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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
INDUSTRIAL ELECTROHEATING AND  

ELECTROMAGNETIC PROCESSING  EQUIPMENT –  
 

Evaluation  of hazards  caused  by magnetic nearfields   
from 1  Hz to 6  MHz 

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati ona l  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment services  and ,  i n  some areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  respons i bl e  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
paten t ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

The main  task of I EC  techn ical  comm ittees  i s  to  prepare  I n ternational  Standards.  I n  
exceptional  ci rcumstances,  a  techn ical  committee  may propose  the  publ ication  of a  techn ical  
speci fication  when  

•  the  requ ired  support cannot be  obtained  for the  publ ication  of an  I n ternational  Standard ,  
despi te  repeated  efforts,  or 

•  the  subj ect i s  sti l l  u nder techn ical  development or where,  for any other reason ,  there  is  the  
fu ture  bu t  no  immed iate  poss ib i l i ty of an  agreement  on  an  I n ternational  Standard .  

Techn ica l  speci fications  are  subj ect to  review wi th in  th ree  years  of publ ication  to  decide  
whether they can  be  transformed  in to  I n ternational  Standards.   

I EC TS  62997,  wh ich  i s  a  techn ica l  speci fication ,  has  been  prepared  by I EC techn ical  
committee  27:  I ndustria l  e lectroheating  and  e lectromagnetic process ing .  
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The  text of th is  techn ical  speci fication  i s  based  on  the  fol l owing  documents:  

Enqu i ry d raft  Report  on  voti ng  

27/1 000A/DTS  27/1 007/RVDTS  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ical  speci fication  can  be  found  in  
the  report  on  voti ng  i nd icated  i n  the  above  table.  

Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D irecti ves,  Part 2 .  

I n  th is  techn ical  speci fication ,  the  fo l l owing  pri n t types  are  used :  

•  terms  used  th roughout th is  speci fication  wh ich  have  been  defined  i n  C lause  3 :  i n  bold  
type.  

The  committee  has  decided  that the  con ten ts  of th is  document wi l l  remain  unchanged  un ti l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  re lated  to  
the  speci fic document.  At  th is  date,  the  document wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l i ngual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

IMPORTANT – The 'colour inside'  logo on  the  cover page of th is  publ ication  i nd icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct  
understand ing  of i ts  contents.  Users  shou ld  therefore print  th is  document using  a  
colour prin ter.  
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INTRODUCTION  

An  external  a l ternating  magnetic fl ux can  induce  electric fie lds  i ns ide  the  human  body.  Such  
i nduced  fi el ds  consti tu te  an  important category of poss ib le  hazards.  Th is  techn ica l  
speci fication  deals  wi th  the  sub-category of non-rad iati ng  magnetic nearfie lds  i n  the  frequency 
range  between  1  Hz and  6  MHz be ing  the  source  of the  i nduced  e lectric fi el ds .  The  primary 
focus  i s  on  techn ica l  appl ications  in  i ndustria l  e lectroheating  and  e lectromagnetic processing  
i nsta l l ations  and  equ ipment,  wi th  the  appl icable  safety standards  i n  the  I EC 6051 9  series .  

IEC 621 1 0: 2009  deals  wi th  measurement procedures  appl icable  to  the  characterisation  of 
magnetic and  e lectric fie ld  l evels  wi th  regard  to  publ ic exposure.  I EC  62822-2 : 201 6  provides  
assessments  of exposure  restrictions  for e lectric arc weld ing  equ ipment from  0  Hz to  
300  GHz.  There  is ,  however,  no  other I EC standard  or techn ica l  speci fication  covering  more  
general  kinds  of equ ipment and  hazard  assessments  i n  the  range  of up  to  6  MHz.  

Magnetic fi e l d  hazards  are  dependent on  the  source  characteristics,  i ncl ud ing  such  wi thou t 
and  wi th  magnetic materials  i n  the  source  ci rcu i t  or workload .  Such  materials  enhancing  the  
magnetic fl ux dens i ty are  requ i red  for creating  an  i nduced  e lectric shock hazard  be low some  
few kHz.  Static magnetic  fie lds  can  cause  other hazards  than  those  by conven tional l y i nduced  
e lectric fie lds  and  are  deal t  wi th  i n  I EC 6051 9-1 : 201 5.  The  l ower frequency l im i t i n  th is  
techn ical  speci fication  is  therefore  1  Hz.  

NOTE  A paral l e l  I EC techn i cal  speci fi cation  I EC TS  62996 1  i s  developed  by I EC TC 27,  to  cover touch  and  
con tact  currents  and  vol tages  i n  the  frequency range  1  kHz to  6  MHz.  I t  a l so  i ncl udes  measurements  of 
capaci ti vel y coup led  cu rren ts  th rough  the  body.  Touch  and  con tact  currents  and  vol tages  a t  l ower frequencies  are  
covered  by I EC 61 1 40: 201 6.  

The upper frequency l im i t  6  MHz i s  chosen ,  s ince  

•  h igher frequencies  are  not expected  to  be  employed  by i n ternal  frequency converters  for 
DC  vol tage  transformation  i n  equ ipment;  

•  the  free  space wavelength  of 6  MHz i s  50  m ,  wh ich  resu l ts  i n  wave  phenomena that 
essen tia l l y do  not exist i n  or at parts  of the  human  body wh ich  have  l ess  than  1 0  %  
characteristic d imensions  of th is ;  

•  the  power penetration  depth  l im i tation  by the  equ ivalen t complex perm i tti vi ty of body 
ti ssues  has  not yet set i n  at 6  MHz,  so  the  magnetic fl ux completel y penetrates  the  parts  
of the  body under s tudy wi th  no  sh ie ld ing  effects ,  resu l ti ng  i n  an  overal l  s impler and  l i near 
frequency dependence  of the  induced  e lectric  fie lds;  

•  the  equ ivalent  complex perm i tti vi ty of the  parts  of the  body under study is  typ ical l y so  h igh  
i n  th is  frequency range  that external  e lectric fi e lds  are  efficien tl y h indered  from  entering  
the  part of the  body and  caus ing  i n ternal  e lectric  fi e lds  – as  a  consequence,  the  
separation  of capaci ti vel y coupled  and  induced  e lectric  fi e lds  is  therefore  s trong ;  

•  process ing  frequencies  below 6  MHz are  typical l y l ow impedance;  h i gher impedance 
d ie lectric heating  has  i ts  l owest I SM  frequency at 6, 8  MHz,  be ing  deal t wi th  i n  
I EC 6051 9-9: 2005.  

E lectromagnetic exposure  i s  commonl y defined  to  occur whenever and  wherever a  person  i s  
subj ected  to  e lectric,  magnetic or e l ectromagnetic  fie l ds,  and  the  a l lowed  acceptable  levels  of 
exposure  are  usual l y speci fi ed  by national  rad iation  protection  or worker protecti on  agencies  
i n  the  framework of heal th  and  safety regu lations  addressing  the  user of equ ipment.  S ince  
d i fferent sources  of i n formation  on  the  associated  safety requ irements  exist and  these  
sources  tend  to  appl y qu i te  d i fferent safety marg ins,  there  are  unfortunatel y s i gn i fican t  
d iscrepancies  among  thei r l evels  of the  i n  pri ncip le  pathophysiolog ical l y based  so-cal led  basic  
restrictions.  

___________ 

1   Under preparati on .  S tage  at  the  time  of publ i cati on :  I EC/CDTS  62996: 201 6.  
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When  the  source  i s  wel l  defined  and  is  the  basis  for calcu lations  and  computations,  the  
techn ica l  treatment of em ission  is  preferred  to  the  cons ideration  of exposure.  That i s  the  case  
i n  th is  techn ica l  speci fication ,  a lso  s i nce  the  external  magnetic  nearfie ld  i s  not mod i fied  by the  
presence of the  part of the  body nearby.  Furthermore,  the  resu l ti ng  i nduced  and  poten tia l l y 
hazardous  i n ternal  e lectric fi e lds  depend  on  the  s i ze,  shape and  orientation  of the  part of the  
body in  re lation  to  the  source,  and  on  the  spatia l  characteristics  of the  fie l d .  S ince  the  i nduced  
e lectric fi el d  by magnetic nearfie lds  is  d i rected  essen tia l l y para l l e l  to  the  bodypart surface,  
whereas  i t  i s  perpend icu lar for con tact current fie lds ,  the  hazard  cri teria  appl ied  i n  th is  
techn ica l  speci fication  d i ffer from  those  i n  some standards.  

Th is  techn ical  speci fication  provides  complete  i n formation  for assessments.  

The  treatmen t of magnetic nearfie l ds  as  defined  in  th is  techn ical  speci fication  deals  wi th  
d iscontinuous  presence of the  operator in  the  nearfie l d ,  as  wel l  as  i n term i tten t operation .  
Cases  wh ich  do  resu l t  i n  shorter term  h igher body ti ssue  temperature  rise  i n  very smal l  ti ssue  
volumes  are  a lso  deal t wi th  i n  th is  techn ical  speci fication .  The  i n formation  and  requ irements  
are  thus  usefu l  for other s im i l ar cases  i n  science  and  i ndustry.  

As  to  measurement procedures  and  equ ipment,  I EC 6051 9-1 : 201 5  provides  an  overview.  
I EC TC  1 06  has  publ ished  standards  wh ich  provide  gu idance  for s i tuations  where  the  source  
of the  magnetic  fi e ld  and  the  exposed  person  are  typica l l y further apart than  in  the  s i tuations  
addressed  i n  th is  techn ical  speci fication .  As  a  consequence,  those  s tandards  tend  to  defi ne  
magnetic fi el d  sensors  nei ther wel l  su i ted  for measurements  very close  to  current-carrying  
conductors  nor on  magnetic fi el ds  wh ich  vary cons iderabl y over the  reg ion  where  the  nearest  
part of the  body be ing  subm i tted  to  the  em ission  i s  l ocated .  

IEC 62822-2: 201 6  developed  by I EC TC 26  deals  wi th  the  reduction  of the  coupl i ng  from  
magnetic nearfie lds  compared  wi th  homogeneous  fie lds ,  as  does  th is  techn ica l  speci fication ,  
bu t i n  somewhat d i fferent  ways.  

Hazard  estimations  re lated  to  magnetic nearfie lds  pose  problems wi th  the  use  of some 
existing  exposure  s tandards,  e i ther by an  exaggerated  safety marg in  of the  so-cal l ed  
reference levels,  or by compl icated  and  expensive  numerica l  model l i ng  i n  appl ying  the  so-
cal l ed  bas ic restrictions.  The  methods  in  th is  techn ica l  speci fication  reduce costs  to  i ndustry 
by be ing  s imple  and  d i rect.  They are  a lso  real isti c,  i n  particu lar s i nce  the  number of reported  
accidents  or i ncidents  caused  by magnetic nearfie l ds  as  addressed  i n  th is  techn ical  
speci fication  are  exceptional l y few i n  re lation  to  the  occurrence  of strong  such  fi e l ds  i n  
i ndustry.  

Th is  techn ical  speci fication  speci fies  a  volun teer test method  for assessments  of perception  of 
immed iate  muscle  and  nerve  reactions  in  fi ngers  and  hands  at  frequencies  be low 1 00  kHz.  A 
fi rst argument i s  that the  test ends  at  the  perception  l evel  when  the  person ’s  fi nger or hand  
s lowly approaches  the  curren t-carrying  conductor wi thout con tacting  i t,  and  a  d istance  i s  
measured .  There  is  no  ri sk of harm ,  un l ike  wi th  med ical  tests  us ing  volunteers ,  wh ich  requ ire  
eth ical  perm i ts ,  etc.  A second  argument i s  that the  computational  a l ternative  in  cases  wi th  
i n tricate  conductor geometries  and  poss ib le  magnetic materia ls  i n  the  source  ci rcu i t  or 
workload  i s  h i gh l y compl icated  and  therefore  expensive,  requ i ri ng  numerical  model l ing  s i nce  
measurements  of the  magnetic nearfie l d  i s  vi rtual l y impossib le  and  the  i nduced  e lectric fi e ld  
depends  on  the  posi tion ing  of the  finger or hand .  A th i rd  argument i s  that  rea l istic data  are  
immed iatel y obtained  and  typical l y resu l t i n  the  safety d istance  i n  most cases  being  very short  
and  therefore  easy to  control .  
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INDUSTRIAL ELECTROHEATING AND  
ELECTROMAGNETIC PROCESSING  EQUIPMENT –  

 
Evaluation  of hazards  caused  by magnetic nearfields   

from  1  Hz to  6  MHz 
 
 
 

1  Scope 

This  I EC techn ica l  speci fication  speci fi es  the  characteristics  of external  magnetic nearfie l ds,  
computations  of and  requ i rements  on  i nduced  e lectric fie l ds  i n  body tissues  in  the  frequency 
range  from  1  Hz to  6  MHz wi th  respect to  induced  e lectric shock phenomena,  for 
e lectroheating  (EH)  based  treatment technolog ies  and  for e lectromagnetic process ing  of 
materia ls  (EPM).  The  phenomena i nclude  speci fic  absorption  rates  wi th  time i n tegration .  

NOTE  The  overa l l  safety requ i rements  for the  various  types  of equ ipment and  i nstal l ati ons  for e l ectroheati ng  or 
e l ectromagneti c  processing  i n  general  resu l t  from  the  j o i n t  appl i cation  of the  General  Requ i rements  speci fi ed  i n  
I EC 6051 9-1 : 201 5  and  Parti cu l ar Requ i rements  covering  speci fi c  types  of i nsta l l ati ons  or equ ipment.  Th i s  techn ical  
speci fi cation  complements  the  Genera l  Requ i rements  and  appl i es  to  i n ternal  frequency converters  for creati ng  h i gh  
or l ow DC vol tages,  and  to  processing  frequencies.  

I nduced  e lectric shock phenomena deal t wi th  in  th is  techn ical  speci fication  are  caused  by the  
a l ternating  magnetic  nearfie l d  external  to  a  current-carrying  conductor or permeable  object,  
i nducing  an  e lectric  fiel d  i n  a  part  of the  body i n  the  vicin i ty of the  conductor.  

Relaxed  cri teria  compared  wi th  the  general  basic  restrictions  for exposure  appl y.  S impl i fi ed  
hazard  assessment procedures  appl y for s i tuations  when  on l y fi ngers,  hands  and/or 
extrem i ties  are  i n  the  magnetic  nearfie l d .  

Th is  techn ical  speci fication  does  not appl y to  equ ipment wi th in  the  scope of I EC 6051 9-9.  i . e.  
equ ipment or instal lations  for h igh  frequency d ie lectric  heati ng .  

2  Normative references  

The fol l owing  documents  are  referred  to  i n  the  text in  such  a  way that some or a l l  of thei r 
con ten t consti tu tes  requ i rements  of th is  document.  For dated  references,  on l y the  ed i ti on  
ci ted  appl i es.  For undated  references,  the  l atest ed i tion  of the  referenced  document ( i nclud ing  
any amendments)  appl i es.  

I EC 6041 7,  Graphical symbols for use on equipment (avai lable  at h ttp: //www.graph ical -

symbols. i n fo/equ ipment)  

I EC 6051 9-1 : 201 5,  Safety in  installations for electroheating and electromagnetic processing – 
Part 1 :  General requirements 

3 Terms,  defin i tions,  symbols  and  abbreviated  terms 

3. 1  Terms and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g i ven  in  I EC  6051 9-1 : 201 5  and  
the  fol l owing  appl y.  

I SO and  I EC main tain  term inolog ica l  databases  for use  i n  standard ization  at the  fol l owing  
addresses:  

http://www.graphical-symbols.info/equipment
http://www.graphical-symbols.info/equipment
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•  I EC E lectroped ia:  avai lable  at  h ttp : //www.electroped ia.org /;  

•  I SO  On l ine  browsing  p latform :  avai l ab le  at h ttp: //www. iso.org/obp.  

NOTE  1  Genera l  d efi n i ti ons  are  g i ven  i n  I EC 60050,  the  I n ternati onal  E lectrotechn ical  Vocabu lary.  Terms  re lati ng  
to  i ndustri al  e l ectroheati ng  are  defi ned  i n  I EC 60050-841 .  

NOTE  2  Some of the  defi n i ti ons  i n  th i s  cl ause  d i ffer somewhat  to  those  i n  s tandards  and  gu idel i nes,  as  wel l  as  
between  these.  Defi n i ti ons  i n  th i s  Techn ical  Speci fi cati on  are  bolded  i n  the  text  and  severa l  of them  have  
exp lanatory notes  i n  th i s  cl ause.   

3. 1 . 1   
aversion  

experience  that i s  d is l iked  bu t can  be  accepted  for a  short time  before  voluntary wi thdrawal  

Note  1  to  en try:  Reactions  to  avers ive  stimu l i  are  consciously con tro l l ed ,  as  opposed  to  reactions  to  pai n  wh ich  
causes  harm  and  can  normal l y not  be  control l ed .  

Note  2  to  en try:  Typical  quotien ts  of i n ternal  e l ectri c  fi e l ds  between  aversion  and  perception  i n  the  Hz to  kHz  
range  i s  abou t 2 ;  see  I EC TS  62996: – covering  touch  and  contact  cu rren ts  and  vo l tages  i n  the  frequency range  
from  1  kHz to  6  MHz.  

3. 1 .2   
basic restrictions  
BR 
restrictions  on  in  situ  ( i . e .  i n ternal )  e l ectric fi el ds  or speci fic  absorption  rates  (SAR)  or power 
dens i ti es  wi th  time and  spatia l  averag ing  or i n tegration ,  resu l ting  from  a  part of or the  whole  
body be ing  subjected  to  an  external  a l ternating  e lectric (E)  fi e ld ,  magnetic  (B)  fl ux or 
e lectromagnetic  fi el d ,  and  that are  in tended  to  be  based  d i rectl y on  resu l ting  establ ished  
pathophysiolog ical  effects  

Note  1  to  en try:  The  term  exposu re  i s  avoi ded  s i nce  i t  has  many,  even  con trad ictory,  mean ings.  As  a  
consequence,  the  defi ned  term  i s  not  general l y appl i cabl e  ou ts i de  the  scope  of th i s  techn ical  speci fi cation ;  see  
Note  3  to  en try.  

Note  2  to  en try:  Basic  restrictions  have  a  safety marg in  to  harm .  

Note  3  to  en try:  Sources  of scien ti fi c  and  med ical  i n formation  on  numerical  val ues  are  e . g .  I EEE,  I CN IRP  and  EU .  
Another term  for the  l im i ts  i s  exposure  l im i t  val ues  (ELV).  Levels  are  d i fferen t among  sou rces;  reasons  wi th i n  the  
scope  of th i s  techn ical  speci fi cation  are  d i fferences  i n  safety factor l evel s ,  d i fferent  cons i derations  of magneti c  fl u x 
cu rvatu res  and  decay rates  wi th  d i s tance  from  the  source,  body su rface  versus  i n -depth  fi e l ds,  coupl ing  values ,  
and  measurement sensors .  

Note  4  to  en try:  S i nce  in  situ electri c  fi e l d  strength  or power dens i ti es  i n  ti ssues  are  secondary to  the  em i tted  
magneti c  nearfiel d ,  defi n i ti ons  by I EC TC 34  and  TC 1 06  are  not  used  i n  th i s  techn ical  speci fi cation .  

Note  5  to  en try:  Time  factors  of speci fi c  absorption  rates  (SAR)  or power densi ti es ,  i . e .  energy absorption  
versus  t ime,  are  necessary for establ i sh i ng  cri teri a.  

3. 1 .3   
conductor geometry and  current  restrictions  
CGCR 
restrictions  on  certain  combinations  of conductor geometry,  cu rren t,  operati ng  frequency ( i . e .  
source  properties)  and  d istance/orientation  of fi ngers,  hands  and  extrem i ties  in  re lation  to  a  
source  wi th  no  permeable  material  being  affected ,  i n tended  to  be  i nd i rectl y based  on  resu l ting  
pathophysiolog ica l  effects  

Note  1  to  en try:  CGCRs  for compl i cated  sou rce  properti es  are  not  cons idered  i n  th i s  techn i cal  speci fi cation .  

3. 1 .4   
coupl ing  value  
relationsh ip  between  induced  e lectric fie ld  strength  maximum  in  a  bodypart,  the  frequency and  
the  i nducing  magnetic fl ux densi ty i n  defined  l ocations,  under the  assumption  that there  i s  no  
coun ter- induced  magnetic fie ld  i n  the  bodypart due  to  i ts  res istivi ty 

Note  1  to  en try:  The  connecti on  between  these  i s  E  =  C·f·B  ,  where  E i s  the  e l ectri c  fi e l d  strength ,  C the  coupl i ng  

val ue,  f the  frequency and  B  th e  magneti c  fl u x densi ty.  C  i s  thus  i n  metre.  

http://www.electropedia.org/
http://www.iso.org/obp
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Note  2  to  en try:  Examples  of the  defi ned  l ocation  of the  B  vector fl u x are  near the  l ocation  of the  maximum  
i nduced  e l ectri c  fi e l d  s trength  or the  centre  of an  i nduction  co i l .  

3. 1 .5   
electromagnetic  emission  
phenomenon  by wh ich  e lectromagnetic energy i s  avai lab le  near a  source  

Note  1  to  en try:  For i n dustria l  m icrowave  equ i pment  deal t  wi th  i n  I EC 6051 9-6: 201 1 ,  em iss ion  rather than  
exposu re  i s  a l so  appl i ed .  

Note  2  to  en try:  The  source  data  used  i n  th i s  s tandard  are  typical l y expressed  by conductor geometry,  curren t  
and  frequency i n  cases  wi th  no  permeable  or d i stu rbi ng  materi a l ,  s i nce  magneti c  nearfi el d  fl u x properties  are  i n  
many cases  d i ffi cu l t  or even  practi cal l y impossible  to  measu re  wi th  su ffi cien t  accuracy.  

Note  3  to  en try:  The  energy can  be  reacti ve,  i . e.  non-rad iati ng  (evanescent)  i n to  free  space.  

[SOURCE:  I EC  60050-1 61 : 1 990,  1 61 -01 -08,  mod i fied  – The  defin i tion  has  been  mod i fied  by 
replacing  the  words  "emanates  from"  by " is  avai l ab le  near"  and  notes  to  en try have  been  
added . ]  

3. 1 .6   
induced  electric shock 
pathophysiolog ica l  effect resu l ti ng  from  an  i n ternal  i nduced  e lectric fi el d  caused  by an  
a l ternating  magnetic  fl ux external  to  a  current-carrying  conductor or other fl ux source  

Note  1  to  en try:  The  effects  i n  the  frequency range  bel ow 1 00  kHz are  essenti a l l y immed iate,  as  muscle  and  
nerve  reactions.  I n  the  h i gher frequency range  these  have  van ished  and  time-dependent  l ocal  overheati ng  
consti tu tes  the  poss ible  hazard .  

Note  2  to  en try:  Wi th  magneti c  nearfi el ds  the  bodypart  where  the  h i ghest e l ectri c  fi e l d  i n tensi ty occu rs  i s  typical l y  
that  nearest  to  a  cu rren t source  or the  magneti c  fl u x maximum ,  or a  reg i on  i n  wh ich  the  i nduced  cl osed  cu rrent  
path  has  a  reduced  cross  section .  

Note  3  to  en try:  No  contact currents  are  supposed  to  be  created ,  as  wi th  conventi onal  e l ectri c  shock deal t  wi th  i n  
I EC TS  62996: –.  

3. 1 .7   
magnetic  nearfield  
magnetoquasistatic field  
non-rad iati ng  a l ternating  magnetic fi e ld  existi ng  near a  cu rren t source,  characterised  by a  
fie l d  curvature  and  spatia l  decay rate  at  the  poin t of i nvesti gation  

Note  1  to  en try:  Typical l y,  these  parti cu l ar i n fl uences  by magnetic  nearfi elds  h ave  d i sappeared  at  source  
d i stances  twice  the  characteri sti c  s i ze  of the  bodypart.  

