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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
MEASUREMENT PROCEDURE FOR THE  EVALUATION   

OF  POWER DENSITY RELATED TO HUMAN  EXPOSURE TO RADIO  
FREQUENCY FIELDS FROM WIRELESS COMMUNICATION  DEVICES  

OPERATING  BETWEEN  6  GHz AND 1 00  GHz  
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for s tandard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Commi ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  questions  concern i ng  s tandard 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 cations,  
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 National  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  nearly  as  possible,  an  i n ternati ona l  
consensus  of opi n ion  on  the  rel evant sub jects  s i nce  each  techn ical  comm i 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 is 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  Commi ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  exten t possib le  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 nd 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 ble  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,  servan ts  or agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any nature  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  responsibl e  for i den ti fyi ng  any or a l l  such  paten t ri gh ts .  

The  main  task of I EC  techn ica l  committees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  comm ittee  may propose the  publ ication  of a  Techn ical  Report when  i t  has  col l ected  
data  of a  d i fferent kind  from  that  wh ich  is  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC  TR 631 70,  wh ich  i s  a  Techn ical  Report,  has  been  prepared  by I EC  techn ical  committee  
1 06:  Methods  for the  assessment of e l ectric,  magnetic and  e lectromagnetic fi el ds  associated  
wi th  human  exposure.  
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The  text of th is  Techn ical  Report i s  based  on  the  fol l owing  documents:  

Enqu i ry d raft  Report  on  voti ng  

1 06/426/DTR 1 06/437/RVDTR 

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  Techn ical  Report can  be  found  i n  the  
report on  voting  ind icated  i n  the  above tab le .  

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

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 ,  

•  rep laced  by a  revised  ed i ti on ,  or 

•  amended .  

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

 

IMPORTANT – The  'colour inside'  l ogo on  the  cover page  of th is  publ ication  ind 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 printer.  
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INTRODUCTION  

This  Techn ical  Report describes  methods  and  measurement techn iques  for the  evaluation  of 
power dens i ty re lated  to  human  exposures  due  to  e lectromagnetic  fie ld  (EMF)  transm i tti ng  
devices  operating  i n  close  proxim i ty to  the  user at frequencies  between  6  GHz and  1 00  GHz 
where  bas ic restrictions  can  be  expressed  i n  terms  of power dens i ty.  The  types  of devices  
i nclude  bu t are  not l im i ted  to  mobi le  te lephones,  tab lets ,  and  laptops.  

With  the  rapid  development of new wi reless  technolog ies  i n  the  frequency range  6  GHz to  
1 00  GHz for the  fi fth  generation  mobi le  technology (5G),  there  i s  a  need  to  establ ish  
assessment procedures  to  ensure  compl iance  of wi reless  devices  wi th  e lectromagnetic 
exposure  l im i ts.  

For portable  devices,  the  I EC 62209  series  of SAR assessment standards  for wireless  devices  
used  i n  cl ose  proxim i ty to  the  users  are  val id  up  to  6  GHz.  For base  s tations,  I EC 62232  
defines  the  methods  to  assess  the  compl iance  boundaries  based  on  reference l evels  and  
bas ic restrictions.  SAR tests  are  appl icable  when  the  compl iance  d istance  i s  i n  cl ose  
proxim i ty to  the  rad iati ng  sources  in  the  frequency range  300  MHz to  6  GHz.  Power dens i ty 
measurements  above  6  GHz are  a lso  appl icable  i n  close  proxim i ty to  the  equ ipment,  bu t  no  
detai l ed  protocol  i s  avai l able  at th is  stage.  

SAR is  not cons idered  as  the  re levant exposure  metric  above  1 0  GHz in  the  I n ternational  
Commission  on  Non-I on izing  Rad iation  Protection  ( ICN IRP)  gu ide l ines  wh ich  speci fy basic 
restrictions  i n  terms  of free-space i ncident  power dens i ty.  S im i larl y,  I EEE  C95. 1 -2005  [1 ] 1  
requ i res  the  assessment of inciden t power dens i ty above  6  GHz.  

I EC TC  1 06  has  previousl y noted  the  necess i ty to  extend  compl iance  assessment standards  
for portable  devices  beyond  6  GHz.  However,  wi th  the  5G  tri a ls  schedu led  to  commence i n  
201 8,  I EC TC 1 06  has  decided  on  a  two-step  strategy to  ensure  that  the  fundamental  
assessment approaches  are  avai l able  by 201 8.  

1 )  I EC TC  1 06  (AHG1 0)  focused  i n  201 7  on  the  development of a  Techn ical  Report,  
speci fying  the  s tate  of the  art  of measurement techn iques  and  test  approaches  for 
evaluati ng  portable  devices  based  on  power densi ty measurements  from  6  GHz to  
1 00  GHz.  

2)  I EC TC  1 06  subm itted  a  new work i tem  proposal  i n  earl y 201 8  to  develop  a  new 
I n ternational  Standard  ( I S)  on  the  detai led  measurement procedures  to  con tinue  the  work 
establ ished  in  the  Techn ical  Report.  

Th is  i n formative  document serves  as  the  starting  poin t for an  I n ternational  Standard .  The  
methodolog ies  and  approaches  described  i n  th is  document can  be  usefu l  for the  assessment 
of earl y 5G  products  i n troduced  for consumer tri als .  I t  a lso  conta ins  recommendations  for 
fu ture  standard ization  work and  h igh l igh ts  areas  that may requ i re  add i ti onal  i nvesti gation  or 
cons ideration .  

A few examples  for measurements  of a  mock-up  device  characterized  by an  antenna  array 
operati ng  at  abou t 28  GHz are  g iven  in  Annex H .   

 

___________ 

1  Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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MEASUREMENT PROCEDURE FOR THE  EVALUATION   
OF  POWER DENSITY RELATED TO HUMAN  EXPOSURE TO RADIO  
FREQUENCY FIELDS FROM WIRELESS COMMUNICATION  DEVICES  

OPERATING BETWEEN  6  GHz AND 1 00  GHz 
 
 
 

1  Scope 

This  document describes  the  state  of the  art measurement techn iques  and  test  approaches  
for evaluating  the  l ocal  and  spatial -average  i ncident  power dens i ty of wi re less  devices  
operati ng  i n  cl ose  proxim i ty to  the  users  between  6  GHz and  1 00  GHz.   

I n  particu lar,  th is  document provides  gu idance  for testi ng  portable  devices  i n  appl icable  
operati ng  posi tion(s)  near the  human  body,  such  as  mobi le  phones,  tablets,  wearable  devices,  
etc.  The  methods  described  i n  th is  document may a l so  appl y to  exposures  i n  close  proxim i ty 
to  base  s tations .    

Th is  document a lso  g i ves  gu idance  on  how to  assess  exposure  from  mul tip le  s imu l taneous  
transm i tters  operating  below and  above 6  GHz ( i nclud ing  combined  exposure  of SAR and  
power dens i ty).  

NOTE  Compl iance  of devices  wi th  su ffi cien tl y l ow rad iated  power that  i s  i ncapable  of exceed ing  basic  restri cti ons  
i s  addressed  by I EC 62479  [2 ]  and  therefore  not  descri bed  i n  th i s  document.  

2  Normative references  

There  are  no  normative  references  i n  th is  document.  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l lowing  terms  and  defin i ti ons  apply.   

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

•  I EC  E lectroped ia:  avai lable  at  h ttp: //www.electroped ia. org / 

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

3. 1   
averaging  area  
rectangu lar or ci rcu lar area  on  the  evaluation  su rface  (3. 9)  over wh ich  the  assessed  power 
dens i ty i s  averaged  

Note  1  to  en try:  Because  of rotational  symmetry a  ci rcu lar area  m ight  be  preferable  s i nce  the  resu l t  of averag i ng  
wi l l  n ot  depend  on  the  rotation .  

