields, which may cause malfunctions, are also in some sense amplitude modulated
and not CW.

The main
time. It had been demonstrated that even in less than one (or a few) seconds, more than 12 indepeng
stirring configurations can be produced. This means that instead of, for example, 12 separate frequsg
sweeps with different stirring configurations for tuned mode, a single sweep suffices, léading
speed-up of 12 of the test or calibration.

Another adlvantage is, that the higher the frequency, the more independent stirring”configuratjons
are creategl per second. This means that the higher the frequency, the smaller is.the variation of|the
mean and maximum values when the test is repeated with, e.g. another vehiclevor a fixed componfent.
In the end measurement uncertainty is significantly reduced (see Figure D.1(for"the width of the 9p %
confidencelvalue of a maximum field component) at higher frequencies compared to tuned mode where
typically the number of stirring configurations is the same and sometimes even lowered at higher

frequenciep.

The drawblack of stirred mode is that the field values constantly :¢change completely independent of|the
time needgd for a potential reaction of an electrical/electroni¢.ecomponent or system. Two cases need
to be considered: the quasi-tuned mode which means that the reaction of the vehicle or electronigs is
quicker than the field changes, and the turbo-stirred mode-where the field changes are faster than|the
slowest regction time.

D.3.1 Quasi-tuned mode

In cases where the reactions are fast enoughjthe stirred mode method may be safely applied and
malfunctigns will be found. This is also true for calibration, where the response time is the respd
time of the|field probe or the receiving antenna and spectrum analyser which can be in the range of
chamber time constant.

any
nse
the

This quasi-
upper limif
In cases wl
very signif
exceeds ea
and impos
of the vehi

Some devig

tuned mode is the stirred mode method from IEC 61000-4-21:2011, Annex C which define
of the stirring speédconsidering the needed reaction time of the vehicle and its electrof
ere the reaction’time is larger than a few ps, the formula given in IEC 61000-4-21 result
cant test times. For several ms as reaction time, the time for one revolution of a single ty
5ily 10 minfot one revolution, making this method very impractical for slow reacting devic
bible for unknown devices when the default dwell time of 1 s would be used as reaction t
'le electronics.

5

eSintegrate the field and do not react on the maximum values, e.g. electro-explosive devices.
In this casemmwvtmwwmmemmuﬁhe

field should be used instead of the expected maximum value.

D.3.2 Turbo-stirred mode

an

ics.
sin
ner

es,

ime

es

In case of turbo-stirring, the actual testing is more like testing with AM modulation, but not with 1 kHz
modulation frequency. The modulation is with a stochastic signal with a spectrum of several Hz to some
100 s of Hz in the case of mechanical stirring methods. Electronically, several 10 s of kHz can be easily
achieved.

NOTE1 Examples for implementations of turbo-stirring are the reverberation chamber at the University of
Naples, Italyl?l, and VIRCI19],
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Since this signal is not a CW signal and also not AM, 80 %, 1kHz, it might be possible that

the vehicle

electronics might react differently than in a test with tuned mode due to the different test signal shape.
Whether this happens or not depends heavily on the electronics. There might be electronics with

reaction times in the ms range or below, which will react in this modulated signal in a sim
with a CW signal with completely similar effect thresholds only depending on the maximum

ilar way as
field value.

But there might be also electronics, that react after several seconds of dwell time (e.g. in cases where
internal error counters are increased until an observable malfunction is displayed or causes an error

message).

Since each reverberatlon chamber is quite unique, the generated test 51gnals differ from chamber to

be gbsolutely excluded. Many malfunctlons are closely related to the maximum value achi
chamber, and then statistics and calibration guarantee that the expectation values of the f
very similar (typically smaller than 1-3 dB).

NOTE 2  The distinction between quasi-tuned and turbo-stirred is based on both)\the prope]
revgrberation chamber and the reaction time of the vehicle or its electronics under test~This makes i
to Igbel a facility itself as a quasi-tuned or turbo-stirred chamber.

Comparison

Table D.1 summarizes the pros and cons. In the end, the user ha§to balance the risk of missi
of an electronic device because the device did not react due.to’the modulation against the
finding an issue because the test could not be performed dué-to limitation of resources like

of a prototype vehicle, the facility, or the personnel to conduct the test in time plus the ac¢

ers cannot
bved in the
eld will be

Ities of the
[ impossible

ng an issue
risk of not
hvailability
eptance of

a higher measurement uncertainty. In addition, the user has to decide between the possibjlity of CW

test
acc

ing with a higher test level uncertainty and andincreased testing efficiency with highe
iracy.

Table D.1 — Comparison tuned mode and stirred mode

I test level

Method Pros Cons

CW test possible significantly longer calibration

time; much lower efficiency
same considerations of dwell time

and vehicle electronics response time
applicable as in IS011451-2 testing

ffluned mode
higher test level uncertainty

hnd test

calibration and test time are
significantly reduced; much higher
efficiency

CW test not possible

uncertainty due to vehicle elect
response time

firred mode

higher test level accuracy

Fonics
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E.1 Gen

Annex E
(informative)

TLS method

ral

This anne}
frequencie
similar to 1

The applic

This meth
rotating oy

This methg
For TLS m
apply.