Note  2  to  en try:  The  fi e l d  curvatu re  i s  the  rad ius  R
osc
 of the  oscu lati ng  ci rcle.  

Note  3  to  en try:  Comparati ve  calcu lations  or computations  of the  coupl ing  value  i n  a  homogeneous  magneti c  fl u x 
are  val uabl e  for approximate  veri fi cati ons,  bu t  such  fl ux i s  not  a  nearfi e l d .  There  are  then  cases  where  calcu l ations  
and/or magneti c  fl u x measurements  are  preferred .  

3. 1 .8   
pain  
unpleasant experience  such  that i t  i s  not read i l y accepted  a  second  time by the  subject 
subm i tted  to  i t  

EXAMPLE  A capaci tor d i scharge  correspond ing  to  approximately 1  µ F  capaci tance  at  1 00  V between  g ripping  
hands,  3 , 5  mA AC touch  cu rren t,  the  s ti ng  of a  bee,  the  burn  of a  ci garette.  

Note  1  to  en try:  Agents  at  the  pain  l evel  cause  harm  as  defi ned  i n  e. g .  I EC 60050-903: 201 3 ,  903-01 -01 .  

Note  2  to  en try:  The  examples  are  objecti ve  statements  for standard isati on  purposes.  Subjecti ve  experiences  
vary.  

[SOURCE:  I EC TS  60479-2 : –,  3. 1 3,  mod i fied  – Note  1  has  been  updated  and  an  example  and  
Note  2  have  been  added . ]  



 – 1 4  – I EC TS  62997: 201 7  © I EC 201 7  

3. 1 .9   
point  of investigation  
POI  
l ocation  i n  space at wh ich  the  vector value  and  fie l d  curvature,  as  wel l  as  the  ampl i tude  
spatia l  decay rate  a long  the  rad ius  vector from  the  source  of the  magnetic fl ux,  are  evaluated  

Note  1  to  en try:  S i nce  decay rates  are  spatia l  deri vati ves,  measurements  requ i re  spati a l  i n teg ration  or known  
properties  of the  em ission  sou rce.  Fu rthermore,  the  magneti c  fi e l d  cu rvature  measu rement  requ i res  more  than  one  
POI .  

Note  2  to  en try:  There  are  pri ncip le  u ncertain ti es  regard ing  the  choice  of the  POI  i n  cases  wi th  rapi d l y spatia l l y  
decaying  magneti c  fl u x i n tensi ty i ns i de  the  bodypart.  I n  th i s  techn ical  speci fi cation ,  magneti c  fl ux data  are  typical l y 
g i ven  at  the  su rface  of the  bodypart  where  the  maximum  i nduced  electri c  fi e l d  occurs .  However,  the  magneti c  fl u x 
i n tens i ty val ue  i n  a  characteri sti c  poin t  such  as  the  centre  of a  coi l  i s  chosen  when  em ission  characteri sti cs  are  
used .  

Note  3  to  en try:  The  POI  l ocation  and  i ts  exten t are  defi ned  i n  cartesi an ,  cyl i nd ri cal  or spherical  co-ord inates  
rel ati ve  to  a  su i table  reference  poin t  on  the  equ ipment under test.  

Note  4  to  en try:  The  fi e l d  properties  at  the  POI  are  i n  many cases  d i ffi cu l t  or even  practi cal l y impossible  to  
measure.  Emission  characteri sti cs  are  then  i nstead  used ;  see  Note  2  to  en try,  and  3 . 1 . 5 .  

3. 1 . 1 0   
reference  l evels  
RL  
d irectl y measurable  quanti ti es ,  derived  from  basic restrictions  and  provided  for practical  
exposure  assessment pu rposes  

Note  1  to  en try:  The  mean i ng  of the  term  d i ffers  between  some standards  and  gu i del i nes,  wi th  regard  to  the  
considerations  of safety factors.  

Note  2  to  en try:  Reference  l evels  a re  as  such  not  referri ng  to  any l evel s  of immed iate  nerve  and  muscle  
reactions,  or sensations  of any gradua l  heati ng  of the  t i ssue.  

Note  3  to  en try:  Another term ,  by I EEE  and  EU ,  i s  action  l evel  (AL).  

Note  4  to  en try:  Cons iderati ons  of the  magneti c  fl u x curvatu re  parameter and  ampl i tude  decay wi th  d i s tance  from  
the  sou rce  are  general l y not  open l y descri bed  i n  s tandards  and  gu i del i nes.  

3. 1 . 1 1   
specific  absorption  rate  
SAR 
power absorbed  by (d issipated  i n )  an  i ncremental  mass  conta ined  i n  a  vo lume elemen t of 
b io log ica l  t issue  when  subj ected  to  an  external  a l ternating  e lectric fi e l d ,  magnetic fl ux or 
e lectromagnetic  fi e ld  

Note  1  to  en try:  The  e l ectromagneti c  power densi ty  i s  re l ated  to  on l y the  e l ectromagneti c  vol ume properties  of 
b io l og ical  t i ssue,  so  a  recalcu lation  from  that  to  SAR  h as  to  be  carri ed  ou t  us i ng  the  speci fi c  dens i ty,  wh ich  i s  
usual l y set  to  1  000  kg ·m –3 .  There  i s  add i ti onal l y a  need  for knowledge  on  the  speci fi c  heat  capaci ty and  heat  
conducti vi ty  of the  ti ssue,  as  wel l  as  power deposi ti on  patterns  and  in  situ heat  conduction  or convection  
properties,  for determ ination  of any hazardous  temperature  ri ses  or ri se  rates.  

[SOURCE:  I EC 62479: 201 0,  3. 1 4,  mod i fied  – The  exposure  concept has  been  general i sed  
and  a  note  has  been  added . ]  

3.2  Quanti ties  and  un i ts  

Apart from  the  i n ternational l y accepted  SI  un i ts,  the  fo l l owing  phys ical  quanti ti es  are  used  
throughou t th is  document.  
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Physical  
quanti ty 

Symbol  Un i t  Mean ing  

Coupl i ng  factor C m Defined  i n  3 . 1 . 4 ;  general  term .  

Coi l  coupl i ng  
factor 

C
coi l
 m  C,  u s i ng  the  magneti c  fl u x i n  the  cen tre  of a  s i ng l e  tu rn  coi l  

as  reference.  

— C
standard  m C,  ca l cu lated  from  the  basic  restri cti ons  and  reference  

val ues  speci fi ed  i n  other s tandards.  

F i lm  th i ckness  d  m  Th ickness  of an  absorbing  fi lm  wi th  fi lm  res i stance  R
f
.  

Bodypart  
th i ckness  

D  m  Characteri sti c  d i ameter of a  bodypart  under i nvesti gati ons  
for i n duced  electri c  fi e l ds.  

Penetration  depth  d
p
 m  The  d i stance  from  the  su rface  to  the  l ayer below the  

su rface  of an  a  hal fspace  of an  absorbing  materi al  at  wh ich  
the  power densi ty i s  1 /e  of that  at  the  surface,  when  
i l l um inated  by a  perpend icu larl y imping ing  pl ane  wave.  

Relati ve  
perm i tti vi ty  

ε  1  The  relati ve  complex d i e lectri c  perm i tti vi ty i n  relati on  to  the  

e l ectri c  constan t ε
0

.  

Relati ve  real  
perm i tti vi ty  

ε′  1  The  real  part  of ε.  

Diel ectri c  l oss  
factor 

ε″  1  The  imag inary part  ε.  ε  =  ε′  –j ε″ ,  where  j  i s  the  imag inary 
un i t  ( the  posi ti ve  square  root  of –1 ).  

E ffecti ve  
perm i tti vi ty  

ε
eff
 1  The  absolu te  va l ue  of ε.  

Power densi ty  p  Wm–3  — 

Object  rad ius  R m Rad i us  of a  sphere  or l ong  ci rcu lar cyl i nder 

Di stance  i n  a i r ρ  m Distance  from  the  axi s  of a  l ong  straigh t  current-carrying  
wi re  to  the  nearest facing  surface  of a  bodypart  

F i lm  res i stance  R
f
 Ωsq -1  The  res i stance  i n  ohm  per square  of a  fl at  absorbi ng  fi lm  

wh ich  i s  much  th i nner than  the  d
p
 of the  material  as  such .  

4 Organisation  and  use  of the technical  specification  

I t  i s  recommended  that th is  techn ica l  speci fication  is  s tud ied  in  the  l i sted  order be low.  The  
order of use  then  depends  on  what i s  deemed  to  be  cri tical .  The  annexes  provide  much  data.  

a)  F i rstl y,  the  defin i tion  of magnetic nearfield  i n  3 . 1 . 7  i s  importan t.  I f such  fi el ds  and  
bodyparts  fu l fi l  th is ,  the  i nduced  electric  in  situ  fie l d  typ ical l y becomes  weaker than  wi th  a  
homogeneous  magnetic fi el d  and  is  typica l l y concentrated  to  the  peripheral  reg ions  of the  
bodypart.  

b)  Second l y,  Formu la  (1 )  i n  C lause  5  i s  of cen tral  importance.  The  coupl ing  value  C i s  
frequency i ndependent up  to  the  h i ghest frequency of 6  MHz deal t  wi th  i n  th is  techn ica l  
speci fication .  

c)  Th i rd l y,  Formu la  (2)  i n  6 . 2  expresses  the  bas ic cond i ti on  for acceptance of the  
combination  of conductor geometry,  bodypart shape  and  location ,  and  frequency between  
1  kHz and  1 00  kHz.  The  value  at 1  kHz (3 , 6  Vm –1  )  appl i es  down  to  1  H z.  

d )  Clause  6  i s  appl icable  for frequencies  up  to  1 00  kHz and  concerns  nerve  and  muscle  
reactions  wh ich  are  immed iate  i f the  in  situ  e l ectric fie l d  streng th  is  h igh  enough.  However,  
wi th  Formu la  (2)  fu l fi l l ed  there  shou ld  be  no  perception .  S ince  there  are  cons iderable  
d i fficu l ti es  to  obtain  the  i n  s i tu  e l ectric  fi e ld ,  i nd i rect methods  have  to  be  appl i ed .  They are  
l i sted  i n  Clause  6,  wi th  data  hand l ing  i n  C lause  8 .  

e)  Clause  7  deals  wi th  requ irements  re lated  to  bodypart t issue  overheating .  For frequencies  
above 1 00  kHz th is  can  occur wi thout any immed iate  perception .  The  specific absorption  
rate  (SAR)  concept i s  used ,  wi th  re laxations  for short-time  fast t issue  heating  wh ich  is  
sensed .  Again ,  computing  or ca lcu lating  the  in  situ  e l ectric  fi el d  strength  i s  necessary.  
Some methods  i n  Clause  6  are  used ,  wi th  tissue  data  from  Annex C.  

f)  Clause  8  deals  wi th  the  overal l  ca lcu lations  and  safety considerations.  I n  particu lar 8. 6  i s  
important and  deals  wi th  the  d i fferent approaches  towards  compl iance.  There  i s  a  special  
I EC warn ing  marking  for magnetic nearfields ,  reproduced  in  C lause  9 .  
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g )  Among  the  e ight Annexes  the  fi rst three  (A,  B  and  C)  are  of reference  character.  Annex D  
deals  wi th  the  non-nearfie ld  case  of obj ect coupl i ng  to  a  homogeneous  magnetic fl ux,  and  
i ts  F igure  D. 3  i s  very i l l ustrati ve.  Annexes  E  and  F  deal  wi th  obj ects  near a  s traight  wi re  
and  coi l ,  respectivel y,  and  many resu l ts  are  summarised  i n  C lause  F . 1 0  and  in  the  
practica l l y usefu l  g raphs  and  tables  i n  Annex G .  F inal l y,  Annex H  deals  wi th  some  
computational  i ssues  and  necess i ties  for frequency upscal ing  i n  numerical  FDTD 
model l i ng .  

5 The basic relationship for determination  of the in  si tu  induced  electric field  

The most basic and  va l i d  re lationsh ip  between  an  i nducing  s inusoidal  magnetic flux i n tens i ty 
B  i n  a  smal l  cl osed  and  homogeneous  reg ion  where  the  i nduced  electri c fie l d  strength  E  i s  

h ighest  i s  expressed  as  

 E  =  C·f·B   (1 )  

i n  the  S I  system ,  where  C i s  the  coupl ing  value  i n  metre  and  f  the  frequency i n  Hz.  I t  fo l lows  
from  the  defin i tion  of the  coupl i ng  va lue  C that  i t  i s  appl icable  i f the  magnetic fl ux i s  not 
affected  by the  presence  of the  obj ect,  i . e.  i f the  object i s  non-magnetic and  has  an  e lectric 
conductivi ty σ wh ich  i s  sufficientl y low for the  E  fi e l d  not to  be  affected  by i t.  Furthermore,  
humans  are  cons idered  enti re l y non-magnetic so  the  in  situ  B  =  µ0H.  I t  i s  a l so  to  be  noted  that 
C i s  i n  pri ncip le  frequency i ndependent s i nce  the  magnetic fi eld  i s  not  in flu enced  by the  

presence of the  bodypart;  see  Annex H  on  the  l im i tations.  

The  general  form  of Formu la  (1 )  i s  d i rectl y appl i cable  wi th  homogeneous  B  fl ux and  solvable  

by anal yti ca l  functions  for some mathematical l y cyl i ndrical  geometries  wi th  axis  para l l e l  to  the  
B  fi e l d  d i rection .  For i nhomogeneous  B  fi e l ds  there  is  a  need  to,  i n  some way,  define  thei r 

structu re.  Two ways  are  used  i n  th is  techn ica l  speci fication :  

•  for an  in fin i te l y l ong  conductor,  i ts  cross  section  d imensions  and  e i ther the  tota l  curren t in  
i t  or the  measured/computed  B  fie l d  at the  object surface  where the  maximal  in  situ E  fi e l d  
i s  i nduced ;  

•  for a  s i ng le  turn  coi l ,  a l l  i ts  d imensions  and  e i ther the  tota l  conductor curren t or the  B  fl ux 
i n tens i ty at  i ts  cen tre;  the  resu l ti ng  coupl ing  value  C  i s  then  label led  Ccoi l .  

NOTE  Fu rther basic i n formation ,  on  e. g .  2D  model l i ng ,  i s  g i ven  i n  Cl ause  D. 1 .  A d i fferen tl y d efi ned  coupl i ng  
factor K

2D  and  comprehensi ve  2D  model l i ng  resu l ts  are  i n  I EC  62226-2-1 : 2004.  

The C va l ue  depends  on  the  obj ect geometry and  location ,  and  on  the  B  fl ux characteristics.  
S ince  the  i nduced  E  fi e ld  “stri ves”  to  become ci rcu lar i n  a  homogeneous  B  fl ux i n  a  

homogeneous  conductive  body (by the  Ki rchhoff pri ncip le  of m in imum  Jou lean  heat) ,  i t  wi l l  
typica l l y have  a  m in imum  in  the  cen tral  reg ions  of an  object.  There  wi l l  a l so  be  a  l ower C  
va lue  for objects  wh ich  are  l i nearl y shrunk in  the  p lane  perpend icu lar to  the  B  fl ux d i rection  

under otherwise  unchanged  cond i ti ons;  see  D. 2. 3 .  

With  i nhomogeneous  tissue  conductivi ty,  much  the  same as  above appl ies,  bu t  concen tration  
effects  of the  curren t densi ty occur;  see  Clause  F . 4 .  More  accurate  bodypart  models  for 
numerical  model l ing  shal l  then  be  cons idered .  However,  magnetic nearfields  typical l y a l l ow 

the  s impl i fications  made  i n  Annex C.  

6 Requirements  related  to  immediate  nerve and  muscle  reactions  

6.1  General  

Clause  6  speci fi es  requ i rements  on  and  rationales  for appl icable  maximal  i n  s i tu  e l ectrica l  
fie lds  where  SAR  l im i tations  are  not primary,  from  1  Hz to  1 00  kHz.  
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The  particu lar requ irements  i n  th is  techn ical  speci fication  appl y wi th  magnetic nearfields  i n  

cases  where  the  affected  bodypart i s  on l y fi ngers,  hands  or extrem i ties ,  as  fo l lows:  

a)  us ing  the  CGCR  method  i n  6 . 2;  th is  i s  appl icable  i n  geometrical l y s imple  configurations  
where  on l y the  curren t-carrying  conductor and  the  bodypart are  present.  Formu la  (2)  i n  
6. 2  i s  appl icable.  

b)  us ing  numerical  model l i ng ,  wi th  the  coupl ing  value  C be ing  obtained  and  used  wi th  
Formu la  (1 )  i n  Clause  5  and  Formu la  (2)  i n  6 . 2 .  The  examples  in  Annexes  C,  D,  E ,  F  and  
G  provide  i n formation  wh ich  is  appl icable  i n  cases  where  the  scenario  under study is  
s im i l ar.  

c)  us ing  the  volun teer test  method  i n  6 . 3.  Th is  i s  appl icable  in  cases  wi th  compl icated  
geometries  and  l ocations  and  bodypart postures.  The  method  i s  a lso  appl icable  i n  cases  
where  the  source  ci rcu i t  con tains  magnetic materia ls  or a  workload  is  i n fl uencing  the  
magnetic nearfield .  

The  BR  va lues  referred  to  i n  F igure  A. 1  are  appl i cable  for other bodyparts  than  fingers,  hands 
and extremities.  However,  i f i t  i s  shown  by numerical  model l i ng  that the  magnetic nearfield i n  
combination  wi th  the  kind  and  posture  of the  trunk provides  the  most onerous  i nduced  E  fi e l d  
on l y in  sha l l ow reg ions  by a  magnetic nearfield  source  close  to  i t,  a  re laxation  down  to  the  

speci fication  i n  Formu la  (2)  i s  poss ib le  to  appl y.  

NOTE  1  Reasons  for the  mod i fi ed  requ i rements  by Formu la  (2)  i n  re lati on  to  the  BR  va l ues  i n  F i gu re  A. 1  are  
g i ven  i n  Clause  A. 1 .  

NOTE  2  I t  i s  wel l  known  that  the  immed iate  nerve  and  muscle  reactions  are  very much  reduced  at  1 00  kHz and  
sti l l  more  at  h i gher frequencies,  as  compared  wi th  those  at  AC mains  frequency.  For kHz frequencies  on l y a  
ti ng l i ng  sensati on  i s  percei ved  i f the  e l ectri c  fi e l d  i n tensi ty i s  h i gh  enough .  The  upper frequency l im i ts  by 
I CN IRP/EU  and  I EEE  for immed iate  nerve  and  muscle  reactions  on  in  situ electri c  fi e l ds  therefore  seem  to  be  
unclear wi th  regard  to  such  reactions;  there  cannot be  any pain  by such  reactions  on l y,  at  frequencies  h i gher than  
1 00  kHz.  I f the  time  of being  subjected  i s  short  and  at  a  h i gh  i n ternal  e l ectri c  fi e l d  l evel  and  h i gh  frequency,  there  
are  of course  d i ffi cu l ti es  to  separate  ou t  the  d i rect  e l ectri cal  and  ti ssue  heati ng  effects  by vol un teer stud i es .  

NOTE  3  The  immed iate  nerve  and  muscle  reactions  are  proporti onal  to  the  peak val ue  of the  in  situ  i nduced  
electri c  fi e l d  strength ,  wi th  the  time  between  peaks  characteri s i ng  the  frequency f.  I t  i s  then  to  be  noted  that  the  
e l ectri c  fi e l d  cu rveform  i s  related  to  the  time  deri vati ve  of the  i nduci ng  magneti c  fi e l d .  

6.2  Method  using  the  conductor geometry and  current restriction  (CGCR)  

NOTE  1  Annexes  D  to  G  provide  the  basis  for the  restri cti ons  set  ou t  i n  6 . 2 .  I n  parti cu lar,  the  bodypart  models  i n  
Annex C  and  the  reported  vol un teer s tudy resu l ts  at  1 1  kHz i n  Clause  F . 8  are  appl i ed  and  provide  a  background  to  
Formu la  (2).  

Using  CGCR levels  wi th  a  number of scenarios  for obta in ing  relevant safety levels  by 

numerical  model l i ng  shal l ,  a l ternative l y to  6. 3,  be  the  conclus ive  procedure.  

The  requ irement for acceptance i n  Formu la  (2)  i s  va l i d  between  1  kHz and  1 00  kHz for the  
maximal  i nduced  e lectric fie l d  strength  i n  fi ngers,  hands  and  extrem ities  by a  s inusoidal  
magnetic nearfield .  

 ( )kHz  1   1 03,6 3
RMS >⋅×≤ − ffE  (2)  

where  E  i s  i n  Vm–1  and  f i n  H z.  

From  1  Hz to  1  kHz the  fi xed  value  3, 6  Vm –1  a t  1  kHz g iven  by Formu la  (2)  appl ies.  

The  CGCR method  i s  appl icabl e  for on l y s i nusoida l  magnetic  fie l ds  wi th  magnetic  ob j ects  i n  
the  ci rcu i t.  I f magnetic  fi e l ds  have  an  i n fl u ence,  numerica l  model l i n g  i s  n eeded  un less  B  fl ux  

measurements  i n  8 . 3  or the  vol un teer test  method  i n  6 . 3  are  carried  ou t.  

NOTE  2  Reasons  for the  h i gher val ue  than  0 , 77  Vm -1  (EU )  and  2 , 1  Vm -1   ( I EEE)  at  1  H z are  the  l im i tations  to  
these  extrem i ti es,  l im i ts  to  nearfiel ds,  and  exclus i on  of magneti c  material s .  
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NOTE  3  I t  i s  i n  practi ce  not  possib le  to  get  these  E  fi e l d  s trength  val ues  at  frequencies  l ess  than  1  kHz un l ess  
magneti c  material s  are  used  i n  parti cu l ar ways  for creati ng  the  necessary h i gh  magneti c  fl u x densi ti es .  

NOTE  4  Compari sons  between  vol un teer test  resu l ts  of touch  cu rren ts  at  1 1  kHz and  numerical  model l i ng  resu l ts  
wi th  a  coi l  wi th  4 , 8  kA at  the  same frequency are  used  as  a  basi s .  They are  descri bed  i n  C lauses  F . 7  and  F . 8,  wi th  
conclus ions  i n  Clause  F . 9.  The  E

RMS
 va l ue  used  as  reference  for CGCR  ca l cu lations  i s  set  to  40  Vm –1  a t  1 1  kHz 

s i nusoidal  fi e l ds  and  i s  proporti onal  to  the  frequency.  

I n  th is  techn ica l  speci fication  the  ou termost skin  reg ion  wi th  about 2  mm  th ickness  i s  excluded  
i n  the  determ ination  of the  reg ion  over wh ich  the  spatia l  averag ing  of the  i nduced  e lectric fie l d  
i s  made.  The  ti ssue  reg ion  to  be  cons idered  is  con tiguous,  wi th  4  mm 2  to  6  mm 2  cross  section  
wi th  no  concave  periphery and  at l east 1  mm  in  m in imum  wid th ,  perpend icu lar to  the  current  
flow (and  E fi e l d  d i rection )  and  selected  as  having  the  h i ghest  average.  

NOTE  5  Reasons  for the  skin  reg i on  exclus i on  are  primari l y d ue  to  essenti a l  shorti ng -ou t by the  much  h i gher 
conducti vi ty of i nner t i ssues;  see  Cl ause  5,  C. 2 . 2  and  C. 2 . 3.  

NOTE  6  The  spatial  averag ing  i s  i n  consideration  of the  possib i l i ty of use  of various  numerical  methods,  and  for 
avo id i ng  unnecessari l y d etai l ed  computations.  The  shape  of the  cross  section  i s  thus  e l l i pti cal  or rectangu l ar.  