3.2   
basic restriction  
restriction  on  exposure  to  time-varying  e lectric,  magnetic and  e lectromagnetic fie l ds  that i s  
based  on  establ ished  bio log ica l  effects  

3.3   
RF  channel  
speci fic sub-d ivis ion  of the  avai l able  frequency range  accord ing  to  the  operati ng  parameters  
of a  wireless  technology 
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3.4   
conducted  power 
power del i vered  by the  power ampl i fier to  a  matched  load  

3.5   
correlated  s ignals   
<in  time>  e lectromagnetic fi e lds ,  associated  to  d isti nct  s i gnal  waveforms,  yie l d ing  non-zero  
time-domain  correlation  i n tegra l  at some time  i nstan t  

Note  1  to  en try:  For two  power- l im i ted  fi e l d  d i s tri bu ti ons  ( )t,1 rF  and  ( )t,2 rF ,  the  t ime-domain  corre lation  i n teg ra l  i s  

defi ned  as  

 ( ) ( ) ( ) ( )*
1 2 1 2

1
, l im , , d

2

T

T
T

t t
T

τ τ τ
→∞

−

⊗ = ⋅ +∫F F r F r F r  ( 1 )  

where  r  i s  the  l ocation  vector,  the  superscri pt  *  represents  the  complex con jugate  operation  and  the  symbol  ⋅  
represents  the  i n ner product operation  

Note  2  to  en try:  Observe  that  two  fi e l ds  are  uncorrelated  a t  l ocations  where  they are  geometri cal l y orthogona l .  
Th i s  property does  not  general l y hol d  at  nearby po in ts  un l ess  the  respecti ve  waveforms  are  uncorre lated .  

I n  case  of scalar s i gnal s ,  correlated  s i gnal  waveforms  yie l d  a  non -zero  time-domain  correl ation  i n tegral  at  some  

time  i nstan t.  For two  power-l im i ted  s i gnal s  ( )ts1 ,  ( )ts2 ,  sai d  i n tegral  i s  defi ned  as:  

 ( ) ( ) ( ) ( )*
1 2 1 2

1
l im d

2

T

T
T

s s t s s t
T

τ τ τ
→∞

−

⊗ = ⋅ +∫  (2)  

where  the  superscri pt  *  represents  the  complex con jugate  operati on .  

Note  3  to  en try:  Two  uncorrel ated  s i gna l s  wou ld  featu re  a  van ish i ng  correlati on  i n tegral ,  i . e .  the  above  i n teg ral  i s  
equal  to  zero.  

Note  4  to  en try:  Formu las  (1 )  and  (2 )  are  ori g i nal l y speci fi ed  i n  I EC TR 62630.  

3.6   
device  holder 
fixture  constructed  of l ow-loss  d ie lectric  materia l  that  i s  used  to  hold  the  DUT i n  the  requ ired  
test posi tion  during  measurement 

3.7   
device  under test  
DUT 
device  that  i s  tested  accord ing  to  the  approaches  described  i n  th is  document to  determ ine  the  
power dens i ty 

3.8   
duty factor 
ratio  of the  pu lse  duration  to  the  pu lse  repeti ti on  period  of a  period ic  pu lse  tra in  

3.9   
evaluation  surface  
surface,  of a  prescribed  fin i te  d imension ,  at  a  prescribed  d istance  and  orientation  from  the  
DUT where  power dens i ty i s  assessed  

Note  1  to  en try:  Th i s  i s  not  necessari l y the  same  as  the  measurement su rface.  Power densi ty i n  the  eva luati on  
su rface  can  be  obtained ,  for i nstance,  from  measurement  data  i n  a  d i fferen t su rface  us ing  reconstruction  
a l gori thms.  
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3. 1 0   
exposure  ratio  
ER 
ratio  of exposure  metric  and  re levant exposure  l im i t  at  a  g i ven  operati ng  frequency and  
l ocation  

EXAMPLE  ER =  S/S
l i mi t

 

Note  1  to  en try:  Exposure  rati o  can  a l so  be  expressed  as  a  percentage,  i . e.  ER  % = ER  (d imension less)  ×  1 00  % .  

3. 1 1   
far-field  region  
reg ion  far from  a  source  or aperture  where  the  rad iation  pattern  does  not vary wi th  d istance  
from  the  source  

3. 1 2   
frequency band  
transm i tti ng  frequency range  associated  wi th  a  speci fic wi reless  operating  mode  

3. 1 3   
measurement surface  
area,  of a  prescribed  d imension ,  a t  a  prescribed  d istance  and  orien tation  over wh ich  the  
e lectric and /or magnetic fi el ds  are  measured  us ing  a  probe  sens i ti ve  to  these  quanti ties   

Note  1  to  en try:  I f the  measu rement surface  and  the  eval uation  su rface  are  d i fferen t,  the  data  at  the  eval uation  
surface  wi l l  then  be  deri ved  from  data  taken  at  the  measurement surface  (measurements)  by means  of 
reconstruction  a l gori thms.  

Note  2  to  en try:  The  d imension  of the  measurement su rface  i s  d eterm ined  by the  test  equ ipment  manufacturer 
based  on  the  measurement methodology and  test  setup  cond i ti ons  necessary for eval uati ng  the  device  under test.   

3. 1 4  
near-field  region   
part of space  between  the  an tenna  and  the  far-fie l d  reg ion  

3. 1 5   
operating  mode  
wireless  protocol  or s tandard  used  by a  device  to  communicate  i n  the  wi re less  network 

Note  1  to  en try:  Operati ng  mode  i ncl udes  parameters  such  as  modu lati on ,  sou rce  cod i ng ,  channel  bandwid th ,  etc.  

3. 1 6   
plane  wave  equ ivalent  power densi ty 
<of an  e lectromagnetic wave>  power densi ty equal  i n  magn i tude  to  the  power dens i ty of a  
p lane  wave  

3. 1 7   
power densi ty 
local  power densi ty 
S 

energy per un i t  time  and  un i t  area  cross ing  the  i n fi n i tes imal  su rface  dA  characterized  by the  

normal  un i t vector n̂  

( )1 ˆdS T
T

= × ⋅∫ nE H  

where  E  and  H  are  the  e lectric  and  magnetic  fie lds  as  function  of t ime,  respective l y,  and  T i s  

the  period  of the  waveform .   

Note  1  to  en try:  For t ime  harmon ic fi e l ds ,  ( )i te ω= ℜ EE ,  ( )i te ω= ℜ HH   
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( )*1 ˆ
2

S = ℜ × ⋅E H n  

where  ω  i s  the  ( rad ian)  frequency of the  s i nusoida l  wave  being  cons idered  and  the  superscript  *  represents  the  
complex con jugate  operation .   

Note  2  to  en try:  I n  th i s  document th i s  quan ti ty i s  a l so  referred  to  as  l ocal  power dens i ty to  d i sti ngu ish  from  
spatia l -average  power densi ty.  

Note  3  to  en try:  Power densi ty i s  expressed  i n  W/m 2 .  

3. 1 8   
spatial -average power densi ty 
Sav  
energy per un i t  t ime  and  un i t area  cross ing  a  surface  of area  A  characterized  by the  normal  

un i t vector n̂  

( )av
1 ˆd dS A T
AT

= × ⋅∫ ∫ nE H  

Note  1  to  en try:  For t ime-harmon ic fi e l ds   

( )*
av

1 ˆd
2

S A
A

= ℜ × ⋅∫E H n  

Note  2  to  en try:  For the  purpose  of th i s  d ocument,  the  su rface  on  wh ich  power dens i ty or spatia l -average  power 
dens i ty are  assessed  corresponds  to  the  evaluati on  su rface  (3 . 9).  