E.2 TLS

k describes the TLS method which is an extension of reverberation chamber testin
5 below the lowest usable frequency of the reverberation chamber. This TLS.'métho
LS testing inside an ALSE at low frequencies but includes several changes.

hble frequency range of the TLS method is 0,01 MHz to LUF.

d requires the ability to shift room resonances, i.e. only mechanicakstirring works (eit
moving tuners or moving or vibrating walls).

d uses stirred mode only.

ethod, in contrast to the reverb method the A/4 minimum)distance requirement does

The TLS shall be designed for vertical polarization at’low frequencies. An example of reverbera

chamber w

No part of
vehicle. Th
points (see

The TLS sh

Particular
certain cor
power can
have a sign
may help t

ith a parallel-plate TLS is shown in Figure-E:1.

a TLS, with the exception of the ground plane, shall be closer than 0,5 m to any part of
e TLS radiating elements shall be separated by at least 1 m vertically from the TLS referg
E.3.2).

all extend centrally over atleast 75 % of the length of the vehicle.

care needs to be taken'when testing heavy vehicles such as buses and large trucks. Uy
be coupled to the\vehicle by a directional coupler mechanism. Room resonances can

b shift the resonances out of target band and frequencies, if needed.

her

not

Fion

the
nce

der

ditions related to dimensions and frequency, it is possible that close to 100 % of the applied

hlso

ificant effect @nythe field uniformity, amplitude and direction under the TLS. Moving tuters
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1
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
7
5 ] 6

Key

1 |reverberation chamber / VIRC 7  RF amplifier

2 |amplifier / operator room 8 directional coupler

3 |working volume 9  power meters

4 |tuner, if used 10 load

5 |TLS (conductive platé-or wires) 11 wvehicle

6 |RF signal generator 12 dynamometer (with or without turn-table)

Figure E.1 — Example of parallel-plate TLS
E.'J TILC smmaothad anth ﬂ“l‘ﬂl‘:"‘ltin“ maothaoad noawaor cantranl

L LJ IIICUIIUU VWItlll oUupuvJouitu VIl 11U LITUT PU'V\/I CUIILI UL

E.3.1 General

The test shall be performed with the substitution method. The substitution method is based upon
the use of forward power as the reference parameter used for field calibration (corrected by the TLS
loading correction factor) and during test.

This method is performed in three phases:
— field calibration without the vehicle present;

— loading measurement with the vehicle present;
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test of

the vehicle.

The RF power required to achieve the required field strength is determined during the field calibration
phase and the loading measurement phase.

The TLS loading correction factor determined during the loading measurement phase describes two
phenomena:

— the change of strong resonances of the chamber which are caused by the vehicle compared to the
field calibration measurement without vehicle present;

the loa
consu

The loadin
of this clag
type. The

es ower and decreases the field strengths (like in the reverb method).

b measurement of a vehicle class needs to be performed only once, and is valid for.all vehi
s. Classes may be, for example, small, mid-size, and large vehicles, or based onthe veh
hpplicability of the classification shall be demonstrated by sample loading-measureme

The neededl number of classes depends on the differences in sizes of the vehicles tested:and the size

instrumen

During fiel
E.3.2 TIL

The TLS rqg
the TLS md

At least fo
midline alq
spacing be
if the vehiq
spacing be|
seven TLS

The TLS rdg
for vehicle

Figure E.2

The reverh
TLS metho

ration of the reverberation chamber.

 calibration, loading measurement and test, all defined stirring cofifigurations shall be u

S reference points

ference points are the positions of the field probes usedfor characterizing the chamber
thod.

ir points shall be used as TLS reference points,.The points shall be evenly spaced on
ng the septum of the TLS over the area where“the vehicle will be placed for this test.
fween the points shall be chosen such that the longest vehicle will be covered. For exam
le intended to be tested have lengths of up-to 6 m, in case of four TLS reference points
tween the TLS reference points should’be 2 m (maximum length divided by 3), in cas
Feference points the spacing should be.1 m (maximum length divided by 6).

ference points shall be located 4t a*height of (1 + 0,05) m above the shielded enclosure f
with a roof height < 3 m, or (1,8 + 0,05) m for vehicles with roof heights > 3 m.

shows an example of the-TLS reference points.

reference points are additionally used to determine the loading effects of a vehicle for
d.

rqnce

icles
icle
nts.
and

Ged.

for

the
The

ple,
the
e of

oor

the
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c) Side view.

Key

1 [|reverberation chamber / VIRC 6> reverb reference points (8 points)

2 |tuner 7  dynamometer (with or without turn-table)

3 |working volume 8 TLS

4 |transmitting antenna (only shown in top view) 9  TLS reference points (minimum of 4 shojvn)

5 |receiving antenna, if used (only shownin'top view) s spacing between TLS reference points (sge E.3.2)

p  height of TLS reference points (see E.3.2

Figure E.2 — Example of TLS reference points

E.3|3 TLS field calibration
Caljbration is pérformed without a vehicle in the test location.

The specific.test level (field) shall be calibrated periodically by recording the forward powgr required
to groduce-a specific test level (calculated from field probe measurements in the TLS referehce points)
for pach'test frequency.

This calibration shall be performed with an unmodulated sinusoidal wave.

When requested, the values of forward and reverse power recorded in the calibration file and a precise
description of the associated reference and monitoring positions of the field probe(s) shall be included
in the test report.