I f the  actual  scenario  i s  represented  in  Annexes  E  to  G  or numerica l l y model l ed ,  no  add i tional  
safety factor on  the  coupl ing  value  C i s  appl ied .  I n  other cases  the  safety factor of C i s  set to  
a  number between  1 , 5  and  2  depend ing  on  the  s im i lari ti es .  I n  add i ti on ,  a  safety factor for the  
reference scenarios  shal l  be  appl ied  and  speci fi ed  i n  the  documentation ,  i n  consideration  of 
a l l  geometric factors  i nclud ing  posi tions  of the  operator fi nger,  hand  or extrem i ty as  wel l  as  
conductor geometry,  curren t and  frequency.  

6.3  Volunteer test  method  

6.3. 1  Volunteer basic test method  

The primary use  of th is  method  i s  wi th  conductor,  workload  cond i tions  includ ing  presence of 
permeable  materials  and  bodypart l ocations  and  orien tations  for wh ich  the  CGCR  method  is  
not deemed  su i table  and  the  s im i lari ties  to  the  reference  scenarios  i n  annexes  are  
i nsufficien t,  or numerical  model l ing  faci l i ties  are  not avai l able .  I n  particu lar,  the  method  is  
su i table  when  there  are  permeable  materia ls  affecting  the  magnetic fl ux i nducing  e lectric  
fie lds  i n  bodyparts.  

The  goal  i s  to  ascertain  that the  scenario  – i . e .  a l l  geometric factors  includ ing  the  operator 
finger,  hand  or extrem ity i n  an  onerous  bu t not  un l ikel y pos i tion  and  posture,  as  wel l  as  
source  type,  geometry,  curren t and  frequency – wi l l  not resu l t  i n  an  immed iate  nerve  or 
muscle  reaction .  The  method  is  appl icable  for frequencies  up  to  1 00  kHz,  for non-s inusoidal  
and  s i nusoidal  i nduced  e lectric  fi el ds .  

NOTE  1  For frequencies  l ower than  some few kHz,  su ffi cien t  i nducing  magneti c  fl u x dens i ti es  are  possib le  to  
ach ieve  on l y wi th  permeable  materi a l s  i n  the  source  ci rcu i t.  

NOTE  2  The  method  i s  not  appl i cable  for frequencies  and  cond i ti ons  wh ich  resu l t  i n  t i ssue  overheati ng  being  the  
primary hazard .  

I f maximal l y one  of four volun teers  perceives  nerve  reactions  and  none  of the  fou r 
experiences  avers ion  wi th  the  h ighest normal  operati ng  curren t,  the  scenario  is  compl ian t.  

Other cri teria  of volunteer selection  and  test resu l ts  can  be  requ ired  by national  au thori ti es  for 
worker protection .  

NOTE  3  The  method  wi th  e l evated  cu rrents  or cl oser approach  to  the  conductor i n  6 . 3. 3  i s  preferred ,  i f techn ical l y 
possib le.  

NOTE  4  An  example  i n  g i ven  i n  Clause  F . 7 .  
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6.3.2  Method  based  on  volunteer tests  and  simi lari ty wi th  pre-existing  scenario  

This  i s  appl icable  in  cases  of changes  of coi l  rad ius  or conductor length ,  workload  i f existing ,  
and  change of frequency,  a l l  wi th  unchanged  access  by the  re levant bodypart.  No  further 
assessments  are  then  needed  for compl iance.  

NOTE  Annex B  provides  formu lae  for recalcu l ati ons,  or n umerical  model l i n g  can  be  carried  ou t  i nstead .  

6.3.3  Method  based  on  volunteer tests,  using  avai lable  elevated  conductor current  or 
shorter d istance between  the  conductor and  bodypart  

Elevated  cu rrents  improve the  assessments  of the  l evel  of perception .  I f wi th  an  otherwise  
unchanged  scenario  maximal l y one  of the  four volunteers  as  i n  6. 3. 1  express  aversion ,  the  
re lati ve  e levated  current becomes  a  safety factor to  be  appl ied  wi th  e . g .  characteristic s i ze  of 
the  bodypart  or the  d istance  to  the  source.  

NOTE  1  Shorter d i stances  between  the  conductor and  bodypart  i s  an  appl i cable  method  as  above,  for reasonabl y 
stra igh t  conductors  bu t  not  wi th  coi l s .  There  are  i n  some cases  variati ons  of the  C  va l ue  wi th  d i stance;  see  
Table  E . 1  and  F igu re  G . 1 .  

NOTE  2  Annexes  E  and  F  provide  re levant  i n formation .  

6.3.4  Method  using  magnetic  nearfield  reference levels  (RLs)  

This  is  appl icable  i n  cases  where  the  magnetic fl ux is  measurable  close  to  the  POI ,  wh ich  
shal l  be  at l east 20  mm  from  the  nearest poin t on  the  magnetic fl ux source.  The  appl icable  RL  
B  va lue  i s  1 , 0 /f T (RMS)  from  1  Hz to  6  MHz,  wi th  a  ce i l i ng  value  of 300  µT.  Th is  appl i es  to  a l l  

bodyparts  for s i nusoida l  fi el ds .  

NOTE  1  Us i ng  Formu la  (1 ) ,  th i s  corresponds  to  C  =  1  m .  That  i s  h i gher than  can  real i sti cal l y be  obtai ned ;  see  
Annexes  C  to  G .  

NOTE  2  The  RL  values  corresponds  wel l  to  those  i n  D i recti ve  201 3/35/EU .  RL  val ues  i n  the  I EEE  standards  are  
much  l ower for the  l owest frequencies,  bu t  has  a  more  than  th ree  times  h i gher cei l i ng  val ue  for extrem i ti es.  

NOTE  3  For non-s i nusoi dal  fi e l ds,  see  6 . 1 ,  Note  3 .  

7 Requirements  related  to  body tissue overheating  

7. 1  General  

7. 1 . 1  The l im i ts  of the  I CN IRP/EU  and  I EEE  BRs shown  in  F igure  A. 1  are  speci fied  by 
these  for on l y averag ing  over any 6  m inu tes,  and  are  essentia l l y the  same in  th is  Techn ical  
Speci fication ,  by a  s l igh tl y mod i fied  requ irement i n  7 . 1 . 2 .  Short term  or i n term i ttent bodypart 
heating  requ irements  are  g i ven  i n  7 . 2  and  7. 3,  wi th  temperature  rise  requ irements  i n  7 . 1 . 3  
and  7 . 1 . 4 .  Skin  heat capaci ty data  are  g iven  i n  7. 3. 2,  bu t maximal  energy dens i ty 
requ i rements  are  speci fi ed .  

The  effecti ve  (RMS)  value  of the  in  situ  i nduced  e lectric fie l d  strength  is  appl icable.  The  

e lectric fi e l d  curveform  is  re lated  to  the  time derivati ve  of the  i nducing  magnetic fie ld .  

As  for the  immed iate  nerve  and  muscle  reactions,  the  CGCR method  and  numerical  model l i ng  
are  used  for the  cond i ti ons  of poss ib le  continuous  presence by the  bodypart i n  the  magnetic 
nearfield .  Requ i rements  are  i n  7 . 1 . 2  to  7 . 1 . 4.  Cases  where  th is  i s  not practical  or poss ib le,  
and  where  the  magnetic fie lds  are  supposed  to  be  so  weak that there  can  be  no  hazards,  are  
deal t wi th  i n  8 . 6 .  I n term i tten t heati ng  i s  deal t  wi th  i n  7 . 2.  Short time heating  and  in tegration  
times  requ i rements  are  speci fied  by volun teer sensing ,  i n  7. 3 .  

NOTE  1  The  upper frequency l im i ts  of the  I CN IRP/EU  and  I EEE  BRs  shown  i n  F i gu re  A. 1  are  at  1 0  MHz and  
6  MHz,  respecti vely.  However and  as  a l so  shown  i n  the  fi gu re,  l im i tations  by body ti ssue  SAR averaged  over any 
6  m inu tes  set  i n  at  e l ectri c  fi e l d  l eve l s  many times  l ower than  at  the  upper frequency l im i ts  for the  immed iate  nerve  
and  muscle  reacti ons.  
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NOTE  2  I n  vi ew of the  recommendations  on  e l evated  SAR  va l ues  i n  Cl ause  7 ,  there  i s  an  uncertain ty as  to  wh ich  
cri teri a  – E  fi e l d  or SAR  –  shou l d  be  used  before  safety factors  are  appl i ed  i n  cases  i n  the  MHz range.  The  
s i tuation  i s  exacerbated  by the  l ack of I CN IRP/EU  and  I EEE  explanations  of the  chosen  frequency proportional i ty  
factor f wi th  the  s imple  exponent 1  for the  immed iate  nerve/muscle  effect.  The  I CN IRP  safety factors  are  a l so  
stated  to  be  h i gh  and  can  expl a in  the  d i fferences  to  I EEE  standards,  rather than  do  any d i fferences  among  
vol un teer s tud ies.  

7. 1 .2  The ICN IRP or I EEE  BR speci fications,  or those  by the  re levant national  au thori ty,  
shal l  be  used  for assessing  the  overheating  of a  part of the  body possib l y l asti ng  over any 
6  m inu tes.   

Un less  particu lar ci rcumstances  motivate  otherwise,  body average  data  i n  F igure  C. 1  are  
used .  

NOTE  1  A power densi ty of 20  Wkg–1  over 6  m inu tes  corresponds  to  an  approximate  energy of 7 , 2  kJkg–1  and  
causes  a  temperatu re  ri se  of abou t or l ess  than  3  K i n  typical  body ti ssues  under cond i ti ons  of no  heat l osses  to  
ambient  or other bodyparts.  

NOTE  2  I t  i s  assumed  that  a  conti nuous  heati ng  rate  fu l fi l l i ng  the  BR SAR  requ i rement i s  not  percei ved  by the  
person .  

7. 1 .3  I t  i s  assumed  that the  temperature  rise  i n  any parts  of the  body does  not exceed  5  K,  
except for heated  skin  reg ions  (epiderm is/derm is/subcu tis)  where  the  l ocal  short term  
temperature  i s  a l l owed  to  become 50  °C.  

7. 1 .4  I t  i s  assumed  that  the  i n i ti a l  temperatu re  of the  skin  and  fi ngers  is  32  °C,  on  wh ich  
the  assessments  for some i n term i ttent cond i ti ons  are  based .  An  i n i tia l  temperature  of 40  °C  is  
assumed  for other parts  of the  body,  and  shal l  a l so  be  used  for the  i n i ti a l  skin  temperature  i n  
a l l  s i tuations  wi th  e levated  ambient temperatures.  

NOTE  1  The  fi nger skin  temperatu re  ri se  i s  thus  maximal l y 1 8  K  for an  i n i ti a l  temperatu re  32  °C,  and  1 0  K for 
other parts  of the  body and  for fi nger skin  under cond i ti ons  of e l evated  ambien t temperatu re.  

NOTE  2  Skin  data  and  skin  heat capaci ty considerati ons,  as  wel l  as  compatible  temperature  ri se  cri teria  for touch  
cu rrents,  are  i n  I EC TS  62996: –,  9 . 3 ,  9 . 4  and  Annex C.  Compatib le  e l ectromagneti c  fi n ger skin  vol ume  data  are  
g i ven  i n  Annex C  i n  th i s  Techn i cal  Speci fi cation .  

7.2  In termittent  cond itions  wi th  6  m inutes  time in tegration  

7.2. 1  Subclause  7 . 2  i s  appl icable  for cases  where  the  immed iate  heating  effect extends  
6  mm  or more  i n to  the  ti ssue.  

NOTE  1  The  determ ination  of th i s  heati ng  depth  i s  to  be  made  by numerica l  model l i ng ,  or by us ing  appl i cable  
exi sti ng  theoreti cal  or numerical  data.  See  Annexes  D,  E  and  F .  

As  a  consequence,  h igher short term  SAR  ce i l i ng  values  are  a l l owed  under the  cond i ti on  that 
the  average  over any 6  m inutes  does  not exceed  the  BR  va l ue.  Th is  cei l ing  value  is  set to  
500  Wkg–1  for fi ngers,  hands  and  extrem ities  and  250  Wkg–1  for other ti ssue.  As  a  
consequence  at these  ce i l i ng  va lues,  the  a l lowed  tota l  t ime  of bodypart heating  becomes  
1 5  seconds  over any 6  m inu tes.  

NOTE  2  The  SAR  factor 500/20  =  25  i s  compatible  wi th  some exi sti ng  national  regu lati ons.  

NOTE  3  A d i scuss ion  of i n term i tten t  exposure,  wi th  conclus ions  for m icrowave  i ndustria l  equ i pment,  i s  i n  
Annex BB  of I EC 6051 9-6: 201 1 .  The  imping i ng  power fl u x dens i ty factor i s  5  over maximum  20  seconds  du ration ,  
bu t  that  factor i s  l im i ted  by characteri sti cs  of common ly avai l able  measurement i nstruments .  The  equ i pment  and  i ts  
con trol  system  shal l  be  so  des igned  and  set  that  the  resu l ti ng  energy deposi ti on  i n  any 1 0  cm 3  fi ngers,  hands  and  
extrem i ti es,  and  that  3 , 6  MJm–3  energy deposi ti on  i n  any 1 0  cm 3  o ther t i ssue  i s  not  exceeded  over any 6  m inu tes.  

7.2.2  The numerica l  va lues  in  7. 2. 1  are  a l l owed  a lso  under the  cond i ti on  of non-repeti ti ve  
operations,  wi th  appropriate  warn ing  marking  and  user i nstructions  d isplayed  at the  
equ ipment.  
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7.3  In termittent  cond i tions  in  fingers  and  hands  wi th  shorter in tegration  times  

7.3. 1  Subclause  7. 3  i s  appl icable  for non -repeti ti ve  cases  where  the  immed iate  heating  
effect i s  strongest  i n  a  reg ion  down  to  4  mm  or l ess  i nclud ing  the  surface  of the  tissue.  Such  
cases  occur i n  extreme nearfie l ds  i n  the  close  vicin i ty to  curren t-carrying  conductors.   

7.3.2  Skin  ti ssue  (2, 5  mm  total  th ickness  of epiderm is,  derm is  and  subcutis)  has  a  heat 
capaci ty of abou t 0 , 62· J · cm–2 · K–1  per cm2  area  (6, 2  mJ ·mm–2 · K–1 ) .  Heating  by 1  K requ ires  
0, 62  J  per 0, 25  cm3 ,  i . e .  2 , 5  J /(cm 3 ,K) .  One  then  typical l y sets  1  kg  tissue  approximatel y 
equ ivalent  to  1  dm 3 .  

7.3.3  The  tissue  volume over wh ich  energy deposi ti on  i n tegration  i s  made  is  a  2 , 5  mm  to  
3, 5  mm  th ick surface  layer.  

7.3.4  The  power dens i ty shal l  be  so  h i gh  that sens ing  occurs.  The  perception  cond i tions  
for hazard  ca lcu lations  are  skin  temperature  rises  of at  least  3  K over 5  seconds.  The  data  i n  
6. 3. 2  resu l t  i n  a  heati ng  by the  m in imum  3  K requ i ri ng  1 , 5  W/cm 3  =  1 , 5  MWm–3  over the  
maximum  5  seconds.  

7.3.5  The wi thdrawal  reaction  i n  th is  case  i s  set to  be  completed  1  second  after the  actual  
sens ing ,  i . e.  3  K temperature  rise.  I n  the  m in imum  power densi ty case  for perception ,  the  
temperature  rise  wi l l  thus  be  about 3 , 6  K.  I f the  heating  rate  i s  h igher,  maximal l y 1 8  K (1 0  K 
wi th  e levated  ambien t temperature)  i s  a l l owed  accord ing  to  7 . 1 . 3  and  7 . 1 . 4.  W i th  1 5  times  
h igher heating  rate  than  the  m in imum  1 , 5  kJkg–1 ,  i . e.  22 ,5  kJkg–1 ,  the  temperature  rise  rate  
becomes 9  Ks–1 .  Th is  i s  the  maximal l y a l l owed  l ocal  power densi ty.  

7.3.6  The temperature  even ing-ou t by heat conduction  has  a  t ime constant of 1 5  seconds  
to  20  seconds,  wi th  the  restriction  i n  7. 3 . 1 .  The  frequency of repeti ti ve  operation  resu l ting  i n  
heat perception  shal l  be  maximal l y one  per m inu te.  

7.3.7  Appropriate  warn ing  marking  and  i nstructions  shal l  be  d isp layed  at the  equ ipment.  

8 Calculations  and  numerical  computations  of induced  E  field  and  SAR by 
magnetic nearfields:  i naccuracies,  uncertainties  and  safety factors  

8. 1  Principles  for hand l ing  levels  of safety – general  

Achieving  an  overal l  acceptable  safety requ i res  a  combination  of a  number of often  
compl icated  and  qu i te  d i fferen t factors ,  some being  more  important  than  others.  Due  to  thei r 
typical  i n terpendencies,  summation  of the  probabi l i ti es  shal l  not be  l i near bu t bas ical l y least-
square.  Experiences  typ ical l y show that the  dom inant uncertain ties  are  re lated  to  operator 
behaviours ,  incl ud ing  risk awareness,  use  of i n formation  and  adherence to  i nstructions.  Lack 
of cl ear in formation ,  i nstructions  and  warn ings  are  a lso  importan t factors.  As  a  consequence,  
proper i nstructions  by the  manufacturer and  continued  fo l l ow-ups  by the  user are  crucia l .  

The  manufacturer has  the  prerogative  to  m in im ise  the  i nheren t ri sks  of the  equ ipment by 
techn ical  means,  wi thou t d isabl ing  the  i n tended  process  or usabi l i ty of the  equ ipment.  He  
shal l  compare  the  importance  and  detai led  speci fications  of any such  means  wi th  the  
endeavours  to  m in im ise  the  overal l  risks  by proper i n formation  and  i nstructions  to  the  user.  
The  balancing  of usabi l i ty and  overal l  safety is  a  matter of agreement between  the  
manufacturer and  the  user of the  equ ipment em i tti ng  magnetic nearfields .  I t  i s ,  however,  the  
responsibi l i ty of the  manufacturer to  pre-assess  the  competence of the  user and  h is  abi l i ty 
and  wi l l i ngness  to  adhere  to  a l l  safety i nstructions  by the  manufacturer,  i n  consideration  of the  
complexi ty of the  particu lar EH  and  EPM  instal l ations.  

A means  for the  manufacturer to  reduce the  i nheren t equ ipment risks  is  to  employ various  
“fool -proof”  measures,  such  as  proxim i ty sensors/swi tches  wh ich  de-energ ise  the  potential l y 
hazardous  subsystem  of the  equ ipment under cond i tions  of operator errors  otherwise 
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resu l ting  i n  the  operator be ing  subj ected  to  poten tia l l y hazardous  magnetic nearfield  
em issions.  The  user shal l  be  speci fica l l y i n formed  on  such  means  for i n terrupted  processing ,  
and  they shal l  be  speci fied  i n  the  manufacturer’s  documentation ,  wi th  their impl ications.  

8.2  The C value variations  wi th  B  fi eld  curvature  

As quanti fi ed  i n  main l y Table  E. 1  and  F igure  G . 1 ,  the  coupl ing  value C to  an  unchanged  part  
of the  body is  typ ical l y reduced  wi th  a  smal l  and  shrinking  curvature  rad ius  Rosc  of the  B  fl ux  
at the  POI ;  Rosc  i s  the  rad ius  of the  oscu lati ng  ci rcle  determ ined  by the  d i rections  of the  B  
vector of equal  ampl i tude  i n  two nearby l ocations.  I f re l i able  numerical  model l i ng  i s  carried  
ou t,  th is  a l l ows  re laxations  regard ing  e i ther the  a l l owed  approach  d istance  of a  part of the  
body to  the  emission  source,  or h i gher curren ts  i n  i t;  a l so  see  F igure  G . 2  for an  example.  

I f the  fie l d  decay rate  from  the  source  is  strong  i n  re lation  to  the  curvature  of th is  part of the  
body,  or s trong  due  to  the  emission  source  characteristics  of e . g .  a  curren t l oop  (see  
Formu la  B . 4),  the  in  situ  curren t path  wi l l  become l im i ted  to  on l y a  smal l  reg ion  of the  part of 
the  body,  thus  typica l l y getting  a  much  smal l er coupl ing  value  C than  i n  the  non-nearfie ld  
case.  The  extent of th is  weaken ing  of the  coupl ing  can  i n  practice  be  quanti fied  on l y by 
numerica l  model l i ng ,  as  i l l ustrated  i n  Annexes  E ,  F  and  G  for some typical  cases.  

8.3  Location  of parts  of the  body,  i nstrumentation  and  measurement  i ssues  

A coi l -type  sensor i s  usefu l  i n  a  homogeneous  magnetic (B)  flux,  s ince  the  coi l  area  is  not  
important.  As  addressed  i n  Clause  A. 2 ,  the  reg ion  over wh ich  the  i nduced  E  fi e ld  BRs  appl y i s  
i n  the  order of some few m i l l imetres,  and  1 0  cm 3  or l ess  for the  SAR BRs.  Th is  means  that  
the  d istance  between  the  bodypart where  maximum  E  i s  i nduced  and  a  curren t-carrying  
conductor wi th in  some decimetres  shal l  be  very wel l  known/speci fied ,  and/or the  B  va lues  be  
measured  qu i te  precise l y where  the  bodypart i s  supposed  to  be  present.  For example,  1 0  mm  
d istance  d i fference  at 30  mm  average d istance from  a  l ong  current-carrying  conductor 
theoretica l l y resu l ts  in  a  B  fl ux quotien t of 1 , 4 ,  i . e .  40  %.  Th is  geometric uncertain ty factor 

becomes even  h i gher near coi l s ;  see  Formu la  (B. 4),  and  examples  i n  F . 2. 2.  

Another consequence  of the  location  issue  is  that coi l - type  B  fl ux sensors  have  a  s i gn i ficant  
spatia l  extension ,  resu l ti ng  i n  an  averag ing  of the  B  fl ux over the  measurement coi l  area.  Th is  

average  wi l l  of course  be  l ower than  the  maximum  closest to  the  current-carrying  conductor.  

These  issues  wi l l  i n  many cases  be  i nsurmountable.  As  a  consequence,  a  procedure  of 
source  characterisation  and  curren ts  (CGCR)  and  an  a l ternative  method  of vo lunteer tests  are  
appl ied  i n  th is  Techn ical  Speci fication .  

8.4 Handl ing  of inaccuracies  of in situ  E  fi eld  and  SAR numerical  values  

These quanti ti es  cannot be  determ ined  by actual  measurements ,  s i nce  they have  to  be  non-
invas ive.  As  a  consequence  of the  resu l ti ng  analys is  of the  overal l  hazards  d iscussed  i n  7 . 1 ,  
several  of the  numerica l  u ncertain ty factors  i n  curren t measurements  and  geometric as  wel l  
as  tissue  property re levancies,  numerica l  model l ing  of the  emission  and  other ca lcu lations  
shal l  i n i tia l l y be  set to  l ow values  in  the  overal l  risk assessment procedure.  Th is  shal l  be  
fol l owed  by repeated  s tatistical  anal yses  wi th  i nsertion  of the  l ikel i hoods  of the  dom inating  
i nd ividual  ri sk l evels  wi th  mod i fied  uncertain ties  of them ,  for find ing  ou t the  few most l i kel y 
onerous  risk factor combinations.  