3. 1 9   
probe  i sotropy 
measure  of the  degree  to  wh ich  the  response of an  e lectric  fie ld  or magnetic fie l d  probe  is  
i ndependent of the  polari zation  and  d i rection  of propagation  of the  i nciden t wave  

3.20   
readout e lectron ics  
measurement system  component that connects  to  the  e lectric or magnetic fie l d  probe  and  
provides  an  analog  to  d ig i ta l  conversion  of the  measured  values  to  the  post processor of the  
measurement system  

3.21   
reconstruction  algori thm  
algori thms,  mathematical  techn iques  and  procedures  that are  appl i ed  to  the  measured  fie l ds  
to  propagate,  transform ,  proj ect  or reconstruct  the  power dens i ty d istribution  at the  evaluation  
surface  to  determ ine  spatia l -average  and/or local  power dens i ty  

3.22   
response  time  
time requ i red  by the  measuring  equ ipment to  reach  90  %  of i ts  fi nal  measurement value  after 
a  s tep  variation  of the  i nput  s ignal  

3.23   
scanning  system  
au tomatic  posi tion ing  system  capable  of pl acing  the  measurement probe  at  speci fied  pos i ti ons  
wi th  known  accuracy 

3.24  
smal l  probe  
E-  or H -fie ld  sensor that has  sufficient resolu tion  and  i s  sufficientl y non-perturbing  so  that the  
measurements  can  be  made  to  the  requ ired  accuracy 
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3.25   
uncertainty 

3.25. 1   
standard  uncertainty 
estimated  standard  deviation  of a  measurement resu l t,  equal  to  the  posi ti ve  square  root of the  
estimated  variance  

3.25.2   
combined  uncertainty 
estimated  standard  deviation  of the  measurement resu l t obtained  by combin ing  the  i nd ividual  
standard  uncertain ties  of both  Type  A and  Type B  evaluations  us ing  the  usual  “root-sum-
squares”  method  for combin ing  standard  uncertain ties  

3.25.3   
expanded  uncertainty 
quanti ty defin ing  an  i n terval  about  the  resu l t  of a  measurement that  i s  expected  to  encompass  
a  d is tribution  of va lues  wi th in  a  defi ned  confidence  in terval  that  cou ld  reasonabl y be  attribu ted  
to  the  measured  quan ti ty 

3.26   
uncertainty evaluation   
<Type  A>  evaluation  of uncertain ty by the  statis tical  anal ys is  of series  of observations  
(measurements)  

3.27   
uncertainty evaluation   
<Type  B>  evaluation  of uncerta in ty by means  other than  the  statistica l  anal ys is  of series  of 
observations  (measurements)  

4 Symbols  and  abbreviated  terms  

4.1  Symbols  

4. 1 . 1  Physical  quanti ties  

The i n ternational l y accepted  S I  u n i ts  are  used  throughou t th is  document.  

Symbol  Quanti ty Un i t  Dimensions  

E Electri c  fi e l d  vol t  per metre  V/m  

f Frequency hertz  Hz  

H Magnetic  fi e l d  ampere  per metre  A/m  

λ  Wavelength  metre  m  

S Local  power densi ty  watt  per square  metre  W/m 2  

S
av
 Spatial -average  power densi ty  watt  per square  metre  W/m 2  

 

4.1 .2  Constants  

Symbol  Physical  constan t  Magn i tude 

η  I n tri ns ic  impedance  of free  space  1 20  π  Ω  or 377  Ω  
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4.2  Abbreviated  terms  

BS  base  station  

CW con tinuous  wave  

DUT device  under test  

EMF  e lectromagnetic  fi e ld  

ER exposure  ratio  

NR new rad io  

PD  power dens i ty  

RF  rad io  frequency 

TER tota l  exposure  ratio  

5 Description  of the measurement system  

5.1  General   

The measurement system  for evaluati ng  power dens i ty of portable  devices  typica l l y cons ists  
of the  e lectron ic measurement i nstrumentation ,  the  fiel d  probe(s) ,  a  scann ing  system ,  a  DUT  
holder and  the  necessary post-processing  software.  D i fferent measurement methods  
general l y requ i re  d i fferent  test setup,  measurement configurations  and  fie ld  reconstruction  
techn iques  to  determ ine  power dens i ty i n  the  evaluation  surface.  The  measurement protocol  
i n  th is  document i s  based  on  mechan ical l y posi tion ing  the  probe  in  a  structured  grid  re lati ve  to  
the  DUT to  scan  the  electric  and /or magnetic  fi el ds.  Wh i le  some methods  requ ire  the  phase  of 
the  fi e lds  to  be  determ ined ,  others  are  based  on  fie l d  ampl i tude  on l y.  The  measurement 
system  is  va l i dated  accord ing  to  Annex A.  

The  tests  shou ld  be  performed  i n  a  laboratory environment conform ing  to  the  fo l lowing  
cond i tions.  

1 )  The  test s i te  shou ld  be  evaluated  to  m in im ize  the  l evel  of RF  perturbation  due  to  
reflections  and  ambien t noise.  I n  particu lar,  the  effect of reflections  from  cables,  test 
equ ipment,  or other scattering  objects  shou ld  be  determ ined  and  characterized  in  the  
uncerta in ty budget.  

NOTE  I n ternati onal  S tandards  such  as  CI SPR 1 6-1 -4  [3]  can  provide  gu i dance  on  m in im izi ng  rad i o  frequency 
d i sturbances  when  perform ing  rad iated  measurements.   

2)  Ambient  temperature  shou ld  be  wi th in  the  operati ng  range  speci fi ed  for the  measurement 
equ ipment and  DUT.  

When  poss ib le  and  a l l owed  by national  requ irements ,  an  RF  sou rce,  e . g .  a  s ignal  generator or 
a  syn thes izer and  ampl i fier,  may replace  the  transm itter that  suppl ies  power to  the  antenna  
i nput,  provided  that th is  does  not  change  DUT performance,  incl ud ing  transm i t power and  
power densi ty d is tribu tions,  or that  the  impact of power dens i ty assessment uncerta in ty is  
properl y evaluated  and  remains  acceptable.  Under such  ci rcumstance,  the  power chain  shou ld  
be  carefu l l y evaluated  to  accurate l y determ ine  the  i nput  power fed  to  the  an tenna.  Otherwise  
a  base  station  s imu lator,  a  communication  test set or acceptable  i n ternal  test software  shou ld  
be  used  to  set  up  the  device.  