The mean of the field probe maximum field component readings is used as the calibration value.

NOTE In contrast to the TLS method of ISO 11451-2, the test level definition is based on the field probe
component readings and not on the readings of the total values. For low frequencies where the field is almost
perfectly vertically polarized, the difference is very small, but for higher frequencies this choice gives a smooth
transition to the usual reverb test level definition which is based on the maximum readings of the individual field
components.
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The reference line is a horizontal line over which the field strength shall be established. The TLS
reference points are defined in E.3.2.

Additionally, for the purpose of loading determination, the maximum field strength in the eight reverb
reference points (see 8.5.1) shall be measured with a field probe (indicated in formulas by a subscript
“mon” for “monitoring”).

The LUF breakpoint is dependent on the design of the user’s facility.

Place the TLS at the intended location. Place a field probe at TLS reference points on the horizontal
TLS reference line (see E.3.2) and in the reverb reference points for monitoring the field for loading
measuremfnt. More than one field probe may be used at the same time.

Use for thg TLS field calibration all stirring configurations as intended for testing (i.e. at the défined
speeds).

For each tgst frequency, measure
— the mdan value of the forward power (P;) . over all stirring configurations;

— the mgximum values of the electric field strength components in the TLS reference points over all
stirring configurations;

— the mgdximum values of the electric field strength components in.the eight reverb reference pojints
over all stirring configurations.

For each tgst frequency, calculate the TLS transfer factor Fpjg using Formula (E.1):

M
1
Fris =F——= Emax({max(ETLS’X'm );maX(ETLSy,m );maX(ETLS,Z,m )}) (E.D)
M <Pf >sc 1 sc sc sc
where
M is the number of TLS referencepoints used;

(P ). | isthe mean value of the forward power in W over all stirring configurations;

is the electric field strength in V/m measured in the mth TLS reference point for probe axis

Etisin ;
ie{x,y,z};

and the nofmalized field leyel K1) g of the empty chamber using Formula (E.2):

KTLS,er Zn 1(maX ERPXn)+maX(Eprn)+maX(Eszn)) (3.2)
24‘ /
where
(Pr)g. Histhemeanvatueof theforwardpowerin-W-eoverallstirringconfigurations:
Egpp;, s the electric field strength in V/m measured in the nth reverb reference point for probe

axis ie {x,y,z}.
E.3.4 TLSloading measurement
Loading measurement is performed with the vehicle in the test location.

This loading measurement shall be performed with an unmodulated sinusoidal wave.

Place the TLS at the intended location. Place a field probe in the reverb reference points for monitoring
the field. More than one field probe may be used at a time.
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Use for the TLS loading measurement the same stirring configurations as used for TLS field calibration
intended for testing.

For each test frequency, measure
— the mean value of the forward power (P;) . over all stirring configurations;

— the maximum values of the electric field strength components in the eight reverb reference points
over all stirring configurations.

For each test frequency, calculate the normalized field level Kp;g of the chamber with vehicle using
FormulaTE3T:

sc

1 8
K = E (max E +max(E +max(E ) (E.3)
TLS,veh 24 <Pf>sc n=1 ( RP,X,n) sc < RP,y,n) s ( RP,z,n)
whére

(Pr)s. is the mean value of the forward power in W over all stirring-configurations;

is the electric field strength in V/m measured in the nthreverb reference poinit for probe

Egpin 1S the
axis ie{x,y,z};

and the TLS loading factor using Formula (E.4):

K TLS,empty

Mcyp = (E4)

KTLsveh
E.3|5 Vehicle test

The vehicle and associated equipment are jnstalled in the working volume as described in|Figure E.1
and|in the main body in Clause 7 (Figures 2to 6).

The position or positions of the vehicle-relative to the TLS shall be specified in the test plan (see 8.1).

The position of the charging cable between the vehicle and the HV-AN(s)/AMN(s), if any, shall remain
unchanged regardless of the {ehicle orientation, antenna location(s) and stirring configurations.

The vehicle shall be operated according to the test plan.

The test is conductédyby subjecting the vehicle to the test signal based on the calibrated value and the
TLY loading factor for the vehicle (class) as predetermined in the test plan. Calculate fof each test
frequency the n€cessary forward power Py into the transmitting antenna for the requirgd test level

Erifs test Usihg Formula (E.5):

2
E
b [ Emstest | ©5)
s )

Monitor the forward power into the transmitting antenna(s) and record the average value over all
stirring configurations. Variations greater than 3 dB shall be noted in the test report.

Tests shall be conducted for all stirring configurations over the test frequency range. Any exceptions to
this practice shall be specified in the test plan.

Interpolation methods may be used between calibration levels to determine the specific forward
power to be used for a test. From a practical viewpoint, the increment between calibration levels
when the amplifier is operating in a linear range may be larger than when operating in a region where
compression occurs.