NOTE  As  an  example  for users  of handheld  devices,  I EC  62209-2: 201 0  s tates  that  SAR overestimates  are  to  be  
as  smal l  as  possib l e  and  val ues  i n  the  order of 20  %  or l ess  are  deemed  reasonable.  I t  i s  fu rthermore  stated  that  
ti ssue  conducti vi ti es  are  not  to  be  selected  to  be  arb i trari l y  l arge.  However,  such  a  statement  i s  appl i cable  by 
l im i ti ng  the  fi gu re  to  on l y the  ou tcome  of the  numerical  model l i ng  as  such ,  for a  pre-speci fi ed  scenario.  
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8.5  Approaches  to  compl iance  

8.5. 1  General  

I t  i s  possib le  to  make  assessments  based  on  d i fferen t methods  depend ing  on  the  accuracy 
requ i rements  and  how close  the  actual  induced  E  fi e ld  strength  is  i n  re lation  to  the  
requ i rement.  Separate  assessment procedures  are  appl icable  a lso  to  d i fferen t parts  and  
operations  of the  equ ipment.  

NOTE  Requ i rement  and  ri sk g roup  cl assi fi cations  are  deal t  wi th  i n  Clause  9.  

8.5.2  Cases  where  verification  of l evels  being  below the RL  i s  sufficient  

NOTE  1  Some  RL  d ata  are  g i ven  i n  Annex A.  

The magnetic nearfield  curveform  and  ampl i tude  i n  a  relevan t POI  i n  the  reg ion  of l ikel y or 
possib le  bodyparts  presence are  measured ,  and  the  RL  data  i n  6. 3. 4  are  found  to  be  
s i gn i ficantl y h i gher.  No  further e laborations  are  needed  i f there  i s  a  sufficien t measurement 
i naccuracy marg in .  

NOTE  2  Th i s  Techn ical  Speci fi cation  does  not  speci fy C
stan d ard

 l evel s .  

NOTE  3  The  accessibi l i ty i s  d eterm ined  i n  accordance  wi th  6 . 3. 4  and  the  rel evant speci fi cations  and  requ i rements  
i n  I EC 6051 9-1 : 201 5.  

8.5.3  Cases  where  on ly B  fl ux measurements  are  su fficient  

Measurements  are  carried  ou t,  and  i t  i s  found  that  l evels  exceed  or can  exceed  the  RL  data  i n  
an  appl icable  standard  or national  regu lation .  

NOTE  See  Note  2  i n  the  defi n i ti on  of RL (3 . 1 . 1 0):  the  B  fi e l d  curvatu re  parameter for magnetic nearfields  i s  not  
considered  i n  some  standards  speci fying  RLs,  resu l ti ng  i n  the  RL  va l ues  being  too  l ow for such  cases.  

The fi e ld  structure  of the  emission  i s  assessed  and  compared  wi th  re levant data  i n  
Annexes  B ,  E ,  F  and  G .  I f a  reasonable  s im i lari ty i s  then  found ,  ca lcu lations  are  made  to  
determ ine  i f immed iate  nerve  and  muscle  reactions  or tissue  heating  i s  the  type  of hazard .  I n  
the  latter case,  the  duration  and  frequency or regu lari ty of bodypart presence is  used ,  wi th  the  
speci fications  i n  Clause  7  and  Annex B .  

Further and  fi na l  assessments  are  then  made i terati ve l y,  after mod i fications  of access  or other 
protection  means,  i f needed .  

8.5.4  Cases  where  the volunteer test  method  is  appl icable  

Th is  method  has  the  important advantage  of be ing  d i rect in  the  sense  that most compu tation  
and  calcu lation  errors  are  i nherentl y e l im inated .  I t  i s  appl icable  between  1  Hz and  1 00  kHz for 
nerve  and  muscle  reactions  (see  6. 3)  and  for i n term i ttent cond i tions  in  fingers  and  hands  wi th  
shorter i n tegration  times  for h igher frequencies  (see  7. 3).  

Deta i led  records  con tain ing  i n formation  on  the  ind ividuals,  wet/moist cond i ti ons,  and  
geometric factors  shal l  be  prepared .  

The  method  i s  appl icable  i n  cases  where  there  are  clear speci fications  on  m in imum  d istance  
of the  fi nger,  hand  or extrem i ty to  the  current-carrying  source,  and  the  source  is  wel l -
speci fied .  I t  i s  particu larl y su i table  when  fi ngers  or hands  are  not stra igh t as  speci fied  in  
Annex C.  Gripped  tools,  i f any,  are  a lso  i ncluded  i n  the  tests.  

8.5.5  Cases  where  the  CGCR method  i s  appl icable  

Th is  method  has  the  importan t advantage  that magnetic fie ld  measurements  are  typ ical l y 
avoided .  As  wi th  the  method  i n  8 . 5. 4,  detai led  geometric factors  shal l  be  speci fi ed .  



 – 24  – I EC TS  62997: 201 7  © I EC 201 7  

The  method  i s  particu larl y appl icable  i n  cases  where  the  source  frequency and  cu rrents  vary,  
and  the  bodyparts  i n  the  nearfie ld  are  wel l  defi ned  but thei r cl osest d is tances  to  the  source  
can  vary.  

8.5.6  Cases  where  numerical  model l ing  is  carried  out  

Th is  is  appl ied  i n  s i tuations  where  there  are  reasons  not to  appl y any of the  methods  in  8 . 5 . 4  
and  8 . 5.5 ,  for example  by the  presence  of d is tu rb ing  objects  wh ich  can  a l ter the  magnetic 
fie ld  data,  or wi th  compl icated  source  geometries.  Current and  frequency measurements ,  
i nclud ing  the  cu rveform,  are  however carried  ou t for sca l i ng  purposes.  Resources  and  
sufficient knowledge  shal l  be  avai lable.  Data  i n  Annexes  A to  G  shal l  be  used  as  bas ic 
references  for veri fications  and /or comparisons;  other veri fi ed  references  are  a lso  al l owed .  

NOTE  I f numerical  mode l l i n g  i s  not  access ible  and  the  methods  i n  8 . 5. 4  or 8 . 5. 5  are  not  appl i cabl e,  8 . 5. 2  or 8 . 5. 3  
are  app l i ed ,  wi th  i n troduction  of l arger overa l l  safety marg ins  accord i ng  to  Clause  9.  

A geometric model  of the  re levant parts  of the  equ ipment i s  constructed .  Then  us ing  the  
measured  conductor cu rrent(s)  or magnetic fi e l d (s)  i n  some characteri stic l ocations,  the  
complete  scenario  is  constructed ,  i ncl ud ing  ti ssue  conductivi ties  from  Annex C.  Resu l ts  are  
then  used ,  wi th  re levant safety factors.  

Frequency upscal ing  is  recommended  wi th  fi n i te  d i fference time  domain  (FDTD)  methods.  
Th is  i s  addressed  i n  Annex H .  

8.6  Summary of inaccuracy/uncertainty factors  to  be  considered  

The i tems  deal t wi th  i n  C lause  8  and  to  be  cons idered  are  summarised  as  fol l ows:  

a)  Basic  i ssues:  

– The  extent of re levance of standard ised  scenarios  (see  Annexes  D  to  G)  for numerica l  
model l i ng ;  

– Computation  inaccuracies  and  sens i ti vi ti es  (e. g .  numerica l  errors ,  resolu tion  l im i ts  of 
smal l  spatia l  d istances,  non- l i neari ti es  i n  frequency upscaled  scenarios).  

b)  Techn ical  and  bodypart variabi l i ti es:  

– Sensor i naccuracies;  

– B  fl ux measurement uncertain ties  (manual  hand l i ng ,  location  of spatial  i naccuracies,  

i nstrument sensor i n tegration  area) ;  

– Source  variabi l i ti es  (source  energ is ing  data  and  frequency,  i nclud ing  i ts  spectrum);  

– Variabi l i ties  of the  re levant parts  of the  body (ti ssue  e lectromagnetic properties  and  
geometries,  most onerous  l ocations) .  

c)  Operator and  user behaviour factors :  

– Time variabi l i ti es  i n  operator approaches  to  and  wi thdrawals  from  the  emission  source  
reg ion ;  

– Overal l  i n fluences  by operator knowledge  and  awareness/sensing ;  

– I n fluences  by qual i ty of i nstructions  and  warn ings;  

– Importance  of continued  i n formation  to  existi ng  and  new staff.  

9  Risk group classi fication  and  warning  marking  

9. 1  General  

Due to  the  typ ical  l ack of personnel  experience  of poss ib le  hazards  by induced  electric  
shock,  and  the  l ikel i hood  of the  maximum  induced  e lectric fie l ds  not occurring  i n  the  skin  
reg ion ,  risk group  setti ngs  shal l  be  more  severe  than  for conventional  e lectric shock.  A further 
reason  for th is  i s  that in  situ measurements  are  not poss ib le  to  carry ou t.  
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The  safety cl assi fication  scheme for exposure  risks  i n  Table  3  i n  I EC  6051 9-1 : 201 5  i s  
appl icable  as  stated  i n  the  fo l lowing  9. 2.  to  9. 6.  The  appl ication  of ri sk g roups  2  and  3  
requ i res  specia l  restrictions  and  h indering  of access  and  are  a l lowed  on l y i n  such  cases  
where  the  occurrences  of harm  are  deemed  very un l ikel y after a  thorough  documentation  
procedure  and  i nstruction  work has  been  carried  ou t and  the  particu lar type  of equ ipment and  
process  can  reasonabl y not be  used  wi thout  the  very strong  magnetic  fl uxes.   

NOTE  Risk assessment  and  categori sation  i s  dea l t  wi th  i n  I EC  6051 9-1 : 201 5.  Especia l l y  the  concepts  provi ded  i n  
i ts  Clause  4  are  rel evant  a l so  for i nduced  electri c  shock.  

9.2  Induced  electric fi elds  from  1  Hz to  1  kHz  

The a l lowed  fie ld  strength  occurs  wi th  magnetic nearfields  on l y wi th  magnetic materia ls  i n  
the  ci rcu i t.  Due  to  the  associated  general  ca lcu lation  and  computation  d i ffi cu l ties,  ri sk group 0  
or 1  appl i es,  wi th  warn ing  s i gns  i f g roup  0  and  a lso  i nstructions  i f g roup  1 .  

9.3  Induced  electric fields  from  1  kHz to  1 00  kHz  

Risk group 0  appl ies  i f the  appl icable  RL  value  compl ies  wi th  6. 3 . 4  and  8 . 5 . 2 .  

Risk g roup 0  sti l l  appl ies  i f the  B  fi el d  measurements  and  fo l lowing  ca lcu lations  i n  8. 5. 3 ,  wi th  
an  appl i ed  safety factor 2  to  those  g i ven  i n  6 . 2  i s  fu l fi l led .  W i thout th is  safety factor,  risk group  
1  appl i es.  

The  same princip le  as  above appl ies  wi th  the  volunteer test method :  risk group 0  when  a  
safety factor 2  i s  appl i ed  to  the  i nduced  electric field ,  otherwise  risk group  1 .  

I n  cases  where  numerical  model l ing  is  carried  ou t,  the  same princip le  as  above is  appl i ed ,  
wi th  risk group setti ngs  depend ing  on  how wel l  the  scenario  represents  the  actual  s i tuation .  
As  a  consequence,  ri sk g roup  0  or 1  appl i es.  

9.4  Induced  electric fields  from  1 00  kHz to  6  MHz 

Risk group  0  appl i es  i f 7 . 1 . 2  ( l ong  term)  is  fu l fi l led .  Normal l y,  no  warn ing  s i gn  is  needed .  

Risk group  0  a lso  appl ies  wi th  7 . 2 ;  a  warn ing  s i gn  shal l  be  used .  

Risk group  0  or 1  appl ies  wi th  7 . 3 ;  measures  are  speci fied  i n  7 . 3 . 7 .  

9.5  Magnetic flux fields  from  1  Hz to  6  MHz 

Since  on l y RL  va lues  of such  fi e lds  are  speci fied  i n  th is  Techn ical  Speci fication ,  ri sk level  0  
appl ies  under the  cond i tion  that access  i s  h i ndered  at l east 20  mm  from  the  nearest part of 
the  source.  I f not,  other methods  ensuring  safety appl y;  see  6 . 2,  6 . 3  and  8 .  

9.6  Warning  marking  

Warn ing  marking  shal l  be  accord ing  to  1 9. 4  and  Annex F  of I EC  6051 9-1 : 201 5.  

Symbol  I EC  6041 7-6204: 201 3-07  “Cau tion ,  static magnetic fi e ld  hazard” ,  shown  on  the  ri ght  
i n  F igure  1 ,  sha l l  be  used  in  cases  where  the  B  fi e ld  source  conta ins  magnetic materia ls  and  
there  i s  a  risk of forces  on  obj ects .  Symbol  I EC 6041 7-6205:201 4-08  “Caution ,  a l ternating  
magnetic nearfield  hazard” ,  shown  on  the  l eft  i n  F igu re  1 ,  shal l  be  used  i n  cases  wi th  strong  
i nducing  currents .  Both  s igns  shal l  be  used  s imu l taneousl y,  i f appl icable.  
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Figure 1  – Examples  of warn ing  marking  
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Annex A 
( i nformative)  

 
Survey of basic restrictions,  reference levels   

in  other standards,  etc.   

NOTE  The  term  basic  restri cti ons  i n  th i s  Annex refers  to  the  defi n i ti ons  of i t  i n  the  respecti ve  standards  and  
gu idel i nes.  The  term  i s  therefore  not  bol ded .  

A.1  Basic restrictions  – general  and  deviations  

The main  updated  orig ina l  sources  on  wh ich  l im i ts  and  regu lations  are  based  are  developed  
by I CN IRP  and  by I EEE.  I EEE  C95. 1 : 2005 uses  the  in  situ E  fi e ld  of very short  d uration  as  
bas ic un i t for hazardous  nerve  and  muscle  reactions,  whereas  ICN IRP changed  the  
underl ying  physica l  effect used  i n  thei r gu idel i nes  from  in  situ  current dens i ty to  in  situ  E  fi e ld ,  

between  1 998  and  201 0.  

The  I CN IRP,  I EEE  and  EU  BR speci fications  are  ou tl ined  in  F igure  A. 1 .  These,  or those  by 
the  re levant national  au thori ty,  consti tu te  reference data  for assessing  the  immed iate  nerve  
and  muscle  reactions  as  wel l  as  ti ssue  heating  except i n  cases  deal t wi th  i n  Clause  6  and  
short term  in term i ttent  cond i tions  i n  C lause  7.  

Formu la  (2)  i n  6 . 2  can  be  compared  wi th  the  data  i l l ustrated  i n  F igure  A. 1 .  As  an  example,  the  

I EEE  C95-1 : 2005 standard  speci fi es   1 06,27 4
RMS fE ⋅×≤ −  wh ich  i s  5 , 75  times  lower.  

However,  that formu la  is  stated  to  be  va l id  under a l l  ci rcumstances  whereas  Formu la  (2)  i n  
6. 2  appl ies  on l y wi th  the  CGCR method  and  numerical  model ing .  Rationales  for Formu la  (2)  
are  g i ven  i n  C lause  F . 8  on  volunteer stud ies,  and  in  Clause  F . 9  by comparisons  wi th  
conventional  e lectric shock effects  by contact current us ing  the  impedance  data  i n  
I EC TS  62996.  

Spatia l  averag ing  speci fi cations  accord ing  to  I CN IRP,  I EEE  and  EU  are  g i ven  in  Clause  A. 3.  
They do,  however,  not cons ider the  particu lar property of the  i n  s i tu  el ectric fi e ld  d i rection  
i nduced  by a  magnetic nearfield  to  be  paral le l  to  the  bodypart surface  and  by that  essentia l l y 
perpend icu lar to  the  nerve  fibres  in  the  skin  reg ion  so  that no  curren ts  are  i nduced  i n  them ;  
see  Clauses  F . 8  and  F . 9.  

NOTE  1  I n  the  D i recti ve  201 3/35/EU  i t  i s  s tated  that  the  BR/RL  system  can  be  i n  confl i ct  wi th  speci fi c  cond i ti ons  
wh ich  shou ld  then  be  taken  i n to  account;  that  employers  are  en ti tl ed  where  rel evant to  take  exposure  l evel s  and  
other appropriate  safety-rel ated  data  provi ded  by the  manufacturer i n to  account;  that  amendments  shou ld  be  
possib le  taking  i n to  account  techn ical  progress,  changes  i n  the  most  rel evant  standards  or speci fi cations,  and  new 
scienti fi c  fi nd i ngs  concern ing  e l ectromagneti c  fi e l ds.  I t  i s  fu rthermore  s tated  i n  the  D i recti ve  that  evi dence  for such  
deviations  must then  be  avai l able.  

NOTE  2  I n  the  I EEE  standard  C95. 1 : 2005  i t  i s  s tated  that  i ts  exi stence  does  not  imply that  there  are  no  other 
ways  to  produce,  test,  measure,  pu rchase,  market,  or provi de  other goods  and  services  re l ated  to  i ts  scope.  I t  i s  
a l so  stated  that  when  a  document  i s  more  than  fi ve  years  ol d  and  has  not  been  reaffi rmed ,  i t  i s  reasonable  to  
conclude  that  i ts  con ten ts ,  a l though  sti l l  of some value,  d o  not  whol l y  refl ect  the  presen t  state  of the  art.  The  
C95. 1 a  Amendment  (201 0)  d oes  not  deal  wi th  magneti c  fi e l d s  emanati ng  from  an  a l ternati ng  cu rrent  sou rce.  

A.2  The coupl ing  values  C i n  ICNIRP guidel ines  and  IEEE standards  

With  BR and  RL data  avai l able,  Cstandard  va l ues  are  obtained  by i nsertion  of these  in  
Formu la  (1 ) .  The  ICN IRP: 201 0  Cstandard  va lue  for frequencies  3  kHz to  1 0  MHz i s  1 0  m .  
I EEE  C95. 1 -2005 has  the  correspond ing  Cstandard  va lue  1 , 02  m  between  2  250  Hz and  5  MHz.  

Also  see  Note  2  in  6 . 3. 4.  

NOTE  1  Both  I CN IRP  and  I EEE  have  l im i ted  thei r considerations  to  cases  wi th  a  s i gn i fi can tl y l onger d i stance  from  
the  source  to  the  nearest  parts  of the  body than  i n  th i s  Techn i cal  Speci fi cation .  The  parts  are  then  a l so  assumed  to  
be  so  l arge  that  very good  coupl i ng  to  the  emission  occurs .  
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NOTE  2  I CN IRP: 1 998  d i scusses  a  s imple  fi rst  order formu la  for cal cu lati on  of the  maximum  coupl i ng  from  a  
homogeneous  magneti c  fi e l d  ( i n  i ts  section  4 ,  on  reference  levels )  wh ich  can  be  expressed  as  C  =  πR ,  wi th  R  be i ng  
the  rad ius  of the  object.  I nserti ng  the  real i sti cal l y l argest l ong  cyl i nder approximately representi ng  a  head  havi ng  
200  mm  d iameter,  i n  a  homogeneous  B  fi e l d ,  i n  Formu la  (1 )  g i ves  C  =  0 , 31 4  m .  

 

Figure A. 1  – ICN IRP,  IEEE and  201 3/35/EU  basic restrictions  (RMS)  

NOTE  3  F i gu re  A. 1  d ata  i n  red  are  for thermal  effects,  deal t  wi th  i n  7 . 1 .  The  I EEE,  EU  and  I CN IRP  BR val ues  are  
essentia l l y the  same.   

NOTE  4  The  speci fi cati ons  i n  201 3/35/EU  for i nduced  e l ectri c  fi e l ds  i s  essen tia l l y i d enti cal  to  those  i n  I CN IRP  
201 0  for a l l  head  and  body,  bu t  appl i es  to  a l l  t i ssues.  The  on l y d i fference  i s  that  peak va lue  i nstead  of RMS  are  
speci fi ed .  The  val ues  are  i den ti cal  for s i nusoidal  cu rveform .  

NOTE  5  S ince  the  i nduced  e lectri c  fi e l d  i s  vi rtual l y i n dependent of the  e l ectri c  conducti vi ti es  of typical  h uman  
ti ssues  wi th i n  the  frequency range  and  scope  of th i s  Techn ical  Speci fi cation ,  the  change  by I CN IRP  between  2009  
and  201 0  (from  current  d ens i ti es  to  e l ectri c  fi e l ds)  resu l ts  i n  an  improvement of accuracies  or cal cu lated  or 
computed  data  for compari sons  wi th  the  E  fi e l d  BR.  

NOTE  6  I EEE  standards  and  I CN IRP  gu ide l i nes  deviate  consi derab ly between  them  wi th  regard  to  the  e l ectri c  
fi e l d  BR,  as  shown  i n  the  g raphs  i n  F i gure  A. 1 .  At  1 0  kHz,  the  BR quoti en t  for extrem i ti es  i s  abou t 2  between  I EEE  
and  I CN IRP  201 0.  Between  I EEE  and  I CN IRP  1 988  (recon fi rmed  i n  1 999)  the  quotien t  i s  abou t 1 0,  for t i ssue  
conducti vi ty  0 , 2  Sm –1 .  I CN IRP  has  not  provided  any d i scussion  of these  d i fferences,  except  s tatements  that  safety 
factors  and  worst  cond i ti ons  are  considered .  I EEE  standards  i ncl ude  d i scussion  of safety factors,  wh ich  are  s tated  
not  to  be  l arge  bu t  su ffi cien t.  

A.3  Basic restrictions  – immediate nerve and  muscle  reactions  

Accord ing  to  the  ICN IRP  gu idel ines  and  I EEE  standards,  in  situ electric fie ld  values  shal l  be  
spatia l l y in tegrated  over qu i te  smal l  volumes.  ICN IRP speci fies  a  smal l  conti guous  volume of 
2  mm  ×  2  mm  ×  2  mm,  and  I EEE  the  ari thmetic average  determ ined  over a  stra ight  l i ne  
segment of 5  mm  length  oriented  i n  any d i rection  wi th in  the  tissue.  The  D i recti ve  201 3/35/EU  
provides  no  i n formation  on  spatial  i n tegration .  

IEC  
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With  regard  to  the  immed iate  nerve  and  muscle  reactions,  an  agen t such  as  a  magnetic  
nearfield  at  kHz frequencies  causes  the  same kind  of perception  as  does  a  contact curren t i n  
the  same frequency range,  wi th  the  on l y exceptions  that:  

•  i n  the  con tact curren t case  there  i s  a  t i ng l i ng  sensation  i n  the  contacti ng  reg ion  as  wel l  as  
i n  other bodyparts ,  i n  princip le  a l l  the  way to  the  secondary con tact  area;  

•  wi th  magnetic nearfield  emission  the  ti ng l i ng  effect occurs  on l y i n  a  l im i ted  reg ion  of 
ti ssue  where  the  induced  electric fi e ld  i s  strongest;  th is  reg ion  is  i n  pri ncip le  qu i te  near the  
bodypart surface.  

There  i s  a  general l y accepted  bas ic understand ing  that perception  of touch -  or contact 
curren ts  i s  “not per se  hazardous  but cou ld  be  cons idered  as  annoyance”  as  stated  by e. g .  
ICN IRP.  As  a  consequence,  there  is  no  basic reason  to  treat the  immed iate  nerve  and  muscle  
reactions  by touch/contact d i fferentl y from  induced  E  fie lds  in  ti ssues.  

A.4  Basic restrictions  – speci fic absorption  rates  (SAR)  

The main  updated  sources  are  the  same as  i n  C lause  A. 2 .  They are  i n  good  agreement and  
i nd icated  in  red  i n  F igure  A. 1 .  I t  i s  to  be  observed  that the  publ ished  SAR  l eve ls  are  averages  
over 6  m inu tes,  and  that  no  short t ime ce i l ing  va lues  are  provided .  The  ICN IRP 1 998  and  
201 0  gu ide l ines,  I EEE C95. 1 : 2005  standard  and  EU  D i recti ve  201 3/35/EU  a l l  speci fy SAR  

averag ing  over any 1 0  g  of con ti guous  tissue.  

NOTE  1  I n formation  on  the  resu l ti ng  temperatu re  ri se  i s  g i ven  i n  7 . 1 . 2  ,  Note  1 .  