5.2  Scanning  system   

Scann ing  systems  typica l l y pos i ti on  the  probe to  perform  measurements  on  a  spherica l ,  
cyl i ndrical  or p l anar configuration .  For each  of these  coord inate  systems,  d i fferent  phys ical ,  
mechan ical ,  or e l ectrical  so lu tions  may be  requ i red  for the  scann ing  system .  For i nstance,  
some implementations  m ight requ i re  both  translation  and  rotation  of the  probe;  others,  
a l though  not addressed  i n  th is  document,  have  a  fixed  probe  and  the  DUT is  pos i tioned  
accord ing l y.  Descriptions  of speci fic scann ing  methodolog ies  are  provided  for i nstance  in  [4] .   
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Precise  probe  pos i tion ing  is  cri tica l  because  the  measured  fie l d  accuracy can  have  s i gn i fican t  
impact on  the  evaluation  of power densi ty.  The  scann ing  system  shou ld  ensure  that  probes  
are  posi tioned  at each  measurement poin t  wi th  h i gh  accuracy.  The  measurement resolu tion  is  
chosen  to  satisfy both  spatia l  and ,  i f appl icable,  spectral  sampl ing  rate  as  wel l  as  the  
resolu tion  requ ired  by the  measurement methodology to  main tain  conversion  accuracy.  When  
sensors  at  the  probe  ti p  are  spatial l y offset  or fie lds  are  averaged  across  the  probe  aperture  
or volume (e. g .  wavegu ide  probes),  va l idation  of the  probe  cal ibration  and  measurement 
poin t(s)  accuracy are  necessary to  main ta in  measurement accuracy.  Depend ing  on  the  
frequency,  smal l  spatia l  offsets  i n  sensor l ocations  or sh i fts  i n  measurement poin t  locations  
can  have  a  l arge  impact on  the  measured  resu l ts ,  especial l y i n  steep  fie l d  g rad ients  or 
complex fi e ld  cond i tions  close  to  the  antenna.  I f sensor offsets  are  not compensated  or 
accounted  for,  both  the  measured  resu l ts  and  the  ou tpu t of the  fie l d  conversion  a l gori thms  
that are  sens i ti ve  to  such  pos i ti on ing  can  be  i n fluenced  substantia l l y.   

5.3  Device holder  

The device  holder or an  equ ivalent  setup  i s  used  to  posi tion  the  DUT during  the  measurement.  
The  DUT is  posi tioned  i n to  a  holder wi th  neg l i g ib le  effect on  measured  fi e lds .  To  avoid  
perturbation ,  a  holder made  of l ow l oss  and  low perm itti vi ty material (s) ,  wi th  l oss  tangent  

≤  0 , 005  and  relative  perm i tti vi ty ≤  1 , 2  i s  recommended .   

5.4 Reconstruction  algori thms  

Reconstruction  a lgori thms  are  used  to  proj ect or transform  the  measured  fie lds  from  the  
measurement surface  to  the  evaluation  surface  (F igure  1 )  i n  order to  determ ine  power densi ty 
or to  compute  spatia l -average  and /or l ocal  power densi ty wi th  known  uncerta in ty.  The  term  
reconstruction  a l gori thms  identi fies  a lso  techn iques  to  resolve  the  H -fie l d  from  the  E-fie ld  (or 
vice  versa)  and /or methodolog ies  to  retrieve  fi el d  i n formation  from  the  measured  data  (e. g .  
the  phase  from  the  ampl i tude).  

The  fi e ld  reconstruction  a lgori thms are  val idated  and  documented  by the  equ ipment  
manufacturer.  I n  particu lar,  i t  shou ld  be  described  i n  deta i l  how the  measured  fie ld  
components  at the  measurement poin ts  are  used  to  determ ine  power dens i ty at the  evaluation  
surface.  Some examples  are  provided  in  Annex G .  

 

NOTE  The  measurement  and  evaluation  su rface  d imensions ,  thei r ori en tations  and  posi ti ons  have  been  s impl i fi ed  
for i l l ustration  pu rposes  (see  C lause  6  for add i ti ona l  i n formation).  

Figure 1  – S impl i fied  view of a  generic  measurement setup  involving  
the use  of reconstruction  algori thms  

6 Power densi ty assessment 

6.1  General  

The measurements  are  carried  ou t wi th  good  l aboratory practice,  e . g .  i n  accordance wi th  [5] ,  
and  other local  and  national  compl iance  requ i rements .  The  evaluations  shou ld  general l y 
fol l ow a  sequence of steps.  A h i gh- level  fl ow-chart of the  evaluation  process  is  shown  in  
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Figu re  2 .  Beg inn ing  wi th  an  evaluation  p lan  and  measurement approach ,  the  process  
converges  to  the  fu l l  power dens i ty evaluation  and  uncertain ty anal ys is .  Proper documentation  
and  reporti ng  completes  the  evaluation  process .   

 

Figure 2  – Evaluation  process  overview  

Figu re  3  provides  an  overview of the  power densi ty measurement methodology described  i n  
th is  document.  The  measurement systems  and  techn iques  wh ich  conform  to  th is  general  
flowchart m ight vary.  A description  of each  s tep  is  provided  in  6 . 2  to  6. 5  together wi th  the  
appl icabi l i ty constra in ts  for each  s tep,  the  i n formation  requ i red  to  implement the  method  and  
generic gu idel i nes  on  how to  characterize  the  uncerta in ty of the  evaluation .   

IEC  

Evaluation  pl an  

Measurement system  check 

DUT setup  

Power dens i ty measurement  

Uncertain ty eval uati on  

Reporti ng  resu l ts  
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Figure  3  – Overview of power densi ty measurement methods  

6. 2  Measurement preparation  

6.2. 1  System  check 

A system  check accord ing  to  the  procedures  of Annex A shou ld  be  completed  to  veri fy that  
the  system  operates  wi th in  speci fications  before  conducting  measurements  to  assess  the  
power densi ty of a  DUT.  The  system  check confi rms  the  measurement repeatabi l i ty and  post-
processing  al gori thm  accuracy wi th  a  ca l ibrated  source  or other known  reference  source(s)  to  
ensure  that the  system  works  correctl y and  i s  acceptable  for compl iance  testing .  The  system  
check can  a lso  detect possible  measurement d ri fts  over time and  other unexpected  problems 
i n  the  system ,  such  as  

•  component fa i lu res,  

•  component d ri ft,  

IEC  

Method  

Power dens i ty eva luati on  
based  on  p l ane  wave  

equ i va len t  approximation  
(6 . 4. 3)  

Power densi ty eva luati on  
based  on  E-  and  H -fi el d  

(6 . 4 . 2 )  

Are 
both  the E- 

and H-field  (amplitude 
and phase) measured  directly 

on the evaluation 
surface? 

Yes  No  

Power densi ty on  the  
eva luati on  su rface  i s  

determ ined  by means  of 
reconstruction  a l gori thms 

 
Depend ing  on  the  

methodology,  reconstruction  
a l gori thms  can  be  used  to  

•  resol ve  the  H -fi el d  from  
the  E-fi el d  (or vi ce  
versa)  when  on ly one  of 
the  two i s  measured  

•  propagate,  transform  or 
pro ject  the  
e l ectromagneti c  fi e ld  
from  the  measurement 
su rface  to  the  eval uation  
su rface  when  these  do  
not  coincide   

•  reconstruct  fi e l d  
i n formation  from   
measured  data  (e. g .  the  
phase  i f on l y ampl i tude  
i s  measured ).  

 (6 . 4. 2  and  Annex F)  

Power densi ty on  the  
eva luati on  su rface  i s  
determ ined  wi thou t the  
usage  of reconstruction  

a l gori thms    
(6 . 4 . 2 )  

The  maximum  peak and/or 
spatia l -average  power 

dens i ty on  the  eval uati on  
surface  are  determ ined  

(6. 4. 2  and  6. 4. 3)  

E -fi e l d  or H -fi e l d  ampl i tude  
i s  measured  on  the  
eva luati on  su rface  to  
determ ine  peak and/or 
spatial -average  power 

dens i ty  
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•  operator errors  in  the  set-up  or the  software  parameters,  

•  adverse  cond i tions  i n  the  system ,  e . g .  RF  i n terference.  