Scan the frequency range at the test level noting any anomalies.
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Continue testing until all frequencies, modulations, stirring configurations and vehicle orientations
specified in the test plan are completed.
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Annex F
(informative)

Cavity mode method

F.1—General

CTITOCTor

Thif method consists of adopting chamber modes to generate required field strengthwith
for the frequency between TLS method and LUF, typically (30-80) MHz, where the'dhamb
modles density, however, tuner acts as moving cavity boundary to have modes of continuous f

dur]

For
not

At
no
is 9
cha

ing its movement and rotation.

cavity mode method, in contrast to the reverb method, the A/4 minimum distance requir
apply.

east one eigen mode exists during the full travel of tuner at afrequency, if the ch|
big contrast dimension for width and length, at least two modes exist because width
witchable at somewhere of tuner travel/rotation, e.g. TEmn =TEnm, called rotated

hging illumination for ALSE, considering the wavelength and electrical boundary rest

fieldl strength and uniformity inside test volume is compatable better than that of ALSE fof

Fur
cha
301

Tra
lim
cha

low]
alsq
obs

Ap
of 3

thermore, FU can be improved if more than one mode exists for a frequency. For a rey
mmber with L>W>10 meters, normally there existscat least two modes for frequency gr
MHz if stirring efficiency is high enough.

hsmitting antennas below 100 MHz normally have large structure and low efficiency,
tation of field quality for ALSE, however monopole antennas can be used inside rey

less power
er has less
requencies

bment does

amber has
and length
modes like
Fiction, the
this band.
erberation
eater than

this is the
erberation

mber acting as a feeding probe into cavity or waveguide, and extra advantage of

frequencies of chamber modes because of energy storage inside chamber, the pheno
erved by a VNA connected-to:a monopole of any length inside the reverberation chamber

roo
excites

I

the chamber modes well (i.e. low return loss and high field strength at least for o

configuration for each test frequency).

Exa

©IS

mple of instrumentation is shown in Figure F.1.
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Key
1
2
3

tunabld
tunabld
tunabld

F2 Cha

The verifid
analyser, ¢

full travel ¢f tuner, this can be finished by N'scans using Formula (F.1):

N=mn

where

m s

n s

For each s
one with a

4
5

monopole, position 1 detail of a tunable menopole: motorized tuning

monopole, position 2 working volume

monopole, position 3

Figure F.1 — Example of instruimentation

mmber characterization

ation of frequency coverage shall be carried on by antennas at three locations and netw
bmposite minimum S11 of all antennas and all lengths shall be less -10 dB in whole bandg

the number of antenna locations;

the number‘ef-antenna lengths.

an, set‘network analyser S11 to minimum hold for full tuner cycle. Switch antenna ong
htenna(s) which are not used in the scan in open circuit condition.

ork
for

F.1)

xby

ure

If composi

e 511 has S11>-10 dB at some freguencies (normally < 10 %), additional diffusion struc

shall be brought into chamber to increase complexity of reflection. See Figure F.2 for a test setup for
chamber characterization.
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Key

F.3

whd

o

signal generator 6  transmitting antennas (tunable mor

~

power amplifier (if no internal sensor, external power tuner

sensors are needed)

network analyser 8  motor
power switch 9  control RC
power switch

Figure F.2 — Test setup for chamber characterization

Calibration and test procedure

cycle, repeat the same data record for allcombinations of selected antenna lengths (defa
early slide), stirring resolution =1 %-qr léss, sweep frequency points is set to contain test f1

stirring position (as variances later) for each variance of each combinations, choose beg
combination variances toperform field strength calibration and stress level testing.

Step 3: switch the antenna to power amplifier, call the variances combination of last step
field strength with-average of multi-probes’ reading at low power level for example 1w
the field strength'ef’each probes, perform field uniformity analysis using Formula (F.2):

maX(|Etot,n _<Et0t,n >|) J

<E tot,n >

UF =2010g10{

PIre

opoles)

Step 1: switch antennas connected with network analyser, log S11 of three antennas for full stirring

h1t sets like
equencies.

Step 2: performance data filtering and search lowest S11 with associated antenna 1no./length/

t two of all

o calibrate
att, record

(F.2)

n 1s the I1eld probe number;

E., isthe measured total electric field strength by the n th probe.

Field probes distributes inside test volume either along longitude line like red dot or centre plus four
corners like blue rectangle indicating at the height of 1 m, but ensure 2 m clearance to any wall of
chamber.

Typically, Ug <6 dB for 90 % of frequency points. See Figure F.3 for a test setup for calibration.
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!
R NN e A ez | /
°? y/4 Dz V74
S 28 ) sy ivv4
Key
1  working volume 3 dynamometer
2 probe rhast locations
Figure F.3 — Test setup for calibration
— Step 4] repeat steps 1 and 2 with vehicle inside chamber for the selécted two combination becduse
vehiclg presented inside chamber requires re-tune of the modeatthe frequency.
— Step 5]{switch to power amplifier, then call the variances cenibination of last step to perform stfess
testing. Scale factor as below using Formula (F.3):
g 2
Sp=| = (F.3)
E tot,n>
where
Eiest is the testlevel in V/m;
(Etotn is the mean value of the total electric fields in V/m measured in the field probes.
Typically, dnly less than 200 W ismeeded to achieve 100 V/m inside test volume.
Steps 1/2/B need to be carried on for significant change of chamber, only repeat step 4 for diffefent
vehicle tesfing.
Network analyser pre-scan helps find the tuner position for mode under a combination of antenna
location/lgngth at-each test frequency, then test system call for the status directly to inject the poyver,
the procedpreaccelerates the testing operation.
NOTE ed-1mode o-h ed—fg h a ad-tes nd aln o Q b a nd-lorltest

efficiency. Compared to the reverb method in stirred mode, the field levels between the maxima become lower

and the durations between maxima become longer.
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Annex G
(informative)

Reverb method with closed-loop power control

G.1 General
J—eRelat

The reverb method with closed-loop power control is based upon the use of a field probe mdasurement
system that allows the measurement of the electric field strengths and the calculation of the test level
and the field uniformity in real time.