NOTE  2  Mod i fi ed  requ i rements  for i n dustri al  m icrowave  equ ipment,  based  on  bodypart  heati ng  rates,  etc.  are  
speci fi ed  i n  I EC 6051 9-6.  

A.5  Reference levels  – external  magnetic B  fi eld  

ICN IRP: 201 0  speci fies  Bmax  =  1 00  µT for a l l  parts  of the  body,  i n  the  frequency in terval  

between  3  kHz and  1 0  MHz,  wh ich  i s  of main  in terest for th is  Techn ical  Speci fi cation .  
I CN IRP: 201 0  s tates  that  th is  appl ies  for cond i tions  where  the  fi eld  variation  over the  space  
occupied  by the  body i s  re lative l y smal l ,  i . e.  non-nearfie l d  cases.  

I EEE C95. 1 : 2005  speci fies  Bmax  =  61 5  µT  for the  head  and  torso and  1  1 30  µT  for the  l imbs,  

i n  the  frequency in terval  3  350  Hz to  5  MHz.  I EEE  C95. 1 : 2005 states  that i f the  fi e ld  i s  not 
constan t i n  magn i tude  or d i rection  over the  part of the  body,  the  l ower RL appl ies  bu t i t  i s  then  
perm i tted  to  re l y on  BR compl iance.  

201 3/35/EU  speci fies  Bmax  =  300  µT  for “exposure  of l imbs  to  a  l ocal ised  magnetic fi e l d ” ,  and  
1 00  µT for a l l  other a l l  parts  of the  body,  i n  the  frequency in terval  between  3  kHz and  1 0  MHz.  
For frequencies  1  Hz to  3  kHz,  Bmax  =  0 , 9/f T,  wi th  f i n  H z.  

Al l  sources  declare  that compl iance  wi th  the  bas ic restrictions  i s  ensured  i f there  i s  
compl iance  wi th  their RL  data ,  and  that l ack of compl iance  wi th  the  RL data  does  not 
necessari l y i nd icate  l ack of compl iance  wi th  thei r BR data.  

I n  conclus ion ,  the  RL speci fications  d i ffer by a  factor s ix to  ten  between  the  I EEE standards  
and  I CN IRP gu idel ines.  Th is  quotien t i s  l arger than  the  one  between  thei r BR va lues  in  the  
same frequency i n terval ,  wh ich  d i ffer by a  factor 2 , 32 ;  see  F igure  A. 1 .  
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Annex B  
(normative)  

 
Analytical  calculations  of magnetical ly induced   

internal  E  field  phenomena 

B.1  Some basic formulas  – magnetic fields  and  Laws of Nature  

Analytical  ca lcu lations  of the  magnetic fi e lds  at  stra ight conductors  and  ci rcu lar coi ls  are  
stra igh tforward  and  are  obtained  from  the  B iot-Savart l aw by in tegration .  For a  short stra igh t 
z-d i rected  conductor section ,  wh ich  occurs  i n  e. g .  a  rectangu lar l oop,  the  magnetic fl ux  
dens i ty (B)  va lue  outs ide  the  cen tre  z  =  0  ( i n  cyl i nd rical  co-ord inates  ρφz)  of the  conductor wi th  
l ength  ± L ( i . e .  tota l  l ength  2  L)  and  carrying  a  curren t I becomes  

 
222 ρπ

µ
ϕ

+

=

L

IL
B 0  (B . 1 )  

wh ich  for an  in fin i te l y l ong  s tra ight conductor s impl i fi es  to  

 ( )∞→= L
I

B    
2πρ

µ
ϕ

0  (B . 2)  

With  two paral le l  conductor sections  wi th  paral l e l  or antiparal l e l  current d i rections,  s imple  
vectoria l  add i tion  or subtraction  of the  φ-d i rected  fie ld  components  appl i es.  

The  fie l d  in  an  arbi trary poin t from  the  centre  of a  magnetic d ipole  is  again  obta ined  from  the  
B iot-Savart l aw by i n tegration .  I t  can  be  shown  that the  B  val ue  at a  poin t z0  on  the  z  axis  

(θ  =  0;  spherical  co-ord inates  rθφ)  of a  φ-  d i rected  l oop  wi th  rad ius  b  carrying  the  current I i s  
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At a  d is tance  R  and  at the  polar ang le  θ  from  the  cen tre  of the  magnetic d ipole  such  as  a  

ci rcu lar loop  wi th  axis  i n  the  z  (θ  =  0)  d i rection  and  wi th  rad ius  b ,  and  i n  spherical  co-ord inates  

rθφ ,  the  B  val ue  becomes  
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B 0=  (B . 4)  

The  induced  e lectric (E)  fie l d  i n  an  obj ect  nearby depends  on  i ts  geometry and  location  i n  
re lation  to  the  B  fi e ld ,  and  on  the  fie l d  characteristics  of the  source.  What happens  in  the  
theoretical /anal ytical  sense  i s  determ ined  by Faraday’s  l aw,  l i nking  the  vector E  and  B  force  

fie l ds  by the  fo l l owing  vector formu la:  

 
t

B
E

∂

∂
−=×∇  (B . 5)  

I n  practice,  th is  formu la  has  a  s imple  solu tion  on l y i n  specia l  s imple  cases;  see  Clause  B. 2.  
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I n  the  case  of a  homogeneous  B  fi e l d  such  as  i n  the  cen tral  reg ion  of a  Helmhol tz coi l ,  or at  a  
very l ong  d istance  from  the  source,  the  characteristic E  fi e l d  in tensi ty i s  h i ghest at the  obj ect 
periphery and  zero  i n  the  centre  reg ion .  I n  cases  wi th  smal l  Rosc  of the  B  fi e l d ,  the  E  fi e l d  

i n tens i ty i s  h i ghest i n  smal l  surface  reg ions;  see  Annexes  E  and  F .  

B.2  Induced  field  deposi tion  in  tissues  by magnetic nearfields  

I n  the  frequency range  wi th in  the  scope of th is  Techn ical  Speci fication ,  and  i n  cons ideration  
of the  e lectromagnetic properties  of ti ssues  in  th is  range,  there  i s  no  s i gn i ficant counter-

induced  magnetic fie l d  by action  of the  general ised  Ampere’s  l aw tDJH ∂∂+=×∇  for the  

source  fi e l ds.  Th is  i s  due  to  the  wavelength  and  penetration  depth  data  as  d iscussed   
i n  Annex H .  

The  induced  E  fi e ld  pattern  i n  a  homogeneous  obj ect  wi th  ti ssue  properties  is  thus  

i ndependent of the  e lectromagnetic properties,  and  fo l lows  a  number of cri teria,  derivable  
from  Faraday’s  l aw i n  Formu la  (B . 5).  

The  i nduced  curren t i n  the  obj ect behaves  as  i f sourceless,  s ince  there  are  no  d ispl acement 
curren ts  ou ts ide  the  obj ect.  The  Formu la  of con ti nu i ty 

 0=⋅∇ J  (B . 6)  

appl ies,  where  J i s  the  curren t dens i ty vector.  I t  i s  an  express ion  of Ki rchhoff’s  current l aw.  

The  current pattern  i n  the  obj ect wi l l  thus  have  a  loopl ike  shape wi th  a  zero  and  the  overal l  
curren t around  i t  becom ing  continuous,  bu t  wi th  variable  current densi ty.  The  overal l  E  fie l d  
pattern  wi l l  thus  to  a  l arge  extent be  determ ined  by the  curren t con tinu i ty.  I n  particu lar,  the  
skin  reg ion  (see  Clause  C. 2  for data)  wi l l  partia l l y be  shorted  ou t by the  h igher conductivi ty of 
muscle  and  other i n terior ti ssue,  due  to  the  cu rrent main l y being  paral l el  to  the  bodypart 
surface,  whereas  i t  i s  perpend icu lar i n  the  touch  curren t cases.  Further i l l ustrations  are  i n  
F igu re  D. 2 ,  F igure  F. 6 ,  F i gure  F .9 ,  and  i n  particu lar F igure  F . 1 0  wh ich  shows the  effect of the  
formu la  of current conti nu i ty.  I n  general :  

a)  the  strongest coupl i ng  i s  to  a  t issue  object wi th  i ts  major axis  paral le l  wi th  the  d i rection  of 
a  homogeneous  B  fl ux,  see  F igure  D .3 ;  

b)  to  the  fi rst order,  the  maximum  induced  E  fi e ld  ampl i tude  coupl i ng  i s  i nversel y proportional  
to  the  ci rcumference of a  s imple  round  obj ect  l ocated  as  i n  a)  above;  

c)  the  coupl ing  i s  reduced  wi th  smal ler curvature  of the  B  fl ux and  s tronger decay rate  of i t  
away from  the  source;  

d )  there  i s  invariabl y a  m in imum  induced  E  fi e l d  in  the  central  reg ions  of a  t i ssue  object and  
a lways  a  maximum  in  the  surface  reg ion  of a  reasonabl y homogeneous  obj ect.  

NOTE  1  A homogeneous  B  fi e l d  i s  i n  pri nciple  not  a  nearfi e l d  as  defi ned  i n  th i s  Techn ical  Speci fi cation ,  bu t  i s  
usefu l  as  a  bas i s  for the  compari sons  i n  Annex D.  

NOTE  2  Magnetic nearfield  cond i ti ons  as  add ressed  i n  th i s  Techn ical  Speci fi cation  are  not  cons i dered  i n  the  
I CN IRP  gu idel i nes  and  I EEE  standards;  see  Annex A.  

B.3  Coupl ing  of a  homogeneous B  field  to  homogeneous objects  wi th  simple 
geometries  

What happens  can ,  for s impl ici ty,  be  i nvestigated  wi th  a  Helmhol tz coi l ,  as  described  i n  
Annex D.  

•  the  conductivi ty i s  so  l ow that wave energy penetration  depth  effects  do  not occur – i . e.  
there  is  no  secondary (coun teracting)  i n ternal  B  fi e l ds  by any currents  caused  by the  
i nduced  E  fie l d ;  
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•  the  conductivi ty i s  so  h i gh ,  and  the  s i ze  of the  bodypart i s  so  l arge,  that an  efficien t 
refl ection  away of the  imping ing  external  E  fi e l d  from  the  source  occurs,  wi th  no  s ign i ficant  
i n ternal  power absorption  except i n  extreme s i tuations.  

•  the  relationsh ip  E  = πR·f·B  i nserted  i n to  Formu la  (1 )  holds  for a  l ong  ci rcu lar cyl i nder wi th  

rad ius  R  i n  a  homogeneous  axial  B fie l d  i f th is  B  fie l d  i s  not i n fl uenced  by the  object.  

The  coupl ing  value  C thus  then  becomes  πR  and  is  frequency i ndependent.  

NOTE  As  an  example  from  the  numeri cal  computations  described  i n  Cl ause  D. 1 ,  C  becomes  0 , 302  for a  200  mm  

d iameter sphere,  us i ng  Formu la  (1 ) .  The  q uoti en t  thus  becomes  0 , 302/0, 1 π  =  0 , 96.  The  devi ation  i s  due  to  the  
sphere  havi ng  a  cu rvatu re  i n  a l l  th ree  d imensions.  I t  i s  thus  expected  that  the  coupl i ng  factor to  a  l ong  ci rcu l ar 
cyl i nder wi th  the  same  d iameter i s  abou t 4  %  h i gher.  

When  the  flux decays  over the  obj ect,  C typ ical l y becomes  smal l er than  in  a  homogeneous  

flux,  s i nce  i t  i n fl uences  the  back s ide  more  weakly,  reducing  the  overal l  ci rcu lating  curren t 
ampl i tude.  However,  cond i tions  resu l ti ng  i n  an  increase  of C can  occur under certain  
cond i ti ons;  see  Clause  E . 5  and  Table  E. 1 .  I t  shal l  then  be  observed  that the  main  d i rection  i f 
the  flux can  change i n  re lation  to  the  main  surface  of the  object i f moved  l i nearl y away from  
the  fl ux source.  There  i s  then  a lso  a  problem  wi th  determ ination  of the  actual  C s i nce  the  fl ux 

ampl i tude  varies.  For a  s tra igh t conductor and  a  coi l ,  i t  becomes  necessary to  instead  use  the  
source  cu rrent and  geometry,  and  then  calcu late  or model  the  flux i n  the  reg ion  of i n terest;  
see  Annex F.  

B.4 Starting  points  for numerical  model l ing  

B.4. 1  Relevant bodyparts  

Since  the  curvature  Rosc  of a  homogeneous  magnetic fi eld  i s  i n fi n i te  and  the  magnetic fi e l d  

i n tens i ty decays  as  the  rad ia l  d istance  from  a  l ong  s tra ight conductor (Formu la  B .2)  and  the  
cube  of the  rad ia l  d istance  from  a  loop  at a  d is tance  (Formu la  B. 3) ,  wholebody exposure  from  
a  magnetic nearfield  can  i n  practice  be  excluded ,  thus  l im i ti ng  the  s i gn i ficant nearfie ld  
i n fl uences  to  on l y parts  of the  head  and  trunk,  and  to  arms,  hands  and  fingers.   

NOTE  Reference  objects  for numerical  model l i ng ,  representi ng  typical  bodyparts ,  are  g i ven  i n  Annex C.  

B.4.2  The use  of external  B  fi eld  and  in ternal  power densi ty in  numerical  model l ing  

Formu las  (1 ) ,  (B. 4)  and  (B. 5)  show that there  i s  a  l i near proportional i ty between  the  i nducing  
B  fi e ld  strength  and  the  i nduced  E  fi e ld  strength ,  wi th  frequency as  a  l i near parameter.  Rather 

than  us ing  the  conductor current and  i ts  ci rcu i t  geometry as  a  start for the  system  anal ysis ,  
us ing  measured  B  va lues  is  preferred  i n  cases  wi th  compl icated  and  large  source  geometries  
as  wel l  as  wi th  objects  nearby wh ich  d isturb  the  B  fie l d  pattern .  Th is  i s  a lso  s i nce  such  values  
are  i n  practice  not in fluenced  by the  presence of bodyparts.  However,  i f these  conductivi ties  
resu l t i n  a  power deposi tion  caused  by external  d i splacement curren t sources  being  enhanced  
by frequency upscal i ng  i n  numerical  model l i ng ,  quan ti fying  and  separating  those  effects  from  
the  magnetical l y induced  effects  becomes necessary.  Th is  can  be  by methods  described  i n  
Annex H .  

D i rect extraction  of the  i n ternal  |E|  fi el d  i s  typical l y not preferred ,  s ince  there  i s  a  need  to  
i ncl ude  the  conductivi ty parameter,  and  the  external  E  fi e l d  i s  i nvariabl y magn i tudes  h i gher 
than  the  i n ternal .  Obtain ing  the  in  situ  E  va lues  by model l i ng  is  i nstead  typical l y by selecting  
the  power dens i ty p  (per volume un i t and  averaged  over a  cycle  or taken  as  ampl i tude),  and  
then  in  the  resu l t  us ing  the  re lationsh ip,  under cond i tions  of a  s ing le  frequency time-harmon ic 
pattern :  

 
2

maxmax

2

max

eff
  

2
Ep

E
p σ

σ
==   (B . 7)  

where  E  i s  i n  Vm–1  and  p  i s  i n  Wm–3 .  

NOTE  Ca lcu lati ons  of SAR values  requ i re  knowl edge  of the  speci fi c  dens i ti es  of the  ti ssues;  see  the  note  to  the  
SAR  d efi n i ti on  i n  3 . 1 . 1 1 .   
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Annex C  
(normative)  

 
Reference objects  representing  parts  of the body:   

tissue conductivi ties  

C.1  Reference bodyparts  

C.1 . 1  General  

Five  tota l l y real is tic overal l  model  geometries  are  used ,  representing  a  finger,  a  wrist/arm ,  and  
a  hand .  No  head  model  i s  speci fied ,  s ince  i t  i s  assumed  that  l imbs  wi l l  i nvariabl y be  closer to  
the  source  and  stronger in  situ  E  fie l ds  may be  i nduced  by magnetic non-nearfie lds .  

The  conductivi tes  of the  test l oads  are  set as  to  not resu l t i n  any energy penetration  depth  
issues;  see  Annex H .  

D ie lectric data  and  thei r uncerta in ties  shal l  be  i ncluded  i n  the  overal l  assessments  deal t wi th  
i n  Clause  8.  I t  shal l  be  speci fied  what overal l  ti ssue  combination  i s  used  i n  the  numerica l  
model l i ng .  

C.1 .2  The wrist/arm  models  

The shape i s  s impl y a  350  mm  long  50  mm  (wrist)  or 80  mm  d iameter (arm)  ci rcu lar cyl i nder.  
I ts  primary use  is  for bas ic i nvesti gations  such  as  i n  Annex E.  

C.1 .3  The  hand  model  wi th  tight fingers  

The shape cons ists  of an  i nner rectangu lar b lock wi th  d imensions  1 40  mm  ×  80  mm  ×  20  mm,  
p lus  sem i-el l iptical  ends  wi th  the  same th ickness  and  rad i i  40  mm  and  20  mm .  There  are  ou ter 
sem ici rcu lar edge  reg ions  protrud ing  1 0  mm  out from  al l  s i des.  The  outl i ne  is  shown  i n  e. g .  
F i gure  E. 4  and  F igure  E . 5.  

C.1 .4  The hand  model  wi th  spread-out  fingers  

The shape i s  a  combination  of a  shortened  hand  model  and  fi ve  fi nger models  as  i n  C. 1 . 5  cu t  
by the  hand  model .  The  hand  model  i s  as  i n  C. 1 . 3  bu t wi th  a  60  mm  instead  of 1 20  mm  inner 
rectangu lar b lock and  fi ve  fingers  wi th  the  m id  one  end ing  20  mm  from  the  reduced  hand  
model  cen tre.  The  axis  of rotation  i s  30  mm  on  the  other s ide  of th is  centre,  and  the  ang les  of 
rotation  from  that poin t i s  1 5° .  The  outl i ne  i s  shown  i n  F igure  F . 1 0.  

C.1 .5  The finger model  

This  cons ists  of a  d iameter 1 7  mm  and  1 00  mm  long  ci rcu lar cyl inder,  wi th  added  
hem ispherical  ends.  The  overal l  l eng th  i s  thus  1 1 7  mm.  

C.2  Dielectric properties  of human  tissues  

C.2. 1  General  data for assessments   

The e lectromagnetic properties  of the  ti ssues  of the  subjected  parts  of the  body are  importan t 
for the  assessments  and  calcu lations  of SAR  va lues.  The  average  values  of e l ectrica l  
conductivi ty σ  for a  human  body to  be  used  is  0 , 2  Sm -1  for frequencies  up  to  1 00  kHz and  
0, 5  Sm-1  for frequencies  h igher than  1  MHz.  The  formu la  σ  =  0 , 2  +  0 , 3· 1 0 l og(f/1 05)  Sm–1  i s  
appl icable  between  these  frequencies.  These  average  values  are  recommended  on l y for 
assessment procedures  us ing  very s impl i fied  body models  wi th  homogeneous  electrica l  
conductivi ty and  i t  i s  to  be  noted  that the  correspond ing  conductivi ti es  for nerves  are  hal f or 
l ess  of that of the  body average.  
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C.2.2  Inner parts  of the  body 

Table  C . 1  – Examples  of d ielectric data  of human  ti ssues   
at  normal  body temperature  

Tissue type  Real  relative  permi tti vi ty 

ε′ 

Equ ivalent conductivi ty  

σ  

[Sm–1 ]  

Equ ivalent d i electric  loss  
factor ε″ [1 ]  

— f =  1 0  k;  1 00  k;  1  M ;  6  M  f =  1 0  k;  1 00  k;  1  M ;  6  M  f =  1 0  k;  1 00  k;  1  M ;  6  M  

B lood  ≈4k;  ≈4k;  ≈3k;  ≈600  0 , 8;  0 , 8 ;  0 , 8;  1 , 0  1 , 44M;  1 44k;  1 4k;  2900  

Breast  fat  500;  60;  20;  1 2  0 , 025;  0 , 025;  0 , 025;  0 , 030  45k;  4500;  450;  90  

Gray matter 20  000;  4  000;  1  000;  300  0 , 1 2;  0 , 1 4 ;  0 , 1 8;  0 , 25  21 6k;  25k;  3  200;  740  

Wh i te  matter 9  000;  2  000;  800;  200  0 , 07;  0 , 08;  0 , 1 0;  0 , 1 5  1 26k;  1 4k;  1  750;  440  

Muscle  50  000;  1 0  000;  2  000;  200  0 , 4 ;  0 , 5;  0 , 6 ;  0 , 8  720k;  90k;  1 1 k;  2  450  

 

The set of data  from  the  Camel ia  Gabrie l  g roup  are  un iversal l y used  as  bas ic reference.  So  
some such  selected  data  are  g iven  in  Table  C. 1 .  Frequencies  are  i n  Hz.  k  =  1  000;  
M  =  1  000  000.  

NOTE  1  Data  exi st  i n  Annex B  of EN  50444: 2008,  bu t  are  on ly for the  conducti vi ty and  refer to  a  US  web  source  
no  l onger ava i l ab le.   

NOTE  2  There  i s  typical l y a  need  for frequency upscal i ng  I n  FDTD  numerical  model l i ng .  The  factors  then  to  
consider for the  choice  of proper equ i val en t  d i e lectri c  data  are  deal t  wi th  i n  Annex H .  

C.2.3  Skin  data  

Data  (also  for the  substances  in  Table  C. 1 )  are  avai l ab le  from  the  I ta l ian  National  Research  
Counci l  I nsti tu te  of Appl ied  Phys ics  “Nel lo  Carrara” ,  F lorence  I ta l y,  and  shal l  be  used .  

As  a  fi rst example  d ry skin  at 1 0  kHz has  σ =  0 , 000  20  Sm–1  and  ε′ =  1  1 35.  Us ing  ε″ =  σ/2πfε0  

one  obtains  ε″ ≈ 360  and  an  effecti ve  ε  ≈  1  200 .  These  data  clearl y i nd icate  that the  skin  i s  
shorted-out by the  ad jacent ti ssue  having  σ  h i gher than  0 , 05  even  for nerves.  

As  a  second  example  wet skin  at  1 0  kHz has  σ  =  0, 003  0  Sm–1  and  ε′ =  29  000.  One  obtains  
ε″ ≈  5  400  and  an  effecti ve  ε ≈ 29  500.  Th is  corresponds  to  an  equ ivalen t conductivi ty 0 , 1 7 .  

These  data  again  ind icate  that the  skin  i s  essentia l l y shorted -out by the  ad jacent ti ssue.  
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Annex D  
( i nformative)  

 
Resul ts  of numerical  model l ing  with  objects  in  a  Helmhol tz coi l  

and  at a  long  straight conductor 

D.1  General  and  a  large Helmholtz coi l  scenario with  a  d iameter 200  mm 
sphere – FDTD 3D model l ing  

A homogeneous  magnetic fi el d  provides  resu l ts  wh ich  can  a lso  be  calcu lated  by anal yti ca l  
methods.  The  solu tion  for a  l ong  ci rcu lar cyl i nder wi th  rad ius  R  and  axis  paral le l  wi th  the  
magnetic B  fi e ld  at frequency f becomes  very s imple:  the  maximal  i n ternal  E  fi e l d  i s  at the  

periphery and  becomes  π·R·B·f.  

NOTE  1  Th i s  fact  i s  used  as  reference  for the  2D  model  cal cu lati ons  i n  I EC 62226-2-1 : 2004,  where  a  2D  
d imension less  coupl i ng  factor K (ca l l ed  K

2D
 i n  th i s  Techn ical  Speci fi cati on )  i s  i n troduced  and  defi ned  as  C  d i vi ded  

by π·R.  The  2D  model  i n  I EC 62226-2-1 : 2004  i s  represented  by true  3D  scenarios  wi th  an  i n fi n i tel y l ong  

mathematical l y cyl i nd ri cal  object  i n  a  B  fi e l d  having  on l y a  component i n  i ts  axia l  d i rection  varying  wi th  posi ti on  i n  
the  p l ane  perpend icu l ar to  the  axi s .  A 3D  wi re  i s  thus  represented  by an  axi al l y i n fi n i te l y  l ong  conductor sheath  
wi th  current  fl owi ng  on ly perpend icu larl y to  the  obj ect  axi s .  I n  spi te  of th i s  practi cal  defi ciency,  such  2D  models  
provi de  val uabl e  i ns i gh ts  i n to  the  behavi ou r of the  i nduced  E  fi e l d  by an  external  B  fi e l d .  