6.2.2  Preparation  of the  device  under test  

The RF  ou tpu t power and  frequency (channel )  are  con trol l ed  by a  wi reless  l i nk to  a  base  
station ,  network s imu lator or test mode software.  Al ternative l y,  an  external  generator or a  
syn thesiser and  ampl i fi er may be  used  to  replace  the  transm itter,  provided  both  measured  
fie lds  and  power dens i ty assessment of the  DUT are  unaffected  and  i t  i s  acceptable  by the  
appl icable  national  regu lation ,  or the  impact on  power densi ty assessment uncertain ty is  
properl y evaluated  and  remains  acceptable.  The  power chains  to  a l l  transm itti ng  e lements  of 
the  an tenna  array(s)  are  evaluated  to  accuratel y determ ine  the  i npu t power fed  to  the  an tenna.  

The  measurements  are  performed  at the  maximum  power level  cons istent wi th  product  
speci fications  and  production  variations.  The  measured  power dens i ty i s  scaled  to  the  h i ghest 
time-averaged  maximum  outpu t power a l l owed  for production  un i ts,  i nclud ing  ou tpu t 
to lerances.  The  maximum  time-averaged  power of the  DUT can  be  veri fi ed ,  for example,  i f 
appl icable,  by conducted  power measurements  wi th  a  fu l l y charged  battery or,  as  appropriate,  
accord ing  to  rad iated  power measurements  and  other operati ng  parameters  to  support the  
scal i ng .  

6.2.3  Operating  modes  

DUTs  can  transm i t i n  operating  modes  and  frequency bands  us ing  d i fferent s ignal  
characteristics  (e. g .  modu lation ,  source  cod ing ,  channel  bandwid th ,  etc. )  that  requ ire  power 
dens i ty tests.  The  appropriate  operati ng  modes  shou ld  be  se lected  for testing  taking  i n to  
cons ideration  d i fferences  in  maximum  ou tpu t power and  production  variations,  to  ensure  
maximum  power dens i ty i s  assessed .   

Gu idance  for se lecti ng  frequency channels  wi th in  a  frequency band  for testi ng  i s  provided  i n  
6. 2. 4 .  The  frequency channels  i n  each  wi reless  technology (e. g .  5G  New Rad io  and  WiG ig®2)  
supported  by the  DUT shou ld  be  tested  i n  the  operati ng  mode  correspond ing  to  the  maximum  
RF  ou tput power cond i ti ons.  RF  conducted  power shou ld  be  measured  and ,  as  necessary,  
rad iated  or other methods  shou ld  be  appl ied ,  to  veri fy these  are  the  h ighest ou tpu t 
configuration(s).  I f the  DUT is  tested  in  a  l ower power configuration ,  evidence  of sca l i ng  
l ineari ty i s  necessary to  scale  power densi ty to  the  h i ghest time-averaged  ou tpu t  power l evel .  
The  scal i ng  factor shou ld  be  assessed  and  documented  in  the  test report.  

When  the  DUT is  operated  i n  test  mode  (e . g .  us ing  proprietary test software),  the  maximum  
ou tpu t power and  transm ission  characteristics  are  set to  be  cons istent wi th  actual  use  
cond i ti ons.   

For devices  operati ng  s imu l taneousl y wi th  mu l tip le  an tennas  or mu l ti p le  transm i tters  (wi th  
s ing le  or mu l tip le  antennas),  maximum  ou tpu t power is  establ ished  for each  transm itter and  
an tenna  as  described  above  to  ensure  the  aggregate  transm i t power from  a l l  an tennas  i s  a lso  
at  the  maximum .  The  con tribu tion  of power densi ty from  each  an tenna  is  combined  as  
described  in  6. 5.  

NOTE  I EC 62209-1  and  I EC 62209-2  provide  fu rther gu idance  on  operati ng  modes.  

6.2.4  Test frequencies  for DUT 

Since  power densi ty can  vary over the  DUT operati ng  bandwid th ,  the  purpose  of th is  
subclause  is  to  define  the  frequency channel  or a  practical  subset of channels  where  power 

___________ 

2  WiG ig  i s  a  reg i stered  trademark of Wi -F i  Al l i ance.  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.  
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dens i ty measurements  are  performed .  Th is  channel  or subset of channels  i s  chosen  to  
characterize  the  power dens i ty of a  DUT accord ing  to  appl icable  exposure  l im i ts.   

NOTE  For wide  band  systems  the  maximum  ou tpu t power of a  channel  may vary across  the  frequency band .  The  
requ i red  test  channels  may not  i ncl ude  the  channel  wi th  the  h i ghest  RF  transm i t  power.  Therefore,  before  
perform ing  testi ng  us i ng  the  speci fi c  channels  requ i red  by th i s  document,  i t  i s  important  to  veri fy the  maximum  
ou tpu t power of the  channels  to  determ ine  that  the  chosen  channels  are  i ndeed  producing  the  h i ghest rated  ou tpu t  
of the  device.  I t  i s  important  that  the  process  used  to  estab l i sh  the  channels  for testi ng  purposes  i s  documented  i n  
the  test  report.  

For each  wi reless  technology and  frequency band  used  by the  DUT,  tests  shou ld  be  
performed  at  the  channel  cl osest to  the  cen tre  of each  transm it  frequency band .  I f the  wid th  of 

the  transm it  frequency band  (∆f =  fh igh  −  fl ow)  exceeds  1  %  of i ts  cen tre  frequency fc,  then  the  
channels  at the  l owest  and  h i ghest frequencies  of the  transm i t band  are  also  tested .  
Furthermore,  i f the  wid th  of the  transm i t band  exceeds  1 0  %  of i ts  centre  frequency,  the  
fol l owing  formu la  i s  used  to  determ ine  the  number of channels,  Nc,  to  be  tested :  

 )1 , + ])/ - ([1 0   min(2 = clowhighc NfffN ×× roundup   

where  

fc  i s  the  cen tre  frequency channel  of the  transm ission  band  i n  Hz;  

fh igh  i s  the  h i ghest frequency channel  of the  transm ission  band  i n  Hz;  

fl ow  i s  the  lowest frequency channel  of the  transm ission  band  i n  Hz;  

Nc  i s  the  number of channels  to  be  tested ;  

N i s  the  tota l  number of channels.  

NOTE  1  The  function  roundup(x)  rounds  i ts  argument  x  to  the  next h i ghest  i n teger.  Thus,  the  number of channe ls ,  
N

c
,  wi l l  a lways  be  an  odd  number.  The  channels  tested  are  equal l y spaced  apart  i n  frequency (as  much  as  possib le)  

and  i ncl ude  the  channels  at  the  l owest  and  h i ghest  frequenci es .  Depend i ng  on  the  fie l d -probe  and  equ ipment  used ,  
substan tia l l y l arge  transm ission  bands  may requ i re  mu l ti pl e  probe  cal i bration  poi n ts  to  cover the  en ti re  frequency 
band .   

NOTE  2  Regu l atory agenci es  may have  d i fferent  requ i rements  on  the  number of channels  to  be  tested  per 
transm ission  band ,  accord ing  to  frequency a l l ocati ons  and  other wi reless  technology requ i rements.  

NOTE  3  I f the  test  frequency yie l d i ng  the  h i ghest  ou tpu t  power does  not  correspond  to  the  m idd le  channe l ,  the  
test  requ i rements  may vary among  d i fferen t national  regu latory au thori ti es.   

6.2.5  Evaluation  surface  and  DUT test  posi tion   

For purpose  of th is  document,  two  evaluation  surface  and  DUT test posi ti on ing  a l ternatives  
are  g iven .  A sufficientl y l arge  evaluation  surface  i s  requ i red  for both  a l ternatives  to  ensure  
maximum  spatia l -average  and/or the  l ocal  power dens i ty i s  determ ined  accuratel y as  requ i red  
by the  measurement methodology.  Detai l s  of the  evaluation  surfaces  and  DUT test pos i ti ons  
are  requ i red  in  the  test report to  support  the  resu l ts.  