The applicable frequency range of the reverb method with closed-loop pewer control|is LUF to
18 (00 MHz.

Thif method is performed in a single phase:

— |test of the vehicle.

G.Z Levelling parameter

Implementing the power control loop for closed-loop testing based directly on measurements of Epc

might lead to either an unacceptable long levelling titne or to the risk of over-testing if the stifring speed
is not fast enough. Therefore, using mean valuestor CDF-values (e.g. 80 % percentile) for|the power
confrol loop and correcting by the proper maxithum to mean or maximum to CDF value is allowed. The
proper ratio may be determined experimentally by measurements or by calculations (analytically or by
staflistical computer experiments assuming a Rayleigh distribution). Nevertheless, the test| level shall
be defined by one of the definitions of- Anhnex B.

NOTE1 The VNA method of AnnexI also applies this concept.

NOTE 2  The determination of statistical properties or the electric fields (or power levels) like the DF together
with the dwell time allows conclusions of how long the electric field strength actually was abovdg or below a
spegific field value. For example, if the dwell time chosen is 10 s and the 80 %-percentile (field value at which
80 % of the measuremepntvalue were below or equal to this value) is 75 V/m, then for at least 2 s the ¢lectric field
strejngth is at least 750//m.

G.3 Vehiclereverb test with closed-loop power control

Plage the\field generating device at the intended location. Place eight calibrated isotropic field probes at
the|reverb reference points.

The vehicle and associated equipment are installed in the working volume as described in the main
body in Clause 7 (Figures 1 to 6).

The position of the charging cable between the vehicle and the HV-AN(s)/AMN(s), if any, shall remain
unchanged regardless of the vehicle orientation, antenna location(s) and stirring configurations.

The vehicle shall be operated according to the test plan.

The output power of the amplifier shall be increased until the required test level is indicated by the field
measurement system. The mean forward power, the mean reverse power, the mean of the 24 maximum
field components and the four standard deviations as required for field uniformity evaluation shall be
recorded. In case the field uniformity requirement is not met, this shall be stated in the test report.

NOTE1 Afield probe can be placed in or outside the vehicle during the test.
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Tests shall be conducted for all stirring configurations over the test frequency range. Any exceptions to
this practice shall be specified in the test plan. The number of stirring configurations shall be at least
12 and at least 6 above 3 iy yeh OF 3 fLUF maxload -

For stirred mode testing the minimum dwell time defined in ISO 11451-1, might need to be extended to
ensure at least 12 or 6 independent stirring configurations (see C.4). For example, the coherence time
(see C.3) is 540 ms then the minimum dwell time is 6,48 s and above 3 f| ygyen OF 3 fLuF maxioad 1t 1S

3,24 s.

Scan the frequency range at the test level noting any anomalies.

Continue t‘tsting until all frequencies, modulations, stirring configurations and vehicle orientat
specified i the test plan are completed.

For pulse 1
of the field
with an os
working v
time equal

NOTE2 1]
microsecon

hodulation, it shall be checked that the pulse duration is long enough to reach a(steady-s
s in the chamber and the switch-on transients have decayed. This can be'edsily cheg
Filloscope or a spectrum analyser in zero-span mode connected to a receivitig antenna in|
lume. The pulse duration of the pulse modulation shall be extended so,that the steady-s
5 the required pulse duration.

'he switch-on and switch-off transients typically last for a few hundred nanoseconds to a
s and can be easily distinguished from the “steady-state” that can clrange due to a stirred mode.

ons

fate
ked
the
fate

few

60

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=7362647bd059e6b31607762fd0b67285

ISO 11451-5:2023(E)

Annex H
(informative)

Chamber time constant method

General
=enera:

fie

The

18 (00 MHz.

Thi

The
this
The
of ¢
the

The
the

H.2

Thi
cha

H.2

Th%substitution method is based upon the use of forward power as the reference paramet
1

calibration and during test.

applicable frequency range of the reverb method using the chamber time constant

5 method is performed in two phases:
field calibration (see H.2);
vehicle test (see H.3).

field calibration of a vehicle class needs to be performed only once, and is valid for all
class. Classes may be, for example, small, mid-size, and'large vehicles, or based on the v¢
applicability of the classification shall be demonstrated by sample calibrations. The need
asses depends on the differences in sizes of the vehicles tested and the size and instrum|
reverberation chamber.

RF power required to achieve the required-test level for the test of the vehicle is deterr
results of the field calibration phase.

Field calibration
mber time constant:
the measurement pf'the chamber time constant with vehicle present allows directly to cg

necessary inputpewer and hence G (see H.2.1);

calculated\directly without measuring the chamber time constant with vehicle (see H.2.