The Helmhol tz coi l  pa i r cons ists  of two  horizon tal  l arge  ci rcu lar conductors  wi th  cross  section  
6  mm  ×  6  mm  wi th  1  1 90  mm  centre  d iameters ,  wi th  centres  located  595  mm  vertica l l y from  
each  other at the  same  axis .  Each  l oop  i s  fed  from  a  smal l  coaxia l  pocket,  wi th  an  equal  
receiving  pocket back to  back.  There  is  of course  an  impedance  m ismatch  at the  feeds,  bu t  
the  “actual ”  magnetic fie lds  are  extracted .  The  operating  frequency i s  6  MHz,  for reducing  the  
run time of the  large  scenario  (26  m i l l i on  voxels  wi th  2  mm  ×  2  mm  ×  2  mm  resolu tion  i n  the  
cri tical  reg ions  i nclud ing  the  m id  parts  of the  sphere) .  I ts  conductivi ty i s  set to  1 , 055  Sm –1 .  
Th is  i s  h igher than  for normal  ti ssue  and  chosen  due  to  the  frequency upscal ing  (see  
Annex H ) ,  bu t wi l l  typica l l y resu l t  a lso  i n  a  capaci tivel y coupled  surface  power deposi tion .  
However,  that  effect becomes  i ns ign i ficant i n  a  Helmhol tz coi l .  Resu l ts  were  obtained  wi th  the  

commercia l l y avai lable  Qu ickWave 2  FDTD  software.  

F i gu re  D. 1  shows  the  strong l y dom inating  z-d i rected  magnetic fi e l d  ampl i tude  i n  a  l arge  
volume i n  the  central  vertical  y p l ane.  As  expected ,  i t  i s  q u i te  constant i n  the  reg ion  of the  
sphere,  wh ich  i s  marked  by the  b lack ci rcle.  The  extracted  B  fie l d  ampl i tude  is  441  nT.  
F i gu re  D .2  shows  the  power densi ty pattern .  The  ri ng-shaped  maximal  power densi ty i n  the  
equatorial  reg ion  i s  0 , 672  W·m–3 ,  correspond ing  to  0 , 798  V·m–1 .  Us ing  Formu la  (1 )  one  

obtains  C  ≈  0 , 302  m .  The  C  val ue  uncertain ty i s  l ess  than  ±1  % ,  due  to  the  smal l  voxels.  

NOTE  2  Theoreti cal  aspects  on  th i s  scenario  are  d i scussed  i n  Clause  B . 2 .  

___________ 

2 Qu ickWave FDTD software  by QWED Sp.  z.  o.  o .  (www. qwed . eu )  i s  an  example  of a  su i table  numerical  
model l i ng  software  avai l abl e  commercia l l y.  Th i s  i n formation  i s  g i ven  for the  conven ience  of users  of th i s  
document  and  does  not  consti tu te  an  endorsement  by I EC of th i s  product.  Al l  col ou r fi gu res  i n  th i s  and  the  
fol l owing  Annexes,  except  E . 8  and  F . 1 ,  were  obtained  by th i s  software.  
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Figure D. 1  – The  z-d i rected  magnetic  field  momentaneous  maximal  ampl i tude  in  the  
central  y plane of the  Helmholtz  coi l  wi th  the  conductive 200  mm  d iameter sphere  

D.2  Other reference objects  in  the  Helmholtz coi l  – FDTD 3D model l ing  

D.2. 1  The scenario  

The sphere  i s  now replaced  by several  cen tral l y l ocated  bodypart objects  as  defined  in  
Annex C  and  having  the  same conductivi ty as  the  sphere  i n  F igure  D . 1 .  Their orientation  i s  as  
shown  in  F igure  D . 3.  S imu l taneous  numerica l  model l ing  i s  possib le  s ince  the  mutual  coupl i ng  
and  i n fl uence  on  the  magnetic fie l d  are  i ns ign i ficant.  The  frequency i s  s ti l l  6  MHz.  

 

Figure  D.2  – The power densi ty patterns  in  the  central  y  plane  ( left)  and  central  z  
(equatorial )  p lane of the  200  mm  d iameter sphere  

D.2.2  Numerical  model l ing  resu l ts  wi th  smal ler spheres  

This  was  wi th  1 00  mm  and  50  mm  d iameter spheres.  Comparisons  were  made wi th  the  power 
dens i ty at the  correspond ing  d istances  from  the  centre  of the  200  mm  sphere.  Al l  resu l ts  were  
fu l l y cons istent wi th  the  i nduced  E  fi e l d  being  proportional  to  the  d istance  from  the  sphere  
cen tre,  wh ich  i nd icates  the  correctness  of the  theory under cond i tions  of homogeneous  B  fi e l d  
i n  rotational l y symmetric objects  wi th  axis  i n  the  B  fie l d  d i rection ,  and  also  that the  

conductivi ty was  appropriatel y chosen  i n  view of the  constrain ts  described  i n  Annex H .  
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D.2.3  Numerical  resu l ts  wi th  other objects  

The composi te  F igure  D. 3  g i ves  an  overview of the  objects  and  their C  va lues  i n  the  m id  z  

p lane  of the  Helmhol tz coi l .  The  colour scal i ng  is  d i fferent  i n  order to  see  the  patterns.  

 

Figure D.3  – The  power densi ty patterns  in  the  central  z  plane  
of the  reference objects,  wi th  maximal  C values  in  m  

NOTE  Comparing  the  re lati onsh ip  of C  bei ng  proportional  to  the  object  rad i us  R  wi th  the  numerical  resu l ts  for the  
sphere  and  verti cal  fi nger,  the  deviation  as  obtained  by the  numerical  model l i n g  i s  l ess  than  1 5  % .  
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Annex E  
( i nformative)  

 
Numerical  FDTD model l ing  wi th  objects  at a  long  straight wire  conductor 

E.1  Scenario and  general  information  

The scenario  now consists  of a  1  425  mm  long  wi re  wi th  1  mm  d iameter,  fed  by a  smal l  
coaxia l  pocket and  having  an  equal  receiving  pocket i n  the  other end ;  see  F igure  E. 1 .  The  
curren t source  (b lack l i ne)  i s  to  the  ri ght i n  the  figure.  The  scenario  boundary on  the  four 
s i des  except those  wi th  the  wi re  ends  is  a  60  mm  th ick l ayer of an  arti ficia l  absorbing  materia l  

(dark yel low i n  the  F igure)  wi th  ε′ =  μ′ =  1  and  σ =  σµ  =  0 , 05  Sm
-1  ,  where  σµ   =  2πfμ0μ″.  Th is  

materia l  i s  1 20  mm  th ick at the  wi re  ends  and  thus  covers  them .  I ns ide  these  1 20  mm  layers  
there  are  add i tional  60  mm  th ick absorbing  l ayers  (magenta  i n  the  fi gure)  wi th  ε′ and  μ′ =  1  
and  σ =  σµ  =  0 , 002  5  Sm

-1 .  

 

Figure E.1  – Long  straight wire  scenario  

Figure  E . 2  shows two  200  mm  d iameter spheres  wi th  thei r nearest surfaces  1 0  mm  and  
50  mm  from  the  wire  and  cen tred  i n  the  z p lane  of the  wi re.  The  sphere  e lectrical  conductivi ty 
i s  i n i ti a l l y set to  1 , 055  Sm–1  and  the  operating  frequency to  6  MHz.  The  reason  for the  use  of 
these  compl icated  absorbing  l ayers  i s  that magnetic  nearfields  cannot be  absorbed  by 
conventional  absorbing  boundaries  (such  as  the  MUR approximation)  used  i n  numerica l  FDTD  
techn iques.  

There  is  now an  i n teraction  between  the  cu rvature  of the  obj ect as  wel l  as  that of the  B  fi e ld ,  
and  a lso  mod i fications  of the  coupl ing  value  C due to  the  fi e ld  decay wi th  d istance  from  the  
wi re.  The  exci tation  of the  wi re  resu l ts  a lso  i n  a  rad ia l  E  fi e ld .  Un less  m in im ised  by 
conductivi ty i ncreases  wi th  frequency upscal i ng ,  a  s i gn i fican t capaci ti ve ly coupled  surface  
power deposi ti on  wi l l  occur,  due  to  red istribution  of the  induced  charges.  The  phenomenon  i s  
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i n  practice  noticeable  on ly wi th  sharp  conductive  parts  very close  to  the  conductor and  can  be  
separated  out from  the  magnetical l y i nduced  E  fie ld ;  see  Clause  H . 4 .  

The  power dens i ty re lati ve  scal ing  i n  a l l  images  i n  th is  Annex E  are  as  shown  i n  F igure  E. 2.  
The  e lectric fie l d  sca l ing  i n  the  ri ght  image  in  F igure  E . 1 0  i s  the  same.  

E.2  Two 200  mm  diameter spheres  

The scenario  wi th  two 200  mm  d iameter spheres  is  i l l ustrated  in  F igu re  E. 1 .  The  power 
deposi ti on  pattern  becomes  d istorted  wi th  σ  =  1 , 055  Sm–1 .  Therefore,  σ  =  20  Sm–1  was  

chosen;  see  F igure  E. 2.  Th is  i s  so  h igh  that no  d i rect in fluence by any external  e lectric fie ld  
occurs.  Accord ing  to  Formu la  (H .3)  the  energy penetration  depth  dp  becomes  abou t 23  mm .  

Th is  i s  sufficien tl y l arge  for the  purpose  of characteris i ng  the  electric fie l d  deposi ti on  i n  the  
shal l ow maximum  reg ion  of the  obj ect.  

 

Figure E.2  – Power deposition  patterns  i n  the  central  z  p lanes  of the  two spheres  at  

1 0  mm  and  20  mm  away from  the sphere  axis;  σ  =  20  Sm–1  

 

Figure E.3  – Power deposition  pattern  in  the  central  y p lane  of the  sphere  at   

1 0  mm  d istance from  the  wi re  axis;  σ  =  20  Sm–1  
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I t  i s  seen  that the  power deposi ti on  pattern  i s  wider i n  the  p lane  of the  wire  (F igure  E .2)  than  
i n  the  perpend icu lar p lane  (F igure  E. 3) .  

The  maximum  power densi ty in  the  sphere  at 1 0  mm  d istance  was  2 , 5  times  h i gher than  at the  
magen ta  boundary,  wh ich  is  20  mm  inwards  from  the  surface.  

Using  the  maximum  power densi ty and  z-d i rected  B  fi e ld  va lues  (see  F igure  E. 1  on  co-
ord inates)  i n  the  same l ocations  j ust ou ts ide  the  spheres,  the  C  val ue  at the  1 0  mm  d istance  

becomes  0 , 084  m .  At the  50  mm  d istance  i t  becomes  0 , 1 50  m .  

The  reduced  coupl ing  value  C  compared  wi th  the  Helmhol tz coi l  case  (C ≈ 0 , 302  m )  is  d ue  to  
the  smal ler object part i n fluenced  by the  strongest B  fi e l d  and  i ts  faster decay away from  the  
wi re  axis ,  as  wel l  as  on  i ts  curvature.  The  C val ue  at i n fi n i te  d istance  from  the  wi re  shou ld  

theoretical l y approach  the  value  i n  the  Helmhol tz coi l ,  see  F igure  D . 3.  

E.3  The hand  model  wi th  tight fingers  at d i fferent d istances  from  the  wire – 
FDTD model l ing  

E.3.1  General  information  and  scenario  

The bas ic scenario  ou tl ine  i s  the  same as  i n  F igure  E . 1 ,  bu t the  overal l  he igh t was  increased  
for the  l arger d istances  between  the  wi re  and  the  hand  model ,  and  the  wire  d iameter was  on l y 
0, 5  mm .  The  model  was  cen tred  over the  wi re  wi th  i ts  l ong  s ides  paral le l  to  i t  ( y-d i rected).  The  
d istance  of the  unders ide  to  the  wi re  axis  i s  the  parameter,  and  varies  from  2, 5  mm  to  
200  mm .  

 

Figure  E.4  – Scenario  wi th  the  hand  model  above the  wi re  axis  

E.3.2  Model l ing  resu l ts  – power deposition  patterns  

Figure  E . 5  to  F igure  E. 7  show the  power deposi tion  i n  the  cen tral  y p lane  and  the  bottom  
plane,  a t various  heigh ts.  

 

Figure  E.5  – Power densi ty in  the  hand  model  2 , 5  mm  above  the  wi re  axis  
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Figure E.6  – Power densi ty in  the  hand  model  1 4  mm  above the  wire  axis  

 

Figure E.7  – Power densi ty in  the  hand  model  1 00  mm  above  the  wire  axis  

I t  i s  seen  that a  curren t return  path  exists ,  as  more  clearl y demonstrated  in  F igure  E . 7  and  
Figure  E. 8.  
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E.4 The hand  model  wi th  tight fingers  at 1 00  mm from  the  wire – Flux® 1 2 3  
FEM  model l ing  

NOTE  1  The  numerical  model l i n g  FEM  software  does  i n  pri ncip l e  not  requ i re  a  complete  encl osed  scenario  as  
does  FDTD  software.  The  resu l ti ng  quasi -3D  scenario  becomes  easier to  construct  and  runs  faster s i nce  the  FDTD  
timestep  stabi l i ty cri terion  i s  not  needed .  An  i n fi n i te l y l ong  conductor can  therefore  be  used .  

NOTE  2  The  model l i ng  resu l t  i n  Cl ause  E . 4  i s  i n tended  on l y to  basical l y confi rm  the  resu l ts  of the  FDTD  model l i ng  
i n  th i s  Techn ical  Speci fi cation .  

 

Figure  E.8  – Current  densi ty in  the  central  cross  section  of the  hand  model   
at  9  mm  from  the wi re  – Flux® 1 2  FEM  model l ing  

NOTE  3  The  colour scal i ng  i n  F i gure  E . 8  i s  wi th  wh i te/yel l ow being  maximal  and  dark b l ue/black m in imal .  

Figure  E .8  i s  compared  wi th  F igure  E. 6  and  a  good  s im i l ari ty i s  observed .  However,  the  actual  
and  very fast model l i ng  was  made  i n  2D  wi th  an  enforced  overal l  nu l l  current;  see  
Formu la  (B . 6)  and  Note  1  i n  C lause  D. 1 .  

E.5 Coupl ing  data and  analysis  for the  hand  model  wi th  tight fingers  above 
the  wire  – FDTD model l ing  

Table  E . 1  shows  the  ca lcu lated  C va lues  obtained  by the  FDTD model l i ng  and  Formu la  (1 ) .  A 
h igh  conductivi ty σ  =  20  Sm–1  was  used  for m in im ising  any external  e l ectric fi e l d  i n fl uences;  

see  Clause  E. 2 .  

Table  E. 1  – Coupl ing  factors  for the  hand  model  wi th  tight  fi ngers   
at  various  heights  above the  wire  axis  

Distance  from  the  wi re  axis  to  
the  underside  of the  object  

(mm)  

C i n  E  maximum  voxel   
(m ,  rounded -off)  

Remarks:  rad ial  extension  Δ  
(mm)  from  the  surface where  the  

power densi ty i s  halved  

2, 5  0 , 038  Δ  ≈ 2  mm  

3 , 5  0 , 044  Δ  ≈ 2½ mm  

5  0 , 056  Δ  ≈ 3  mm  

9  0 , 067  Δ  ≈ 4  mm  

1 4  0 , 073  Δ  ≈ 4  mm  

30  0 , 083  Δ  ≈ 5  mm  

1 00  0 , 082  Δ  ≈ 4, 5  mm  

(∞ )  0, 054  From  F igure  D. 2  for verti cal  hand  i n  

Helmhol tz  coi l ;  Δ  ≈  4  mm   

 

NOTE  CGCR  va l ues  are  g i ven  i n  F i gure  G . 1 .  

Table  E. 1  shows  that the  C  va lue  is  smal lest for the  hand  very close  to  the  wi re,  due  to  the  
stronger fi e ld  curvature  there.  The  reason  for the  C  va lues  be ing  s l ightl y l arger for the  l arger 
d istances  i n  Table  E. 1  than  in  a  homogeneous  fie ld  i s  that the  symmetric (equal )  bu t  

___________ 

3 F l ux® 1 2  FEM  software  by CEDRAT (www.cedrat. com),  owned  by Al ta i r Eng i neering ,  I nc. ,  i s  an  example  of a  
su i table  numerical  model l i ng  software  avai l abl e  commercial l y.  Th i s  i n formation  i s  g i ven  for the  conven ience  of 
users  of th i s  document and  does  not  consti tu te  an  endorsement  by I EC of th i s  product.  
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opposi te l y d i rected  current paths  on  both  s i des  in  the  homogeneous  fie ld  case  no  longer exist,  
so  that there  is  less  reduction  of the  current i n  the  facing  fl at  s ide  than  that i n  the  opposi te  flat  
s i de.  The  magnetic  fie ld  spatia l  decay rate  can  thus  be  such  wi th  certa in  obj ect  shapes  that 
the  C va lue  has  a  maximum  for a  qu i te  smal l  B  fi e l d  spatia l  decay rate,  and  not wi th  such  a  
homogeneous  fi e l d .  Obvious l y,  th is  maximum  is  rough l y for 30  mm  to  1 00  mm  d istance  in  th is  
case.  The  unequal  power deposi ti on  pattern  on  the  major s i des  of the  hand  model  i s  s ti l l  very 
strong  at  1 00  mm  d istance;  see  F igure  E . 7.  

E.6  Coupl ing  data and  analysis  for the  wrist/arm  model  above the wire 

The arm  d iameter is  60  mm  and  the  scenario  i s  shown  i n  F igure  E. 9.  The  d istance  between  
the  wire  centre  and  the  arm  unders ide  is  1 0  mm.  These  data  are  of i n terest,  s i nce  the  resu l t of 
2D  numerica l  model l ing  i s  g i ven  in  Table  D . 1  in  I EC  62822-2 :201 6.  

 

Figure E.9  – Wrist/arm  model  above  a  long  straight wi re  

The power densi ty and  E  fie l d  patterns  are  shown  i n  F igure  E. 1 0.  

 

Figure E.1 0  – Linear power densi ty ( l eft,  power scal ing)  and  electric  
field  ampl i tude  (l inear scale)  in  the  x plane  of wrist/arm  model  1 0  mm   

straight  above  a  long  straigh t wire  

NOTE  The  el ectri c  fi e l d  strength  i s  much  h i gher ou ts i de  than  i ns i de  the  object,  d ue  to  the  very h i gh  effecti ve  
perm i tti vi ty of the  l atter.  The  external  fi e l d  i s  therefore  oversaturated  i n  the  image.  

Using  the  magnetic fie l d  streng th  at the  nearest part to  the  wire,  and  the  E  fi e ld  streng th  
there,  one  obta ins  C =  0 , 053  m .  Th is  i s  l ower than  the  i n terpolated  value  for the  hand :  
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C =  0 , 068  m .  Using  the  coupl ing  factor K2D  as  used  in  I EC 62822-2 :201 6  for the  same bu t 2D  

scenario  addressed  i n  Annex D ,  one  obtains  C ≈  0, 383· π· 0 , 03  ≈  0 , 036  m .  Th e  reason  for th e  

d i fference  is  again ,  as  addressed  i n  C lause  E . 5,  that the  2D  scenario  2D  curren t sheath  
improves  the  ba lance  between  the  opposi te l y d i rected  curren t paths  i n  the  obj ect,  i n  
comparison  wi th  that caused  by the  1 D  wi re  in  the  true  3D  model l i ng .  
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Annex F  
( i nformative)  

 
Numerical  model l ing  and  volunteer experiments  

wi th  the  hand  models  at a  coi l  

F.1  General  and  on  the B  fi eld  ampl i tude  

The power dens i ty re lati ve  scal ing  in  a l l  images  i n  Annex F  are  as  shown  i n  F igure  F. 3.  The  
e lectric fi e l d  scal ing  i s  shown  i n  F igure  F . 6,  F igure  F. 8,  and  F igure  F . 1 8.  

Some B  fi e ld  properties  at s i ng le-tu rn  coi l s  are  described  by Formu las  (B . 3)  and  (B. 4) .  The  

magnetic fi e ld  i s  i l l ustrated  by F igure  F . 1 ,  obtained  by FEM  model l i ng  of a  coi l  wi th  1 37  mm  
ou ter d imeter and  1 0  mm  ×  7  mm  conductor cross  section  as  used  throughout i n  th is  Annex  F .  
The  d istance  between  the  l i nes  i nd icates  the  fie l d  strength  wh i le  the ir d i rections  are  i nd icated  
by the  fi eld  vector;  the  in tensi ty i s  a lso  colourscaled .  

The  e lectrica l  conductivi ty  σ  of the  objects  i s  1 ;  1 0  or 20  Sm –1 ,  i n  cons ideration  of the  

frequency upscal i ng ;  see  Annex H .  The  operati ng  frequency wi th  the  FDTD  model l ing  was  
6  MHz,  throughout.  

 

Figure F . 1  – I l lustration  of the  B  fie ld  at  a  sing le  tu rn  coi l ,  wi th  the  coi l  centre   
at  the  l eft  margin  of the  image  – Flux® 1 2  FEM  model l ing  

NOTE  The  co lou r scal i ng  i n  F i gu re  F . 1  i s  wi th  wh i te/yel l ow being  maximal  and  dark b l ue/bl ack m in imal .  

IEC  



 – 46  – I EC TS  62997: 201 7  © I EC 201 7  

The  characterisation  of the  B  fi e l d  at an  obj ect such  as  a  fi nger at a  POI  near the  coi l  i s  more  

compl icated  than  wi th  a  wi re,  s i nce  the  fi e ld  curvature  and  ampl i tude  change wi th  pos i tion  in  a  
more  compl icated  way.  At a  long  stra ight conductor both  the  B  fie l d  curvature  Rosc  and  the  B  
vector ampl i tude  are  i nversely proportional  to  the  d istance  to  the  POI .  The  B  vector d i rection  

i s  i n  the  ϕ  (angu lar)  d i rection .  Furthermore,  the  coi l  i s  l oaded  i n  operation  i n  an  i nduction  
equ ipment,  bu t the  approach ing  bodypart can  a lso  be  i n  empty operation .  

Two measurement methods  are  recommended ,  provided  the  l oad ing  does  not change the  
external  fi e ld  characteristics  appreciabl y:  

a)  Measurement of the  coi l  curren t and  using  the  coi l  d imensions  and  Formu la  (B .2)  or (B .3)  
to  determ ine  the  B  fi e ld  characteristics.  

b)  Measuring  the  B  fi e l d  at the  coi l  axis  (spherical  co-ord inate  θ  =  0°  or 1 80°)  and  us ing  that 
as  a  B  fi e l d  ampl i tude  scal i ng  parameter,  wi th  Formu la  (B . 2)  and  data  from  th is  Annex or 
e lsewhere.  

The  use  of these  methods  is  addressed  i n  6 . 2 ,  us ing  data  from  Annex  F .  

A d i rect way to  e l im inate  a  number of uncertain ty factors  i s  to  use  the  volun teer test method  
i n  6. 3,  together wi th  the  CGCR method  described  i n  6 . 2 .  