Al ternative  1 :  Assessment of user exposure  

Power dens i ty i s  assessed  on  surface(s)  correspond ing  to  local  representations  of the  user’s  
head  and/or body surfaces.  Evaluation  surfaces  correspond ing  to  the  shape of the  SAM  
phantom  or fl at  phantom  inner shel l  defi ned  in  I EC  62209,  respectivel y for head  (F igure  4)  
and  body (F igure  5)  exposure  cond i ti ons  are  used  for th is  a l ternative.  The  DUT test posi tions  
described  i n  I EC 62209  to  assess  next  to  the  ear,  near body and  extrem ity exposures  are  
used  to  posi tion  portable  devices  for power dens i ty evaluation .  

Al l  use  cond i tions  described  i n  I EC 62209  for exposures  to  the  user’s  head ,  body and  
extrem i ty,  are  assessed ,  un less  a  techn ical  rationale  for cons iderabl y reduced  exposure  
poten tia l  i n  some of the  use  cond i ti ons  can  be  j usti fied  and  demonstrated  (see  9. 1 . 5. 1 ) .   

An  evaluation  surface  conformal  to  the  SAM  phantom  shape  can  compl icate  the  power densi ty 
measurement and  evaluation  process.  As  an  a l ternative,  measurement or evaluation  p lane(s)  
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tangentia l  to  the  i nner shel l  surface  of the  SAM  phantom  shape may be  considered  when  i t  
can  be  demonstrated  to  yiel d  conservative  power dens i ty resu l ts  (see  F igure  4) .   

 

(a)  Evaluation  surface  corresponding  to  the  SAM  phan tom  surface shape  

 

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

NOTE  The  SAM  profi l e  i den ti fi es  on l y the  geometri cal  shape;  power densi ty i s  evaluated  i n  free-space  wi thout  the  
presence  of a  phantom .  The  d imension  of the  eval uati on  su rface  for a )  and  b)  i s  for i l l ustrati on  purposes  on l y.  

Figure  4 – I l lustration  of evaluation  surface  (i n  black)  

 

NOTE  The  d imension  of the  eval uation  i s  for i l l ustrati on  purposes  on l y.  

Figure 5  – I l lustration  of evaluation  surface  correspond ing  
to  the  flat phantom  surface  shape  
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Al ternative  2 :  Assessment of maximum  user exposure  poten tia l  

Power dens i ty i s  assessed  in  the  evaluation  surface(s)  correspond ing  to  the  maximum  
avai l ab le  l ocal  or spatia l -average power dens i ty.  The  separation  d is tance  can  be  measured  
from  the  geometrical  cen tre  poin t of the  antenna  or antenna  array on  the  su rface  of the  device  
to  the  evaluation  su rface  (Figure  6) .  

 

NOTE  The  d imension  of the  eval uation  surface  i s  for i l l ustration  purposes  on ly.  

Figure  6  – I l lustration  of evaluation  surface  correspond ing  to  
the  maximum avai lable  local  or spatial -average  power densi ty 

Add i ti onal  i n formation  for both  a l ternatives  i s  avai lable  i n  C lause  9.  

6.3  Tests  to  be  performed  

The h ighest spatia l -average  and/or local  power dens i ty among  a l l  use  cond i ti ons  i s  
determ ined  accord ing  to  the  maximum  power densi ty for the  device  posi ti ons,  configurations  
and  operational  modes  tested  i n  each  frequency band .   

6.4  General  measurement procedure  

6.4. 1  General  

A fl ow-chart describ ing  the  overal l  measurement procedure  is  provided  i n  F igure  3.  I n  order to  
determ ine  near-fie l d  power dens i ty,  the  E-  and  H -fie ld  are  necessary.  The  time averaged  

power densi ty Sav  over a  surface  of area  A  characterized  by the  normal  vector n̂  i s  g i ven  by 
(see  3. 1 7)  

 av
1 ˆd dS T A

T A
= × ⋅

⋅ ∫ ∫ nE H ,  (1 )  

where  T i s  the  averag ing  time  and  E  and  H  are  the  e lectric  and  magnetic  fi el ds  as  function  of 

time respectivel y.  For time harmon ic fie lds, ( )i te ω= ℜ EE ,  ( )i te ω= ℜ HH  and  

 ( )*
av

1 ˆd
2

S A
A

= ℜ × ⋅∫E H n ,  (2)  

where  *
H  represen ts  the  complex con jugate  of the  H -fie ld  phasor.  
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I n  the  far-fie ld  of the  source,  the  E-fie l d  and  H -fie ld  at  every poin t i n  space  are  orthogonal  to  

each  other,  they are  i n  phase,  and  they are  re lated  through  a  scalar constan t:  .
ˆ

η
Er

H
×

=  

Therefore,  the  power densi ty can  be  s impl i fi ed  to:  

  
2

av
1 ˆ ˆd

2
S A

Aη
 

= ⋅ 
 ∫ E r n   or  

2

av
ˆ ˆd

2
S A

A

η  
= ⋅ 

 ∫ H r n ,   (3)  

where  r̂  i s  the  vector correspond ing  to  the  rad ia l  d i rection  and  η  i s  the  free-space  wave  
impedance.  Th is  enables  power densi ty i n  the  far fie ld  to  be  determ ined  by assess ing  on l y the  
ampl i tude  of e i ther the  e lectric  or magnetic fi e l d .  

At  short d istances  from  the  source  there  i s  no  s imple  re lationsh ip  between  E-fie ld  and  H -fie l d .  
Therefore,  both  E-fie l d  and  H -fie ld  need  to  be  assessed  to  determ ine  the  correct power 
densi ty.  The  p lane  wave  equ ivalen t approximation  may underestimate  or overestimate  power 
dens i ty when  the  evaluation  p lane  is  i n  the  near-fie ld .  Prel im inary cri teria  to  establ ish  at wh ich  
d istance  th is  approximation  is  va l id  are  provided  i n  6. 4 . 3 .   

When  the  national  regu lation  or the  appl icable  exposure  standard  provides  a  d i fferent  
express ion  or in terpretation  for the  i ncident power densi ty,  those  express ions  or 
i n terpretations  are  used  to  evaluate  Sav.   

6.4.2  Power densi ty assessment based  on  E-  and  H-field  

With in  a  short  d istance  from  the  transm i tting  source,  power dens i ty i s  determ ined  based  on  
both  e lectric and  magnetic fie lds .  General l y,  the  magn i tude  and  phase  of two components  of 
e i ther the  E-fie l d  or H -fie l d  are  needed  on  a  sufficien tl y l arge  surface  to  fu l l y characterize  the  
tota l  E-fie l d  and  H -fie l d  d istributions.  Nevertheless,  so lu tions  based  on  d i rect measurement of 
E-fie l d  and  H -fiel d  can  be  used  to  compute  power dens i ty (see,  for example,  C lause  H . 4).  The  
measurement poin ts  are  chosen  accord ing  to  the  requ irements  of the  methodology used .  
Together,  these  poin ts  form  the  measurement su rface.  When  the  measurement surface  does  
not correspond  to  the  evaluation  surface,  reconstruction  a l gori thms  are  necessary to  project  
or transform  the  fi e l ds  from  the  measurement surface  to  the  evaluation  su rface.  The  general  
measurement approach  i s  summarized  i n  a)  to  g ).  

a)  Measure  the  E-  or H -fie l d  on  the  measurement surface  at a  reference location  where  the  
fie l d  i s  wel l  above  the  noise  l evel .  Th is  reference l evel  wi l l  be  used  at  the  end  of th is  
procedure  to  assess  ou tput power d ri ft  of the  DUT during  the  measurement.  

b)  Scan  the  e lectric  and /or magnetic  fie ld  on  the  measurement surface.  The  requ irements  of 
measurement surface  d imensions  (as ,  for i nstance,  the  ratio  between  the  fie l d  strength  
measured  at  the  edges  of the  scan  area  wi th  respect to  the  peak)  and  spatia l  resolu tion  
are  dependent on  the  measurement system  and  assessment methodology appl ied .  
Measurements  are  therefore  conducted  accord ing  to  the  i nstructions  provided  by the  
measurement system  manufacturer.   