.1 _Field calibration with vehicle present

er used for

is LUF to

vehicles of
bhicle type.
ed number
entation of

hined from

5 annex describes two field>calibration procedures that are based on the measurenjent of the

lculate the

if the meand@bsorption cross section (ACS) of the vehicle is known, the power requirengent can be

).

Me

sure the chambher time constant T, of the loaded chamber with vehicle present ag

cording to

Annex L.
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Determine the maximum to mean ratio o of the electric field components either from experiments
with similar vehicles, or from the number of independent stirring configurations N;,q by evaluating

the following expression using Formula (H.1):

- 2 YVina—1 2
[ Nar? {1_exp(§ﬂ exp[g]dx
a(Nipg)= NCaE (H.1)

Figure H.1 gives graphs for « inlinear and in dB scale. For tuned mode, Nj,q4 is the number of stirring

configuratfons used (e.g. 6 or 12), for stirred mode, this needs to be determined by evaluating|the
autocorrelation function (see C.2).
Y Y
4 ‘ : , 12
35 10 |
3 | ] 8 |
2,5} ] 6
2 L 4 4 | -,::_
15| . 2| '
1 0
1 10 100 1000 10 000 X 1 10 100 1000 10 000 X
a) Linear Y-scale b) Y-scale in dB
Key
Nind
Y a(Nipg)
Figure H.1 — The ratio.of the expected maximum value and the expected value from N;,4
independent samples
Table H.1 gives sonie values rounded to three significant digits.
Table H A —~ The ratio of the expected maximum value and the expected value from N;,4q

- A1 Al . 1
HHIUCPCIIUuciit balllplcb

Nind ®(Ninq) (linear) ®(Ning) indB

1 1,00 0,00

2 1,29 2,23

5 1,65 4,35

10 1,89 5,53

20 2,11 6,48

50 2,37 7,50

100 2,55 8,14

200 2,72 8,69
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Table H.1 (continued)

ISO 11451-5:2023(E)

nent with

(H.2)

Nind a(Nind ) (linear) a(Nind ) indB
500 2,93 9,33
1000 3,08 9,76
2000 3,22 10,2
5000 3,39 10,6
10 000 3,52 10,9
ﬂgn‘n H2 shows the relative standard deviation of the maximum electric field comp
respect to the expectation value of the maximum electric field component on a logarithniiescale using
Formula (H.2):
o= 2010g10 <Ei,max>+5td(Ei,max )
<Ei,max>
as g function of the number of independent stirring configurations.
Y
3,5 T . 5
3 = -
25 | Q 1
2 N -
1,5
1 -
05 r
0 1 1 L
1 10 100 1000 10 000 X
Key
X |IN
Y .
(Ei,max +Std(Ei.max ))/<Ei,max> indB

Figure H.2 — Relative standard deviation of the maximum electric field component

The mean electric field component <|E

x,y,orz|>

can be calculated from the mean forward power (P ) in

W and the chamber constant 7} in s of the loaded chamber with vehicle using Formula (H.3):

<|El |>=7L'\/10C0 Tl T‘I/tX,tOt <Pf>

© IS0 2023 - All rights reserved
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where

i is any direction of the probe axis ie {x,y,z};

4 is the volume of the reverberation chamber;

Co is the speed of light (approximately 3 108 m/s);

NMxtot 1S the total antenna efficiency of the transmitting antenna. The total antenna efficiency can
be either estimated from the reflection coefficient of the transmitting antenna in free space
and an assumed antenna efficiency of 0,9 for horn antennas and 0,75 for logarithmic periodic
antennas, or measured using the method described in Annex L.

The expecfation value of the maximum of an electric field component can be estimated using e (Ny,q )
using Formula (H.4):
10¢o Ty Nix ot (Pr )

ERc=“(Nind)<|Ei|>=0‘(Nind)7T\/ v (H.4)

Hence, the chamber gain with vehicle Ggc e is given by Formula (H.5):
ERrc [ 10¢o 7) My tot
GRC,veh| = =0(Nipg ) Ty|——————— (H.5)
V(Fr) 4

H.2.2 Ca]culation of the power requirement from the AES
H.2.2.1 Chamber time constant of the empty chambet;

The chamber time constant 7, of the empty (unloaded) chamber without vehicle present shal

measured

H.2.2.2 (

If the ACS (
7, of the

according

Estimate the loaded chamber time constant 7, using Formula (H.6):

Vv
T =Ty (1
COAaCSTu /4
where V i$ the volume of the reverberation chamber, 7, is the chamber time constant of the unlog

empty cha

hccording to Annex L.

alculation of the chamber gain from the ACS

f the vehicle itself or an applicable class of vehicles is not known, measure the time cons
oaded chamber with yehicle present according to Annex L and calculate the ACS .

o Annex L.

be

ant

acs

1.6)

ded

mber without vehicle present, and c is the speed of light.

Calculate the chamber gain according to H.2.

NOTE

calculated directly.

64

If 7| needs to be measured first, it is not necessary first to calculate the ACS. The chamber gain can be
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Also, the chamber loading factor Fq r as defined in 8.5.2.3 can be calculated from the ACS by using
Formula (H.7):

Fepp = Apcr _ Qunloaded _Tu_ Aacs,empty +Aacs (H.7)
ACCF Qloaded 7 Aacs,empty
where A, empty is the absorption cross section of the empty chamber, which can be calculated from

the volume of the chamber, the speed of light and the empty chamber time constant using Formula (H.8):

%4

A = H.8
acs,empty CoTy (H.8)

Thi method therefore describes an alternative method to the method of 8.5.2.3.