F.2  The hand  model  wi th  tight fingers  2  mm,  4 mm,  6  mm  and  50  mm above 
the coi l  and  with  i ts  right side above the coi l  axis  – FDTD model l ing  

F.2. 1  The scenario  

A coi l  i n  F . 1  wi th  mesh  s i ze  1  mm  ×  1  mm  was  used ,  wi th  FDTD  model l i ng .  The  feed/receiving  
coaxia l  ends  are  i n  the  same meta l  coaxia l  l i ne  enclosure  to  the  ri gh t i n  F i gure  E. 1 .  

 

Figure F .2  – Hand  above the  coi l  scenario  

The d istance  between  the  coi l  and  hand  model  i n  the  z  d i rection  i s  between  the  coi l  topside  
and  the  hand  unders ide.  The  s i deways  hand  d isp lacement a  i s  shown  i n  F igure  F. 2 .  
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F.2.2  Model l ing  resu l ts  

Some power dens i ty patterns  are  shown  in  F igure  F . 3  to  F igu re  F . 5 ,  i n  the  σ  = 1 0  Sm–1  case.  

 

Figure F .3  – Power densi ty pattern  in  the  central  vertical  plane  and  in  the  bottom  1  mm  
layer of the  hand  model ,  z  =  2  mm  above the  top  of the  coi l ;  a  = –51  mm  

 

Figure F .4 – Power densi ty pattern  in  the  central  vertical  plane  and  in  the  bottom  1  mm  
layer of the  hand  model ,  z  = 4  mm;  a  = –51  mm  
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The  ri gh t s i d e  of the  hand  l ocated  at  the  y  axi s  
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Figure F .5  – Power densi ty pattern  in  the  central  vertical  plane  and  in   
the  bottom  1  mm  layer of the  hand  model ,  z  =  50  mm;  a  =  –51  mm  

The magnetic fie ld  at the  coi l  centre  was  1 5, 9  µT.  I t  was  46, 7  µT at the  hand  unders ide  2  mm  
above the  coi l  opposi te  the  feed  and  at the  power densi ty maximum.  I t  was  1 4 , 2  µT  at the  
other coupl i ng  maximum  at  the  hand  s i de.  These  poin ts  are  shown  in  the  l eft  F i gure  F . 3 .  

The  maximum  power dens i ty i n  the  z  =  2  mm  case  was  0, 367  W/dm 3  i n  the  bottom  maximum  
and  0 , 350  W/dm 3  at  the  hand  s ide;  see  F igure  F. 3.  I n  the  scenario  i n  F i gure  F. 4  wi th  z  =  4  mm  
the  correspond ing  va lues  were  0, 280  W/dm 3  and  0 , 349  W/dm 3 ,  respective l y.  W i th  z  =  6  mm  
(shown  wi th  workload  in  F igu re  F . 1 4)  the  bottom  (curved)  va lue  was  0 , 21 9  W/dm 3  and  i t  was  
0, 320  W/dm3  at  the  hand  s ide.  Wi th  50  mm  d istance  i n  F igure  F. 5  the  power densi ty was  
0, 0365 W/dm3 ,  i . e.  abou t 9  times  smal l er,  so  the  colour scal i ng  of the  power dens i ty i n  that 
figure  was  reduced  by a  factor 9 .  

The  i nduced  current  i n  objects  such  as  the  hand  model  forms  a  closed  loop  wh ich  thus  has  a  
nu l l  somewhere  in  the  central  reg ion .  Th is  i s  i l l ustrated  by F igure  F . 6 .  

IEC  



I EC TS  62997: 201 7  © I EC 201 7  – 49  –  

 

Figure  F .6  – The  ±x-d i rected  ( left image)  and  ±y-d i rected  momentaneous  maximal  E  fie ld  
at  the  hand  underside,  z  =  4  mm;  a  = –51  mm  

The ampl i tude  scale  i s  the  same in  both  images  in  F igure  F. 6.  I t  i s  seen  that the  fie l d  d i rection  
changes  cons iderabl y and  can  be  said  to  be  approximatel y e l l iptical .  The  pattern  is  l ikel y to  
weaken  the  nerve  reactions,  s ince  the  fie ld  wi l l  not be  d i rected  a long  the  sensing  nerves  for 
any l onger d is tance  as  i s  the  case  wi th  typ ical  con tact curren t paths.  Furthermore,  a  qu i te  
smal l  re lati ve  volume of the  hand  has  the  strong  E  fie ld  due  to  the  nearfie ld  characteristics :  

on l y abou t 1 0  %  of the  overal l  vo lume of abou t 225  cm 3 .  

The  asymmetry of the  scenario  resu l ts  i n  a  curren t path  wh ich  i s  not control led  by the  coi l  
nearby,  i . e .  a t the  hand  s i de,  to  spread  ou t and  then  be  more  concentrated  – maximal  – at the  
hand  edge.  Th is  i s  cl earl y seen  i n  F igure  F. 5.  

The  spatia l  i n tegration  for immed iate  nerve  and  muscle  reactions  in  fingers ,  hands  and  arms  

speci fied  in  6. 2  shal l  be  appl ied  and  is  shown  i n  F igure  F . 8  and  F igure  F. 9,  i n  the  σ  =  1 0  Sm–1  

case.  

IEC  
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Figure F .7  – The  local  power densi ty pattern  of the  condi tion  i n  F igure F.3,  
showing  the 1  mm  ×  1  mm  voxel  s ize  and  the 5  mm2  i n tegration  

region  2  mm  above  the hand  underside  

 

Figure F .8  – The  local  y-d i rected  momentaneous  maximal  e lectric  fi eld  pattern  
of the  condi tion  in  F igure  F .3,  showing  the  1  mm  ×  1  mm  voxel  size  and  

the  5  mm2  i n tegration  region  2  mm  above  the hand  underside  

The  e lectric fie ld  d istribu tion  i s  more  even  i n  the  hand  s ide,  so  the  averaged  ampl i tude  was  
on l y abou t 5  %  l ess  than  that at the  maximum  poin t.  The  resu l ting  average  power dens i ty i n  
the  marked  reg ion  in  F igure  F. 8  and  F igure  F. 9  was  0 , 263  W/dm 3 ,  and  corresponds  to  80  %  of 
the  maximum  poin t e lectric fie l d  maximum.  The  resu l ti ng  quotien t as  obtained  by comparative  
d i rect s tud ies  of the  y-d i rected  e lectric fi e l d  pattern  gave  a  reduction  to  85  %.  An  average  of 
83  %  resu l ted  i n  the  reg ion  nearest  to  the  conductor.  

The  h ighest averaged  maximum  is  thus  at the  hand  s ide  and  not i n  the  reg ion  very close  to  
the  conductor.  The  approximate  value  0 , 325  W/dm 3  i s  therefore  appl icable  for both  the  2  mm  
and  4  mm  hand  above the  coi l .  

Coupl ing  value  Ccoi l  and  CGCR data  are  l i s ted  i n  Clause  G .3.  

IEC  
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F.3  The hand  model  wi th  tight fingers  6  mm  above the coi l  and  wi th  variable  
posi tion  in  the x d i rection  – FDTD model l ing  

The d istance  a  shown  i n  F igure  F . 2  was  –51  mm  throughout i n  Clause  F . 2.  I t  was  now varied ,  
wi th  the  d istance  z  between  the  top  of the  coi l  and  the  hand  model  underside  kept  at 6  mm .  

 

Figure  F .9  – The  power densi ty pattern  i n  the  hand  model  centred  above the coi l  and  
6  mm  above  i t;  l eft  image:  bottom  region ,  right  image:  1 0  mm  up  

The colour scal ing  i s  the  same in  both  images  i n  F igure  F . 9 .  The  numerical  resu l ts  and  CGCR  
va lues  for d i fferent  d istances  a  are  g i ven  i n  Clause  G . 3.  

F.4 The hand  model  wi th  spread-out fingers,  6  mm straight above the coi l  – 
FDTD model l ing  

 

Figure F . 1 0  – The  hand  model  wi th  spread-out fingers  located  6  mm  straight  
above the  coi l  ( l eft) ;  relative power densi ties  at  the  height of maximum  power  

densi ty between  fingers  (right)  
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The  Ccoi l  va lues  were  maximal l y at the  hand  s i des  were  now about 0 , 33  m  at 5  mm  above the  
hand  underside.  The  Ccoi l  va l ue  at the  i nner ends  of the  fingers  was  maximal l y about 0 , 40  m ,  

then  8  mm  above the  hand  unders ide.  

NOTE  C
co i l
 was  0 , 38  m  i n  the  centred  (a  =  0 )  case  wi th  ti gh t  fi ngers.  

F.5 The hand  model  wi th  tight fingers  near a  coi l  wi th  metal l ic workload  – 
FDTD model l ing  

The magnetic fi e ld  and  fl ux change wi th  a  h i gh l y conductive  workload ,  due  to  the  creation  of 
eddy curren ts  i nducing  a  magnetic counterfie ld .  Permeable  metal l ic  workloads  wi l l  i ncrease  
the  magnetic  fl ux and  change i ts  pattern .  

NOTE  Cases  wi th  magneti c  c i rcu i ts  havi ng  a  smal l  open ing  between  ends  can  substantial l y i ncrease  the  magneti c  
fl u x.  Due  to  the  speci fi c  des igns  i n  such  cases,  on l y s imple  rod -shaped  workloads  i n  a  co i l  are  deal t  wi th  i n  th i s  
Techn ical  Speci fi cation .  

 

Figure  F . 1 1  – The  hand  model  6  mm  above the  coi l  and  a  1 00  mm  d iameter 
metal l i c  workload  in  the  coi l  

 

Figure  F . 1 2  – Qu iver plot of the  magnetic (H)  fi eld  ampl i tude  i n  logari thmic scal ing ,  
in  the  scenario  in  F igure F . 1 1  wi th  a  non-magnetic ( l eft)  and  magnetic  (right)  workload  
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F igu re  F . 1 1  shows the  scenario.  The  meta l l ic workload  has  a  conductivi ty of 4 , 2  ×  1 05  Sm–1  i n  
both  cases  i n  F igure  F . 1 2,  and  the  workload  i n  the  ri gh t image  also  has  a  re lati ve  permeabi l i ty 
µ  =  1  000.  The  spread -ou t of the  magnetic fie l d  i s  seen .  The  operati ng  frequency is  6  MHz.  

F igure  F . 1 3  shows the  power dens i ty pattern  i n  the  hand  model .  S ince  the  skin  depth  i n  the  
metal  shou ld  be  rea l istic for operati ng  frequencies  5  kHz to  30  kHz,  i . e.  abou t 1  mm  to  4  mm,  
the  conductivi ty of the  object was  now set to  abou t 600  Sm–1  ,  and  µ  to  200,  sti l l  wi th  the  
operati ng  frequency 6  MHz.  The  Ccoi l  va lue  wi thou t the  workload  i s  0 , 083  m ,  as  l i s ted  i n  
F igu re  G . 2  for a  =  –1 1 0  mm  as  shown  i n  F igure  F. 2.  The  pattern  wi th  the  workloads  i s  the  
same,  bu t the  Ccoi l  va lue  wi th  both  workloads  is  now on l y 0 , 066  m .  However,  the  reduction  

wi th  hand  he igh t shown  i n  F igure  G . 1  wi l l  be  less ,  s ince  the  magnetic fi e l d  strength  upwards  
remains  h i gher.  Th is  i s  shown  i n  F igure  F . 1 4 .  The  colour scal ing  i s  d i fferent i n  the  two  
images.  The  Ccoi l  val ue  i s  0 , 01 4  m  wi thout the  workload  and  0, 043  m  wi th  i t,  i . e.  three  times  
h igher wi th  the  permeable  metal l ic  workload .  There  i s  thus  no  s trong  Ccoi l  value  reduction  wi th  

hand  he igh t a long  the  workload  surface  at th i s  horizon tal  d istance  of 1 5  mm  from  the  
workload .  

 

Figure  F . 1 3  – The  power densi ty pattern  in  the  central  vertical  cross  
section  in  the  hand  scenario  i n  F igure F . 1 1  

 

Figure F . 1 4  – The  power densi ty in  the  central  vertical  cross  section  of the  hand  
as  i n  the  scenario  in  Figure  F. 1 1 ,  but  50  mm  above the  coi l ;  wi th  no  workload  (left)  

and  wi th  permeable  metal l ic  workload  (right)  
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F.6 The finger model  2  mm above the coi l  – FDTD numerical  model l ing  

F.6. 1  The scenarios  

The scenarios  wi th  two fi nger posi ti ons  are  shown  i n  F igure  F. 1 5.  The  conductivi ty σ  was  set 

to  1 0  Sm–1 .  

 

Figure F . 1 5  – The  two finger posi tions  above the  coi l ;  l eft  =  y-di rected  finger 

F.6.2  Model l i ng  resu l ts  

The  power deposi ti on  pattern  i n  the  y-d i rected  fi nger case  is  shown  i n  F igure  F . 1 6 .  

Th e  i m ag e on  th e  ri g h t  sh ows  th e  d etai l ed  pattern  i n  th e  ½ m m  sq u are  voxel s.  

  

Figure F . 1 6  – Power densi ty maximum  pattern  in  the  y-d i rected  
1 7  mm  d iameter finger model  

The j aggedness  i s  an  artefact  re lated  to  the  unequal  and  d isplaced  E-  and  H -voxels  i n  FDTD  
scenarios.  The  power dens i ty i n  the  dark orange  voxels  was  0 , 82  W/dm 3 ,  0 , 68  W/dm 3  i n  the  
ye l l ow voxels  and  0 , 60  W/dm 3  i n  the  l igh t g reen  ones.  Th is  corresponds  to  Ccoi l  va lues  

0, 095  m ,  0 , 087  m  and  0, 081  m .  

The  power deposi ti on  pattern  i n  the  x-d i rected  fi nger case  is  shown  i n  F igure  F . 1 7.  
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Figure  F . 1 7  – Power densi ty maximum  pattern  in  the  x-d i rected  
1 7  mm  d iameter finger model  

The correspond ing  e lectric fie l d  deposi tion  pattern  i s  shown  in  F igure  F. 1 8.  

 

Figure  F . 1 8  – Momentaneous  maximal  electric field  maximum  
pattern  in  the  x-d i rected  1 7  mm  d iameter finger model  

The j aggedness  i s  now less  pronounced .  The  maximum  in tensi ty (yel l ow)  is  6 , 4  Vm –1  wh ich  
corresponds  to  Ccoi l  =  0 , 068  m .  The  i n tens i ty at the  arrow i n  the  left image,  3, 0  mm  up  i n to  the  
model ,  i s  3 , 2  Vm–1 .  Th is  i s  cons isten t wi th  the  5, 5  Vm–1  obta ined  wi th  the  power densi ty i n  a  
representati ve  part.  
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F.7  Analysis  of the FDTD model l ing  resul ts  

F.7. 1  General  

I t  i s  noted  that the  hand  model  posi ti on  wi th  the  l ong  s ide  edge  at the  coi l  axis  (x  =  –51  mm)  i s  

not the  most onerous.  The  best  cond i tions  for creating  a  l arge  ci rcu lati ng  curren t flow,  and  by 
that the  h ighest Ccoi l  value,  i s  wi th  the  hand  centred  over the  coi l ,  wi th  the  power densi ty 
pattern  shown  i n  F igure  F .9  (see  Table  G .2) .  Posi ti on ing  the  hand  or finger rad ia l l y ou ts ide  
and  i n  the  same p lane as  the  coi l  p l ane  resu l ts  i n  a  very s ign i fican t reduction  of the  coupl ing  
value  Ccoi l  both  s i nce  the  i n tensi ty decay i s  larger there  and  s i nce  there  is  a  tendency to  a  
nu l l fi e l d  j ust ou tside  the  coi l  conductor,  as  for so lenoids.  I t  i s  a lso  of i n terest that there  wi l l  be  
no  i nduced  E fi e ld  i n  the  cen tre  of a  rotational l y symmetrical  obj ect l ocated  anywhere  at the  

same axis  as  that  of the  coi l .  

F.7.2  With  the  hand  model  

The d i fference between  the  two hand  models  i s  main l y by the  i ncreased  densi ty of the  
ci rcu lati ng  curren t at  the  meeting  ends  of the  fingers.  Even  i f th is  i s  d i fficu l t  to  model  wi th  h i gh  
accuracy due  to  the  d i fferen t kinds  of tissue  and  the  s ign i ficant skin  mass  wi th  a  l ow 
conductivi ty,  the  i nduced  e lectric fie ld  s trength  is  typica l l y not h i gher there  than  at  the  hand  
s i des.  

The  overal l  model l ing  resu l ts  cl earl y i nd icate  that i t  i s  i n  practice  mean ing less  to  corre late  the  
magnetic fie ld  ampl i tude  at the  strongest coupled  reg ions  to  the  i nduced  e lectric fie l d ,  for 
obtain ing  the  C value.  I nstead ,  the  axia l  magnetic fie l d  Bcoi l  at the  coi l  centre  is  a  practical l y 

usefu l  parameter.  

The  Ccoi l  reduction  wi th  i ncreas ing  axia l  d is tance  from  the  coi l  of the  hand  centred  s tra ight  
above i t  i s  qu i te  smal l .  The  induced  E  fi e ld  i s  proportional  to  the  square  root of the  power 
dens i ty,  so  there  i s  no  s i gn i ficant Ccoi l  reduction  from  2  mm  to  4  mm  d istance.  The  reduction  
factor i s  on l y 3  ( i . e .  to  abou t 0 , 020  m  for the  50  mm  d istance).  Th is  i s  due  to  a  compensation  
of the  reduced  magnetic fie l d  by i ts  i ncreas ing  curvature  ( i . e .  smal l er Rosc)  as  such  provid ing  
an  increased  coupl ing .  The  same phenomenon  a l so  appl ies  to  the  stra ight wi re  source;  see  
Clauses  E. 5  and  G .2 .  

F.7.3  Wi th  the  finger model  

The representati ve  maximum  E  fie l d  s trength  i s  s l igh tl y smal ler than  that i n  the  hand .  There  

are  two  opposing  reasons  for th is :  

•  the  fi nger has  a  smal l er curvature  rad ius  and  cross  section  wh ich  reduces  the  C value  i n  a  
homogeneous  B  fi e l d ;  

•  there  can  no  l onger be  such  a  strong  opposi te l y d i rected  cu rren t path  as  i n  the  hand  (see 
F . 2 . 2);  th is  resu l ts  i n  an  i ncreased  C va l ue.  

F.8  Volunteer studies  

F.8. 1  General  

Volunteer stud ies  were  carried  ou t wi th  the  coi l  i n  F i gure  F . 1  and  F igure  F. 2 ,  wi th  1 1  kHz at  
4 , 8  kA s i nusoida l  current.  The  coi l  was  of course  watercooled  bu t sti l l  very warm ,  so  a  2  mm  
opaque  p lastic p l ate  was  p laced  1  mm  above  the  top  p lane  of the  coi l .  Th is  was  a lso  for 
preventing  the  volun teers  from  seeing  the  coi l .  For the  b l i nd  testing ,  7  poin ts  on  the  p late  
were  marked  wi th  dots  for fi nger/fingertop  pos i ti on ing  and  numbers  for the  records;  see  
F igure  F. 1 9.  Posi ti ons  B  and  C  were  stra igh t above the  coi l ,  and  D  at i ts  axis.  None  of the  four 
persons  were  able  to  sense  anyth ing  at any posi ti on .  
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Figure  F . 1 9  – Plastic plate  above  the coi l  

I n  a  second  series  of tests,  the  whole  hand  was  p laced  fl at on  the  p late,  i n  d i fferent posi tions  
and  wi th  fingers  ti gh t and  spread-out.  I t  was  now poss ib le  for a l l  to  perceive  a  ti ng l i ng  effect  
be low the  avers ion  l evel ,  i n  a  part  of the  hand  underside.  

F.8.2  Calcu lations  of the  induced  electric fi eld  strength  in  F .7. 1  

The Ccoi l  rounded -off va lue  0, 250  m  obta ined  by numerical  model l i ng  wi th  the  hand  model  

2  mm  to  4  mm  above the  top  of the  coi l  i n  the  worst case,  wi th  coi l  average  d iameter 1 30  mm,  
Formu la  (B . 3)  and  4 , 8  kA RMS at 1 1  kHz i s  used .  One  then  obtains  BRMS  46 , 4  mT;  ERMS  

1 28V·m–1 .  

Spread-ou t fi ngers  i n  onerous  geometry as  in  C lause  F. 4  can  cause  a  very l ocal  Ccoi l  va lue  
wh ich  is  50  %  h igher over a  cross  section  of about 5  mm 2 .  The  i nduced  E  fi e ld  i s  then  

between  perception  and  avers ion ,  bu t  over a  very smal l  reg ion .  

F.9  Comparisons  wi th  conventional  electric shock effects  by contact current  

Finger impedances  are  quan ti fied  i n  the parallel  Technical  Specification  IEC TS 62996.  Us ing  the  
perception  curren t 5, 9  mA at 1 1  kHz and  the  resu l ti ng  impedance  about 690  Ω,  the  vol tage  
becomes  about 4 , 0  V per finger.  Supposing  the  fi nger length  to  be  1 0  cm ,  the  electric fie l d  
strength  becomes 40  Vm–1 .  

NOTE  A typ ical  male  fi nger i s  l onger and  th i cker than  a  female  fi nger.  The  resu l ti ng  impedance  i s  therefore  
approximately the  same.  

I nstead  of us ing  the  aversion  current 1 1  mA,  the  e lectric fie ld  s trength  becomes about 
75  Vm–1 .  
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F.1 0  Conclusions  from  the  data in  Annexes  E  and  F  

F.1 0 .1  Coupl ing  factor C data  in  relation  to  reference object  geometries  and  magnetic 
flux characteristics  wi thout workload  

•  Resu l ts  wi th  the  Helmhol tz coi l ,  representing  the  farfie ld  and  thus  not i n  pri ncip le  covered  
by th is  Techn ical  Speci fication ,  show very good  agreement wi th  the  bas ic theory C =  πR  for 
the  sphere  and  l ong  ci rcu lar cyl i nder cases.  

•  For objects  wi th  flat geometry such  as  the  hand  wi th  ti ght fingers,  the  C val ues  can  

i ncrease  by a  factor abou t 1 ½ i n  certa in  magnetic fie l d  configurations  wi th  curvature  
comparable  to  the  l argest d imension  of the  object.  Th is  i s  expla ined  i n  C lause  E .5.  

•  The  coupl ing  value  C d im in ishes  by a  factor 2  at  very short d istances,  typ ical l y l ess  than  

about 1 0  mm,  between  the  wi re  axis  and  the  nearest obj ect  s ide.  

•  General l y,  the  C va l ue  referri ng  to  the  POI  a t  the  bodypart where  the  maximum  induced  

e lectric fie l ds  occurs  primari l y depends  on  the  bodypart ci rcumference a long  a  path  
perpend icu lar to  the  d i rection  of the  magnetic fl ux.  For homogeneous  fl ux C  becomes  hal f 

the  ci rcumference,  i n  metre.  Examples  are  g i ven  in  F igure  D . 3 .  wi th  object data  i n  
Annex C.  

•  The  C va lue  is  s i gn i fican tl y reduced  in  an  i nhomogeneous  magnetic  fl ux.  As  an  example,  
C ≈  0 , 25  m  for the  hand  model  wi th  ti gh t fingers  i n  a  homogeneous  flux,  bu t about 5  times  
l ess  at  5  mm  d istance  from  a  stra ight wire;  see  F igure  E. 7  and  F igure  E. 1 .  

•  The  larger hand  wi th  tigh t fi ngers  has  abou t the  same maximal  C va lue  i n  a  homogeneous  

flux as  has  the  smal ler hand  wi th  spread-out  fi ngers.  

•  Comparing  C a t  the  POI  us ing  Ccoi l  a t  coi l s  for the  hand  models  i n  the  most onerous  
l ocation  does  not g i ve  a  h igher Ccoi l  value  than  CPOI  i n  a  homogeneous  flux;  see  

F igure  G . 1  and  F igure  G . 2.  