The  d istance  from  the  measurement surface  to  the  DUT is  chosen  carefu l l y to  avoid  fie l d  
perturbation  by the  probe(s).  A part of the  s ignal  i ncident on  the  probe can  be  scattered  
and  reflected  back and  forth  between  the  DUT and  the  probe.  These  mu l ti p le  DUT-probe 
reflections  can  a l ter the  fie ld  d is tribu tion  surround ing  the  device.  The  reflection  errors  
general l y decrease  wi th  i ncreasing  measurement d istance.  For m in iature  rectangu lar or 
ci rcu lar wavegu ide  probes,  a  few wavelengths  are  typ ical l y necessary to  avoid  
unacceptable  fi e ld  pertu rbation .  For l ow-d irecti vi ty DUT  an tennas,  the  d i stance  may be  
reduced .  The  fie ld  perturbation  of probes  cons isti ng  of smal l  d i pole  or smal l  l oop  sensors  

to  the  measured  fi e l d  can  be  sufficientl y smal l  for d is tances  down  to  a  λ  or even  fractions  
of a  λ .  I n  any case,  probe  perturbation  and  the  uncertain ty due  to  mu l ti p le  reflections  need  
to  be  characterized .   

c)  Measurement spatia l  resolu tion  can  depend  on  the  measured  fie l d  characteristic and  
measurement methodology used  by the  system .  P lanar scanners  typica l l y requ i re  a  step  
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s i ze  of l ess  than  λ/2 .  When  measurements  are  acqu i red  in  reg ions  where  evanescent 
modes  are  not neg l ig ib le,  smal ler spatia l  resolu tion  may be  requ i red  [4 ] .  S im i lar cri teria  
a lso  appl y to  cyl i ndrica l  scann ing  systems where  the  spatia l  resolu tion  i n  the  vertica l  

d i rection  shou ld  be  l ess  than  λ/2 .  I n  the  azimuth  d i rection ,  the  angu lar s tep  s i ze  ∆φ  shou ld  
be  l ess  than  meas/ (2 )λ ρ  i n  rad ians,  where  measρ  denotes  the  rad ia l  d istance  at the  

measurement l ocations.  For spherical  systems,  the  maximum  angu lar step  s i zes  i n  

e levation  and  azimuth  can  be  defined  analogous l y as  meas/ (2 )Rθ φ λ∆ = ∆ =  where  Rmeas  

denotes  the  rad ia l  d istance  at  the  measurement l ocations.  The  pos i ti on ing  uncerta in ty of 
the  probe  sensors  at  the  measurement poin ts  shou ld  be  anal ysed  and  documented .  

d )  I f on l y one  fi el d  (E-fie ld  or H -fie l d )  i s  measured ,  the  other fie ld  i s  ca lcu lated  from  the  
measured  fie ld  us ing  a  reconstruction  a lgori thm .  As  Formu la  (2)  requ ires  knowledge  of 
both  ampl i tude  and  phase,  reconstruction  a lgori thms  can  a lso  be  used  to  obtain  fie ld  
i n formation  from  the  measured  data  (e. g .  the  phase  from  the  ampl i tude  i f on l y the  
ampl i tude  is  measured) .  I n  add i tion ,  when  the  measurement surface  does  not correspond  
to  the  evaluation  surface,  reconstruction  a l gori thms are  employed  to  project or transform  
the  fi el ds  from  the  measurement surface  to  the  evaluation  surface.  I n  substance,  
reconstruction  a lgori thms  are  the  set of a lgori thms,  mathematical  techn iques  and  
procedures  that  are  appl ied  to  the  measured  fie ld  on  the  measurement surface  to  
determ ine  E-  and  H -fie ld  (ampl i tude  and  phase)  on  the  evaluation  surface.  An  overview 
and  description  of appl icable  a l gori thms and  techn iques  is  provided  i n  Annex F .   

The  val i dation  of reconstruction  a lgori thms shou ld  be  demonstrated  and  documented  in  
detai l ,  i ncl ud ing  the  m in imum  measurement p lane  d imensions  and  separation  d istance  
from  the  source  to  wh ich  the  a l gori thm  is  appl icable  to  the  particu lar measurement probe  
or methodology.   

I f both  E-fie l d  and  H -fie l d  are  d i rectl y measured  (ampl i tude  and  phase)  on  the  evaluation  
surface,  a  reconstruction  a lgori thm  is  not needed  to  assess  power dens i ty.   

e)  Use  Formu la  (2)  to  determ ine  the  spatia l -average power densi ty d istribu tion  on  the  
evaluation  surface.  The  spatia l  averag ing  area,  A ,  i s  speci fi ed  by the  appl icable  exposure  
l im i ts  or regu latory requ i rements .  I f the  shape of the  area  i s  not provided  by the  re levan t 
regu latory requ i rements,  a  ci rcu lar shape i s  recommended  (see  Annex E) .  

f)  The  maximum  spatia l -average  and/or l ocal  power densi ty on  the  evaluation  surface  i s  the  
final  quanti ty to  determ ine  compl iance  against appl icable  l im i ts.   

g )  Measure  the  E-fie l d  or H -fiel d  on  the  measurement surface  pos i tion  at the  reference  
l ocation  chosen  i n  step  a) .  The  power dri ft of the  DUT is  estimated  as  the  d i fference  
between  the  squared  ampl i tude  of the  fie ld  va lues  taken  i n  s teps  a)  and  g ) .  When  the  d ri ft  
i s  smal ler than  ±  5  % ,  th is  term  shou ld  be  considered  i n  the  uncerta in ty budget.  Dri fts  
l arger than  5  %  due  to  the  des ign  and  operati ng  characteristics  of the  device  shou ld  be  
accounted  for or addressed  accord ing  to  regu latory requ i rements  to  determ ine  compl iance  

6.4.3  Power densi ty measurement  based  on  the  evaluation  of E-field  or H-field  
ampl i tude on ly 

I f the  evaluation  surface  i s  i n  the  far-fie l d  of the  DUT,  power dens i ty i s  g i ven  by Formu la  (3)  
and  on l y the  ampl i tude  of the  e lectric  or magnetic fie lds  need  to  be  measured  on  the  
evaluation  surface  to  correctl y derive  power dens i ty.  I f,  for the  tested  configuration ,  the  
separation  d istance  between  the  DUT transm itti ng  antennas  and  the  evaluation  surface  fu l fi l s  
the  far-fie l d  cri teria  i n  Table  1  [6 ] ,  the  fol lowing  procedure  can  be  used  as  an  a l ternative  to  
that  provided  i n  6 . 4. 2.  As  shown  i n  Annex D,  Formu la  (3)  m ight be  accurate  a lso  at  shorter 
d istances  than  those  speci fi ed  i n  Table  1  and  can  be  used  i f j usti fi ed .  

a)  Measure  the  local  E-fie ld  or H -fie ld  on  the  evaluation  su rface  at  a  reference  location  
where  the  fie l d  i s  wel l  above  the  noise  l evel .  Th is  reference  l evel  wi l l  be  used  at  the  end  of 
th is  procedure  to  assess  ou tpu t power d ri ft of the  DUT during  the  measurement.  

b)  Measure  the  e lectric  or magnetic  fi e ld  ampl i tude  on  the  evaluation  surface.  A spatia l  

resolu tion  of at most λ/2  i s  recommended .  A coarser sampl ing  resolu tion  can  be  adopted  
provided  that  the  impact on  the  measurement uncertain ty i s  characterized  and  
documented .   