H.3 Vehicle test

The vehicle and associated equipment are installed in the working volume as described ih the main
body in Clause 7 (Figures 1 to 6).

The position of the charging cable between the vehicle and the HV;AN(s)/AMN(s), if any, shall remain
unchanged regardless of the vehicle orientation, antenna locatiot(s) and stirring configurations.

The vehicle shall be operated according to the test plan.
The test is conducted by subjecting the vehicle to the“test signal based on the calibratdd value as

prefletermined in the test plan. Calculate for each test’frequency the necessary forward pgwer Ppiqq
intq the transmitting antenna for the required testlevel Epc e using Formula (H.9):

E 2
RC,test
P test :( = ] (H.9)

GRC,veh

Monitor the forward power into the’transmitting antenna(s) and record the average valpe over all
stirking configurations. Variatiohs greater than 3 dB shall be noted in the test report.

NOTE1 Afield probe can bé placed in or outside the vehicle during the test.

Tests shall be conducted for all stirring configurations over the test frequency range. Any exgeptions to
thig practice shall be specified in the test plan. The number of stirring configurations shall be at least
12 gnd at least 6 above 3 fi ypvenh OF 3 fLUF maxload -

For|stirred mode testing the minimum dwell time defined in ISO 11451-1, might need to be gxtended to
enspre atléast 12 or 6 independent stirring configurations (see C.4). For example, the cohdrence time
(se¢ C.3)\1s'540 ms then the minimum dwell time is 6,48 s and above 3 f ygyen OF 3 fLuF haxioad 1t 1S

3,24 °5:

Interpolation methods may be used between calibration levels to determine the specific forward
power to be used for a test. From a practical viewpoint, the increment between calibration levels
when the amplifier is operating in a linear range may be larger than when operating in a region where
compression occurs.

Scan the frequency range at the test level noting any anomalies.

Continue testing until all frequencies, modulations, stirring configurations and vehicle orientations
specified in the test plan are completed.

For pulse modulation, it shall be checked that the pulse duration is long enough to reach a steady-state
of the fields in the chamber and the switch-on transients have decayed. This can be easily checked
with an oscilloscope or a spectrum analyser in zero-span mode connected to a receiving antenna in the
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working volume. The pulse duration of the pulse modulation shall be extended so that the steady-state
time equals the required pulse duration.

NOTE 2

The switch-on and switch-off transients typically last for a few hundred nanoseconds to a few

microseconds and can be easily distinguished from the “steady-state” that can change due to a stirred mode.

H.4 MATLAB code for calculating «

The following MATLAB code was used to calculate a numerically and create Table H.1 and Figures H.1

and H.2:

clear;clc
Nno=101;
NList=uni
AlphaN=ze]
x=1linspacd
for ti=1:1
N=NLij
maxPDJ

close all;

iue ([floor (logspace (0, 4,Nno) )
os (1, numel (NList) ) ;stdN=zeros (1, numel (NList)) ;
(0,6,1001) ;

umel (NList)

t(ti);
[N=N/2*pi*x.*exp (-x."2*pi/4) .* (l-exp (-x."2*pi/4)) .~ (N-1);

Alphalf (ti)=trapz (%, x.*maxPDFN) ;

temp=1

stdN (4
end
figure;
yyaxis lel
plot (NLisf
xlabel ('N
set (gca, "
yyaxis ri
plot (NLisf
set (gca, "
ylabel ('\4
set (gcf,’
set (gca,
set (findal
set (gcf, ¢
figure (gcf
figure;
plot (NLisf
set (gcf, '’
xlabel ('N
set (gca,
set (findal
set (gcf, "¢
figure (gcf

rapz (x,x.*x.*maxPDFN) ;
i)=sqrt (temp-AlphaN (ti)~2)/AlphaN (ti) ;

t;

,AlphaN, 'linewidth', 2);

) ;ylabel ("\alpha (N _{ind}) (linear)"');
[(Lim', [1 4])

ht;

,20%1ogl0 (AlphaN), 'linewidth', 2);
(Lim', [0 12])

lpha (N_{ind}) (dB)');

olor','w');grid on;

XScale', 'log');

1(gcf, '-property', 'FontSize'), 'FontSize', 24);
osition', [68 216 1222 653N

’

,20*1ogl0 (1+stdN)) ;

olor','w');grid on;

) sylabel (" (<E_{i,max}>d#std(E {i,max}))/<E_{i,max}>
XScale', 'log'");ylim\([0 3.51);

1(gcft, '-property' ("FontSize'), 'FontSize', 24);
osition', [68 206 1222 653]) ;

’

12510 20 50 100 200 500 1000 2000 5000 (1)0E0O]

(dB) ")
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Annex I
(informative)

VNA method

1.1 —General

Thip annex describes the method when using a vector network analyser (VNA) for calibrdtion of the
reverberation chamber (RC) when loaded by the DUT. The method bases the calibration pn average
rec¢ived power (instead of maximum electrical field) during either mode-tuning or‘mode-stjrring.

The applicable frequency range of this reverb method using the VNA method is.EUF to 18 00{0 MHz.