F.1 0.2  Coupl ing  factor C modifications  by workloads  

•  A non-permeable  workload  i n  a  coi l  does  not s i gn i fi cantl y i n fl uence the  magnetic fl ux 
ou ts ide  the  coi l  projection  i n  i ts  axia l  d i rection ,  bu t does  so  wi th  a  permeable  workload ;  
see  F igure  F. 1 2  and  other data  i n  F igure  F. 5.  

•  An  axi a l l y l ong  permeable  workload  i n  a  co i l  wi l l  extend  the  fl ux  axi a l l y a t  i ts  peri phery,  
i n creas i ng  the  Ccoi l  (based  on  an  empty coi l )  va lue  for a  bodypart  a l ong  the  workload ;  
see  F igure  F . 1 2.  

•  A permeable  workload  end ing  i n  a  coi l  wi l l  reduce  the  effective  d iameter of the  flux,  
resu l ting  i n  the  pattern  be ing  as  i f from  a  smal l er coi l  and  resu l ti ng  i n  a  reduced  Ccoi l  
(based  on  an  empty coi l )  va lue  compared  wi th  empty coi l ;  see  F igure  F . 1 4  and  data  i n  
F igure  F . 5 .  

F.1 0.3  Rationales  for the  CGCR basic value  wi th  the  volunteer method  

The ICN IRP and  EU  BR va lue  at 1 1  kHz is  2 , 8  V· m–1  and  the  I EEE  BR value  is  7  Vm–1 .  

•  The  volun teers  wi th  onerous l y l ocated  hands  wi th  spread-ou t fingers  on  the  p lastic p l ate  
sensed  a  ting l ing  above perception  bu t not at the  aversion  l evel .  Using  the  E  fi e ld  factor 2  
between  perception  and  aversion  one  can  set the  l evel  of perception  to  abou t 1 00  Vm–1 ,  
i ncl ud ing  a  marg in  for computational ,  model  and  other sources  of error.  

•  The  level  of perception  for touch  curren ts  becomes about 40  V·m–1  and  that of aversion  
75  Vm–1  as  calcu lated  from  volun teer s tud ies  and  data  i n  I EC  TS  62996.  

•  The  model led  and  experimental  resu l t  1 00  Vm–1  for the  hand  as  computed  from  the  data  
i n  Clause  D. 3  i s  2 , 5  times  h igher than  that for con tact current perception ,  and  1 , 3  times  
h igher than  that for con tact curren t aversion .  

•  The  d i fference for the  hand  can  largel y be  expla ined  by the  particu lar pattern  of the  E  

fie l d ;  see  Note  5  i n  6 . 2  and  F igure  F. 3  and  F igure  F. 9.  
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•  The  fact that there  was  no  perception  i n  the  fi nger a lone  i s  explained  by the  l ower Ccoi l  

va lues  of about  0 , 09  m .  

•  There  is  clearl y a  d iscrepancy between  the  touch/con tact current speci fication  of 
perception  and  the  BR values  of in  situ E  fi e ld  BRs.  The  latter obviousl y contain  safety 

factors  s temming  from  hazard  considerations  wh ich  are  on l y partia l l y appl icable  to  induced  
E  fi e lds  by magnetic  nearfields .  

•  The  comparative  methods  for the  coi l  example  i n  Annex F  are  a l l  cons isten t and  clearl y 
i nd icate  that there  are  i n  practice  no  hazards  wi th  coi l s  of th is  s i ze  wi th  the  very h igh  
curren t 4 , 8  kA,  wh ich  is  i n  practice  the  h i ghest  poss ib le  current l evel  i n  an  efficientl y 
watercooled  conductor of th is  s i ze.  However,  a  safety factor i s  appropriate,  so  the  
reference for CGCR is  set  to  40  Vm–1  a t  1 1  kHz.  Th is  resu l ts  i n  the  CGCR curren t i n  the  
case  of a  hand  very close  to  and  stra ight above the  coi l  i n  C lauses  F. 3  and  F. 4  to  become 
about  2 , 1  kA at 1 1  kHz.  Th is  i s  then  below the  level  of perception .  

NOTE  1  The  C  va l ue  for the  hand  model  i n  a  homogeneous  B  fi e l d  perpend icu l ar to  i ts  fl at  s i des  i s  abou t 0 , 25  m ,  
as  shown  i n  F i gure  D. 3.  

NOTE  2  Fu rther CGCR data  for other scenarios  are  provided  i n  Annex G .  
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Annex G  
( i nformative)  

 
Some examples  of CGCR values  of a  hand  near conductors  as   
function  of frequency,  conductor current and  configuration  

G.1  Frequency and  conductor current relationships:  adopted  CGCR value  

The examples  i n  Annex G  are  derived  from  data  described  i n  Annexes  E  and  F ,  and  add i tional  
numerical  model l i ng .  The  coupl i ng  factor C  be ing  i ndependen t of the  frequency is  importan t,  
and  wi th  the  l i near frequency proportional i ty of the  basic restriction  on  i nduced  electric  fie ld  
shown  i n  F igure  A. 1  resu l ts  i n  the  a l l owed  conductor current being  i nversel y proportional  to  
the  frequency.  As  a  consequence a  reference  s inusoidal  frequency can  be  set.  Th is  i s  chosen  
to  be  1 1  kHz,  as  i n  the  volun tary stud ies  i n  C lause  F . 8.  As  speci fied  i n  6. 2 ,  a  CGCR  va l ue  is  
appl icable  i nstead  of BR values  as  speci fied  by I CN IRP,  EU  and  I EEE,  and  is  set to  40  Vm –1  
at  1 1  kHz,  as  general ised  i n  Formu la  (1 )  for other frequencies.  

NOTE  The  cases  wi th  non -magneti c  and  magneti c  workloads  i n  the  coi l  d eal t  wi th  i n  Cl ause  F . 5  and  F . 1 0 . 2  are  
not  deal t  wi th  i n  Annex G .  I n formation  and  requ i rements  on  magneti c  sh ie l d i ng  can  be  found  i n  Cl ause  8  of 
I EC 6051 9-1 : 201 5.  

G.2  A hand  above a  th in  wire  

The data  i n  Table  E . 1  are  used  to  create  the  graph  in  F igure  G . 1 .  Formu las  (1 )  and  (B . 2)  then  
g ive  the  a l l owed  CGCR  cu rren t I i n  ARMS  as   

 CI ρ41 03,64 ×=  (G . 1 )  

Where  ρ  i s  the  rad ial  d is tance  from  the  wire  axis  to  the  nearest facing  flat surface  of the  hand  
model  as  shown  i n  F igure  E . 4 .  

 

Figure G .1  – Al lowed  RMS current at  1 1  kHz,  based  on  CGCR =  40  Vm–1  

1  

1 00  

Al l owed  RMS  curren t at  1 1  kHz,  kA  

Flat  hand  s i de  d i stance  from  th i n  wi re  axi s   (mm)  
IEC  

1 0  1 00  

1 0  

1  
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G.3 A hand  above a  coi l  

The coi l  speci fied  i n  C lause  F . 1  was  used  (1 37  mm  outer d iameter,  1 0  mm  height and  7  mm  
wid th  of a  superconductor).  The  operating  frequency was  6  MHz.  The  B  fi e l d  at the  coi l  centre  
was  1 5, 8  µT.  The  Ccoi l  va lues,  i . e.  those  wi th  the  B  val ue  at  the  coi l  cen tre  rather than  at any 
part of the  hand  are  g i ven  i n  Table  G . 1 ,  for several  hand  he ights  and  the  s ideways  posi tion  
x =-51  mm  ( i . e.  the  hand  s ide  at the  coi l  axis) .  

NOTE  The  fol l owing  data  imply that  coi l  cu rren ts  exceed ing  2  kA wi l l  be  a l l owed  under most  practi cal  
ci rcumstances  of bodyparts  cl ose  to  the  coi l .  Such  h i gh  cu rren ts  i n  a  reasonabl y smal l  cross  section  coi l ,  at  th i s  
frequency,  i s  not  techn ica l l y feasib le  s i nce  even  forced  i n ternal  watercool i ng  of the  coi l  tu be  becomes  i nsuffi cien t,  
and  l oss  of cool i ng  wi l l  then  cause  an  immed iate  vi o lent  destructi on .  

Table  G . 1  – Coupl ing  factors  and  al lowed  coi l  currents  at 1 1  kHz  for the   
hand  model  wi th  the  s ide  at  the  coi l  axis,  at  various  heights  above the  coi l  

Distance  from  the  wi re  axis  to  
the  underside  of the  object  

(mm)  

C
coi l

 i n  E  maximum  location  
 

(m )  

Al lowed  coi l  cu rren t at  1 1  kHz  
 

(A)  

2  0 , 201 ‡     0 , 1 96†  2  075  

4  0 , 1 96†     0 , 1 75‡  2  075  

6  0 , 1 88†     0 , 1 55‡  2  1 50  

20  0 , 1 36  2  975  

50  0 , 068  1  5  950  

1 00  0 , 024  1  1 6  800  

†:  At  hand  l ong  s i de    ‡ :   At  hand  u nderside    

 

Using  Formu las  (1 )  and  (B. 3)  wi th  the  coi l  data  g ives  

 I =  455/Ccoi l  (A)  (G . 2)  

The  data  i n  Table  G . 1  are  i l l ustrated  i n  the  g raph  i n  F igu re  G . 2 .  
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Figure G .2  – CGCR coi l  currents  at  1 1  kHz for the  hand  model  wi th  the  s ide  
at  the  coi l  axis,  at  various  heights  above  the coi l  

Table  G.2  – Coupl ing  factors  and  al lowed  coi l  currents  at 1 1  kHz  for the  hand  model  
at  6  mm  above  the coi l  wi th  d i fferent s ideways  posi tions  

Horizontal  posi tion  a of 
hand  cen tre  (see  F ig .  F . 2 )  

 
(mm)  

Left hand  edge  posi tion  C
coi l

 i n  E  

maximum  
location  
(m)  

Al lowed  coi l  
curren t at  
1 1  kHz  
(kA)  

–1 1 0  At  l eftmost coi l  top  surface  0 , 083  4  850  

–81  Wi th  ri gh t  hand  s i de  30  mm  l eft of the  coi l  axi s  0 , 1 1 3  3  575  

–51  Wi th  ri gh t  hand  s i de  above  coi l  axi s  0 , 1 88  2  1 50  

–21  Wi th  ri gh t  hand  s i de  30  mm  ri gh t  of the  coi l  axi s  0 , 238  1  700  

0  Wi th  hand  s tra igh t  above  the  coi l  0 , 251  1  625  

 

The qu i te  h igh  Ccoi l  va lue  for the  hand  stra igh t above the  coi l  shou ld  be  s im i l ar to  that wi th  the  

hand  i n  a  homogeneous  magnetic fie ld  i n  the  same d i rection  as  the  main  fie l d  by the  coi l .  
C =  0 , 25  m  i n  F igure  D . 3,  so  the  agreement i s  very good .  

1  

1 00  

Al lowed  RMS  current  at  1 1  kHz,  kA,  based  on  40  V/m  max.  i n ternal  e l ectri c  fi e l d  s trength  

Hand  model  d i stance  above  the  coi l   (mm)  
IEC  

1 0  1 00  

1 0  

1  
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Figure  G .3  – CGCR coi l  cu rrents  at  1 1  kHz for the  hand  model   
at  6  mm  above  the coi l  wi th  d i fferent sideways  posi tions  
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1  500  
1  000  

2  000  

2  500  

3  000  

3  500  

4  000  

4  500  

5  000  

5  500  

Al lowed  RMS  current  at  1 1  kHz,  kA,  based  on  40  V/m  max.  i n ternal  e l ectri c  fi e l d  strength  

Same as  6  mm  height  i n  F i gu re  G2  

Hand  hori zontal  centre  d i stance  from  coi l  axi s   (mm)  
IEC  
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Annex H  
( i nformative)  

 
Frequency upscal ing  with  numerical  model l ing  

H.1  General  and  energy penetration  depth  

Objects  wi th  a  very h igh  conductivi ty wi l l  possess  the  skin  effect – a  l im i tation  of energy 
penetration  – wi th  a l ternating  fie l ds.  Th is  resu l ts  i n  i nner parts  being  more  or less  sh iel ded  by 
the  outer.  The  skin  depth  is  where  the  fie l d  strength  is  reduced  to  1 /e.  I n  phys ics ,  the  power 
penetration  depth  dp  i n  m  is  used  i nstead ,  and  i s  ha l f the  skin  depth .  At  dp   the  power fl ux 
dens i ty i s  1 /e  of that at the  surface,  and  1 /e  of the  power that remains  below i t.  For the  i deal  
s i tuation  of a  ha l fspace  of the  material  i rrad iated  by a  p l ane  wave,  the  exact formu la  becomes  

 [ ]0   m
4 Im

pd
λ

π ε
= −

×
 (H . 1 )  

where  λ0  i s  the  free  space wavelength  i n  m  and  ε the  complex re lati ve  perm i tti vi ty ε′ – jε″ wi th  
ε′ be ing  the  real  perm i tti vi ty ( "d ie lectric constan t")  and  ε″ the  d ielectric l oss  factor.  dp  i s  a  

sufficient  approximation  a lso  for nearfields.  

The  conductivi ty σ  recalcu lated  to  ε″ becomes  

 
f

d p
σ1 01 01 ,8 ×=  (H . 2)  

For frequencies  below 6  MHz,  no  other contribu tions  to  ε″ than  by a  l argel y frequency-
independent i on ic conductivi ty are  typ ical l y assumed  bu t deviations  exist;  see  the  Gabrie l  et 
al pub l ications  referred  to  i n  the  B ib l iography.  The  ε′ va lue  i s  typ ical l y qu i te  h i gh  (see  

Annex C)  due  to  various  capaci ti ve  l ayer and  cel l u lar effects.  

The  s impl i fi ed  Formu las  for dp  and  σ  i f the  ε′ i n fl uence  i s  i ns ign i fican t are   

 
f

d p
⋅

=
σ

252
 [m ]  (H . 3)  

and  thus  
fd p ⋅

⋅
=

2

-41 06,33
σ  [Sm–1 ]  (H . 4)  

H.2  Actual  penetration  depth  data  

Using  Formu la  (H . 1 )  one  obtains  dp  ≈  252  mm  at  1  MHz and  σ  =  1  Sm
–1 .  At 1 00  kHz dp  

becomes  1 0  times  l arger ( i . e .  2 , 5  m )  and  i f at  sti l l  1 00  kHz σ  i s  i nstead  0, 2  Sm–1  ,  dp  becomes  

0,21  t imes  sti l l  l arger,  i . e .  5 , 6  m .  

S ince  on l y a  part of the  body being  present i n  the  nearfie ld  and  not wholebody exposure  i s  
cons idered  here,  i t  i s  concluded  that i n  practice  no  penetration  depth  l im i tation  exists  for 
frequencies  l ower than  abou t 1  MHz,  bu t may do  so  for h igher operating  frequencies,  at wh ich  
any recalcu lation  for frequency upscal i ng  for model l i ng  must be  made  wi th  care.  
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H.3  The penetration  depth  issue of representativi ty wi th  frequency upscal ing  

Formu la  (H . 3)  resu l ts  i n  decreases  of dp  wi th  both  i ncreas ing  frequency and  i ncreasing  
conductivi ty.  As  a  consequence,  dp  cannot be  made too  smal l  at  the  upscaled  frequency,  

compared  wi th  data  at the  actual  frequency.  

On l y nearfie l d  s i tuations  are  considered .  They are  characterised  by a  decay of the  external  B  
fi e l d  in tensi ty away from  the  source,  except very close  to  sources  characterised  by a  large  
"active  surface"  reg ion ,  such  as  coi l s  and  para l l e l  conductors  at  a  s ign i fican t d istance  from  
each  other.   

a)  With  a  smal l  bodypart (hand  or finger)  cl ose  to  the  source,  dp  a t  an  upscaled  frequency 
can  be  qu i te  short.  

b)  With  a  l arge  bodypart (head ,  torso,  l eg)  cl ose  to  the  source,  the  B  fie l d  i n tensi ty and  by 

that the  i nduced  E  i n tens i ty i s  l argest i n  the  nearest bodypart and  wi l l  d ecay by the  "eddy 

curren t ci rcu lar effect"  to  become very smal l  i n  centre  reg ions.  Furthermore,  the  B  

i n tens i ty decay wi th  d istance  away from  the  source  above wi l l  reduce  the  induced  E  fi e l d  
i n tens i ty i n  the  rear reg ions  of the  object.  

I n  general  and  i n  cons ideration  of acceptable  marg ins  of accuracy ( i . e.  safety factors)  a  
characteristic th ickness  of the  bodypart,  D ,  of maximal l y 2  times  dp  i s  acceptable,  so:  

 D   <  2 ·  dp  (H . 5)  

H.4 Separation  of the  internal  power densi ty caused  by d i rect capaci tive 
coupl ing,  and  that caused  by the external  magnetic field  

•  A very h i gh  ε″  – in  the  order of several  times  1 0  000  – i s  needed  for good  separation .  

•  C l ear i nd ications  are  needed  of the  combined  phenomena of the  creation  of a  capaci ti ve  
curren t between  the  conductor and  the  object,  and  the  resu l ti ng  time-harmon ic charge  
red istribu tion  by the  conductivi ty of the  obj ect.  

•  These  i nd ications  are  a  very shal l ow (1  mm  th ick or l ess)  and  d isti nct  power densi ty 
pattern ,  wi th  m in imum  in  the  nearest reg ion  of the  obj ect to  the  electric fie ld  source.  

I f on l y the  coupl ing  value  C i n  the  most affected  reg ion  i s  sought for,  one  can  set σ  to  a  very 

h igh  value:  

 
1 01 ,8 1 0

 50 000 
f

σ⋅
>  [sΩ–1m–1 ]  (for very good  d iscrim ination)  ( H . 6 )  

However,  th is  can  resu l t  i n  too  l ow power densi ti es  i n  inner reg ions  of the  object.  Add i tional  
numerical  model l i ng  runs  wi th  l ower ε″  can  therefore  be  necessary,  for establ ish ing  a  good  

resu l t wi th  respect to  the  overal l  magnetical l y i nduced  e lectric fie ld  i n  the  object.  The  d ipolar 
polarisation  effects  have  then  to  be  observed .  

The  l owest  acceptable  ε″  wi l l  of course  depend  on  the  overal l  scenario,  bu t  a t l east ε″  ≈  5  000  

appl ies  in  most cases.  Th is  provides  an  important re lationsh ip  between   σ  and  f,  i . e .  

 
1 01 ,8 1 0

 5 000 
f

σ⋅
>  [ sΩ–1m–1 ]  (for acceptably smal l  external  E  fi e l d  i n fluence)  ( H . 7 )  

I f an  obj ect  wi th  h i gh  effective  perm itti vi ty i s  th i n ,  i ts  fi lm  res istance  Rf i n  ohms per square  

becomes  important.  Th is  i s  
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d

R f
σ

1
=  (H . 8)  

I f th is  becomes  comparable  wi th  the  free  space  wave impedance Z0  ≈  377  Ω  there  wi l l  be  a  
substan tia l  power absorption  i n  the  fi lm  of the  external  E  fi e l d  as  wel l  as  a  d istortion  by the  
fi rst d ipole  fie l d  effect.  As  a  consequence  of th is ,  numerical  two-d imensional  model l ing  cannot 
represent  the  real  physical  worl d .  

H.5 The frequency upscal ing  procedures  

H.5. 1  General  

As described  in  I EEE C95. 3. 1 -201 0,  section  7. 2 ,  frequency upscal ing  i s  necessary for l ow 
frequencies  when  us ing  numerical  FDTD  model l i ng  methods.  These  su ffer from  the  need  to  
comply wi th  a  s tabi l i ty cri terion  wh ich  requ ires  short t imesteps  wh ich  at some hundred  kHz 
typical l y become impractical l y many per cycle  wi th  regard  to  CPU  time.  The  number of 
timesteps  per cycle  needed  for stationary cond i ti ons  to  be  created  is  i nversel y proportional  to  
the  frequency,  and  the  smal lest necessary voxel  s i zes  of some few m i l l imetres  are  
i ndependent of the  frequency.  

FDTD methods  typica l l y have  an  importan t advan tage  over fi n i te  e lement (FEM)  methods  in  
the  d ynam ic range  of fi e l d  ampl i tudes.  Such  l arge  dynam ic ranges  are  needed  wi th  model l i ng  
of e. g .  i nduction  systems and  wi th  other scenarios  wi th  a  very l arge  range  of fie l d  ampl i tudes.  
The  B  fi e ld  can  be  very s trong  i n  the  workload  treatment section  and  decays  very qu ickl y as  a  
nearfie l d  away from  that section .  Add i tional l y,  very l ow i nduced  E  fi e l d  and  SAR  are  a l lowed  
i n  human  bodyparts  i n  comparison  wi th  the  process  data  in  the  workload .  Modern  
commercia l l y avai lab le  FDTD software  con ta ins  advanced  ABC (absorbing  boundary 
cond i tion)  options  su i table  a lso  for scenarios  wi th  s izes  much  smal ler than  a  free  space  
wavelength .  However,  accurate  s imu lation  of free  space cond i tions  around  i n  particu lar the  
exci tation  reg ions  i n  practice  requ ire  add i ti onal  ci rcumferen tia l  absorbing  means;  see  
Clauses  E. 1  and  H . 1 .  

The  bas ic frequency scal ing  factor resu l ts  i n  the  i nduced  E  fi e l d  ampl i tude  at constant B 

ampl i tude  (and  thus  constant source  current)  being  proportional  to  the  frequency.  The  
obtained  E  va l ue  i s  d i vided  by the  fh i gh  /  fl ow  factor i n  the  recalcu lations  after the  model l i ng .  

The  body ti ssue  conductivi ty i s  frequency dependent and  the  quotien t between  that at fl ow  and  
the  value  used  i n  the  model l i ng  at fh igh  i s  a lso  to  be  used  in  the  recalcu lation  when  the  SAR  i s  

sought for.  

H.5.2  Choices  of conductivi ty and  control  procedures  

The cond i ti ons  of Formu las  (H . 5)  and  (H .7)  are  adhered  to  i n  the  se lection  of the  upscaled  
frequency in  FDTD  model l i ng .  S ince  they are  con trad ictory,  an  i n teractive  procedure  i s  
normal l y appl i ed .  The  typical  procedure  is  to  fi rstl y use  the  actual  conductivi ty values  at the  
prel im inary upscaled  frequency,  for checking  wi th  Formu la  (H . 7) ;  the  value  shou ld  preferabl y 
be  >  1  000  Sm -1  for the  l owest conductivi ty.  The  h ighest conductivi ty i s  then  tested  wi th  
Formu la  (H .5) ;  i f the  combined  parts  of the  body now al l  wi th  that conductivi ty are  <  2  dp  no  
changes  of any conductivi ty i s  needed  at the  upscaled  frequency.  

Conductivi ties  of a l l  parts  of the  body are  to  be  i ncreased  wi th  an  equal  factor i f Formu la  (H . 6)  
i s  not  fu l fi l l ed .  

I f Formu la  (H . 5)  i s  not fu l fi l l ed  or when  the  cond i ti on  i n  Formu la  (H . 6)  i s  needed  for separation  
of the  capaci ti ve l y i nduced  power deposi tion  pattern ,  the  fi rst a l ternati ve  is  to  run  the  scenario  
anyway,  to  see  wh ich  parts  of the  body get  the  h ighest E  va lue.   
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A second  method  is  to  run  a  Helmhol tz coi l  scenario  wi th  the  poss ib l y too  h igh  conductivi ti es  
and  l ook at the  B  fi e l d  (s tationary or at i ts  second  maximum  in  time);  i f th is  i s  constant over 

the  whole  set of bodyparts,  Formu la  (H . 5)  i s  fu l fi l l ed .  
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