The test level is determined from the average power, and to reduce the risk of over-testing the test level
is afljusted towards an upper quantile (output power is reduced). For example, a test level cqn be set to
90 %, which would mean that 10 % for the samples inside the RC will bé equal to or above tHe test level
and 90 % will be below.

In general, during both test and calibration, receiving antennas.shall be placed at least A/4 atfthe RC LUF
from any conducting surface. Except from the floor, as the\vehicle is placed on the floor (seg¢ Reference

(71}

It i preferable to aim the transmitting and receiving antennas at tuners or corners of the RC, and
alwpys avoid a direct line-of-sight path between these antennas.

The analysis in this method assumes uncorrelated samples (see C.2), homogenous (i.e. field uniformity),
and isotropic field.

Thg method is divided into four steps:

— [field uniformity validation (see‘1.4);

— |calibration of the RC whendoaded with DUT (see L.5);
— |calculation of the transmit (forward) power (see 1.6);
— |[test of the vehicle/(see 1.7).

1.2 gnd L.3 contain definitions, and 1.10 lists major uncertainty budget contributions.

I.2| CGhamber transfer function

Theaverageof thetransferred power fronr the tramsmitting amntena to the Teceiving amnternma inside the
RC is defined by the chamber transfer function (H). For the intended frequency range, H is calculated

using Formula (1.1):

Hy =52 5210 (11)

where N is the number of uncorrelated samples, n is sample index, and f'is frequency. In short form we
denote the average in Formula (1.1) as:

Hy =<|521,n.f|2> (1.2)

where (*) denotes the linear average.
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.3 Maximum load

The verification of the RC setup will implicitly give an upper limit on the permitted DUT load inside the
RC. This is defined as the maximum loaded RC (MLRC). If the DUT loads the RC more, a new set of field
uniformity measurements with more load inside the RC shall be performed.

The DUT can be tested if the relation H pyr 2Hf mirc is true for at least 90 % of the frequency

samples.

1.4 Fiel

Repeat the
chamber ty

lmifnrmity validation

steps in L.3 for all eight reference positions, i={1,...,8}, as defined in 8.5.1 and re¢ord
ansfer function Hp;. Then calculate the standard deviation (o) using Formula (I.3):

|

The verific
of the emp

The standj
function oy

Of,dB 7

Chambert

I.5 Cali

Calibration

For the int4
H accordin

Prior to R(
plane is de

It is suffici
field unifoy

If the DUT
with the D

B tol.2.

éZL(Hﬂi ~(p))

'y or the MLRC shall be put into the uncertainty budget.

ird deviation shall be expressed in terms of dB relative to’the mean of chamber tran
rer reference positions (<Hf’,- >) using Formula (1.4):

ransfer function of MLRC is defined as the average: H r wrc =<Hf',-’MLRC> :

bration of the RC

is fast and is performed with the DUT (vehicle) inside the RC.

ended frequency range, with.the VNA sample S,; and calculate the chamber transfer func
calibration the VNA ports needs to defined and calibrated. Typically, the VNA calibra
[ined at the transniitand receive antenna ports.

bnt to make use of one reference position as field uniformity variations are considered in

loads the’RC more than the MLRC, the field uniformity procedure in 1.4 shall be repes:
JT installed in the RC (this implies an update of the uncertainty budget).

ption shall be performed twice: on empty RC, and on MLRC. Maximum)of standard deviaf

mity analysis. If more reference positions are used, it is necessary to calculate their meajn.

the

1.3)

—e

on

Sfer

1.4)

Fion

fion

the

ted
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1.6 Average test level

The magnitude of the total electrical field can be expressed using Formula (I.5):

2 2 2
Euoe| =B 2 +]E, [ +IE, | (1.5)

In the RC, the average electric field is assumed to be independent of orientation. This implies that using

Formulae (1.6 and 1.7):
|=|E | (1.6)

and

|Et0t|=\/§|Ex,y,0rz| (L.7)

Accprding to Reference [12] the magnitude of the electric field can be expréssed using Formila (1.8):

_4n [57(Py)
<|Ex,y,0rz|>_ l nrx,tot (1-8)

Givén the calibration with the DUT inside the RC, received-power can be related to trangmit power

according to Formula (1.9):
<Prx>:Hf <Pf,tx> (L.9)

Where 1, 1 is the total radiation efficiency of the receiving antenna (Annex [).

Combining Formulae (I.8) and (1.9), the_required output power for the average test lepel can be

calqulated using Formula (1.10):

nI‘X,tOt)'Z <|EX,y, orz |2 >

3

Pf txavg = (1.10)

I.7( Adjusted testdevel

The adjusted testdeyel is based on the average of the transferred power in combination with an offset
determined by the probability, p, where 1-p is the probability that an electrical field sample|is equal to
or dbove thetestlevel. For numerical examples, see Table I.1.

E | , s assumed Rayleigh distributed. With the

Theabsolute value of an electric field component, |E, |, .,

thepretical Rayleigh distribution one can adjust the transmit power to affect the density of the electrical
field samples above a certain test Tevel E.,; [V/m]. This power bias can be calculated according to

Formula (1.11):
1 D (L.11)
—-p

Where 1-p is the probability that an electrical field sample is equal to or above the test level.
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