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 26  – I EC TR 631 70:201 8  © I EC 201 8  

c)  Use  Formu la  (3)  to  determ ine  the  spatia l -average  power densi ty on  the  evaluation  surface.  
The  averag ing  area,  A ,  i s  speci fied  by the  appl icable  exposure  l im i ts  or regu latory 
requ i rements .  I f the  shape  of the  area  i s  not provided  by the  re levant regu latory 
requ i rements ,  a  ci rcu lar shape  is  recommended .  I n  Formu la  (3)  the  rad ia l  vector i s  
cons idered  to  be  determ ined  from  the  geometrical  cen tre  of the  transm itti ng  antenna 3.  I f 
no  i n formation  about the  DUT an tenna  is  avai l able,  power densi ty can  be  conservativel y 
assessed  by Formu la  (4):  

 
2

av
1

d
2

S A
Aη

= ∫ E  (4)  

Formu la  (4)  i s  more  conservative  than  Formu la  (3)  i f the  evaluation  surface  is  not  
orthogonal  to  the  Poyn ting  vector.   

d )  Calcu late  the  maximum  spatia l -average and /or l ocal  power dens i ty over the  evaluation  
surface.  

e)  Measure  the  E-fie ld  or H -fie ld  on  the  evaluation  surface  pos i ti on  at the  reference l ocation  
chosen  in  s tep  a) .  The  power dri ft of the  DUT is  estimated  as  the  d i fference between  the  
squared  ampl i tude  of the  fie ld  values  taken  i n  steps  a)  and  e) .  When  the  d ri ft  i s  smal ler 
than  ±  5  % ,  th is  term  shou ld  be  i ncluded  i n  the  uncertain ty budget.  Dri fts  l arger than  5  %  
due  to  the  des ign  and  operati ng  characteristics  of the  device  shou ld  be  accounted  for or 
addressed  accord ing  to  regu latory requ irements  to  determ ine  compl iance.  

Table  1  – M in imum  separation  d istance  between  the DUT’s  antenna  
and  the  evaluation  surface  for which  Formu la  (3)  appl ies  

Antenna d imension  M in imum  d istance  

1

3
D λ<  

1, 6 λ  

1
2, 5

3
Dλ λ< <  

5D  

2, 5D λ>  22D

λ
 

D  i s  the  maximum  l i near d imension  of the  an tenna  operati ng  i n  the  selected  
confi gu rati on .  

 

6.5  Measurements  of devices  wi th  mul tiple  antennas  or mu ltiple  transmitters  

6.5. 1  General  

Subclause  6. 5  describes  how to  determ ine  the  combined  exposure  from  mu l tip le  an tennas  
operati ng  s imu l taneousl y such  as  those  of an  array or of i nd ividual  sources  operating  wi th in  
d i fferent  frequency bands.  

The  fie l ds  generated  by the  an tennas  can  be  correlated  or uncorrelated .  At  d i fferen t 
frequencies,  fi e l ds  are  a lways  uncorrelated ,  and  the  aggregate  power densi ty con tributions  
can  be  summed  accord ing  to  spatia l l y averaged  va lues  of correspond ing  sources  at any poin t  
i n  space,  r ,  to  determ ine  the  tota l  exposure  ratio  (TER).  Assum ing  I sources,  the  TER at each  
poin t  i n  space is  equal  to  

___________ 

3  I n  theory,  Formu la  (3)  i s  exact at  i n fi n i te  d i stance  where  the  an tenna  appears  as  a  poin t  source  and  the  

defi n i ti on  of r̂  i s  unambiguous.  S i nce  the  m in imum  separation  between  the  observati on  po in t  and  the  DUT 

an tenna  shou l d  fu l fi l  the  requ i rements  i n  Table  1  and  i t  i s  therefore  much  l arger than  the  maximum  an tenna  s i ze,  
the  error i n troduced  by cons idering  the  ori g in  over any other poin t  of the  DUT antenna  i s  expected  to  be  smal l .  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



I EC TR 631 70:201 8  © I EC 201 8  – 27  –  

 
av,uncorr

l im1 1

( , )
TER ( ) ER

( )

I I
i i

i
ii i

S f

S f
= =

= =∑ ∑
r

r  (5)  

where  Sav, i  i s  the  power densi ty (as  defined  i n  6 . 4)  for the  source  i  operating  at  a  frequency  fi  
and  Sl im  i s  the  power densi ty l im i t as  speci fi ed  by the  relevant s tandard .  

Exposure  from  transm i tters  operati ng  above  and  below ftr,  where  ftr  d enotes  the  trans i ti on  
frequency where  the  basic restrictions  change from  being  defined  i n  terms  of SAR to  being  
defined  i n  terms  of power densi ty,  are  therefore  uncorrelated  and  the  TER i s  determ ined  as  

 
tr tr

uncorrTER ( ) TER( ) TER( )f f f f≤ >= +r r r  (6)  

NOTE  For frequencies  below the  transi ti on  frequency,  the  exposu re  ratio  i s  assessed  us ing  the  procedu res  i n  
I EC 62209-1  and  I EC 62209-2  by d i vi d i ng  the  resu l ti ng  spati a l -peak SAR val ue  wi th  the  correspond i ng  l im i t.  

Figure  7  i l l ustrates  how SAR and  power dens i ty at a  poin t  r  can  be  combined  assum ing  power 
dens i ty on  a  p l ane  su rface  and  SAR at  the  surface  of a  fl at  phantom  (e. g .  for body exposure).  
Before  summ ing  the  TERs [see  Formu la  (6)] ,  the  correspond ing  SAR and  power dens i ty 
values  are  to  be  spatia l l y averaged ,  around  r,  accord ing  to  the  appl icable  standard  (e. g .  1  g  
or 1 0  g  for SAR,  4  cm 2  for power densi ty i n  the  example  of F igure  7) .  For l ocations  i ns ide  the  
phantom ,  the  peak spatia l -average  SAR of ind ividual  poin ts  are  not centred  on  the  su rface  of 
the  1  g  or 1 0  g  cube.  

 

Figure 7  – SAR and  power densi ty evaluation  at a  point r  

For correlated  fie lds,  the  determ ination  of the  combined  exposure  from  I s imu l taneousl y 
transm itti ng  sources  requ i res  the  true  vector summations  accord ing  to  

 corr

1

( ) ( , )
I

i

i

f

=

=∑E r E r   (7)  

 corr

1

( ) ( , )
I

i

i

f

=

=∑H r H r  (8)  
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From  Formu las  (7)  and  (8),  the  average  power dens i ty i s  determ ined  accord ing  to  
Formu las  (2) ,  (3)  or (4)  from  wh ich  TERcorr  i s  obtained  by normal i zi ng  wi th  the  appropriate  
exposure  l im i t.  

6.5.2  Examples  

6.5.2 .1  General  

The  generic  expressions  i n  Formu las  (5)  to  (8)  can  be  used  to  obtain  the  tota l  exposure  once  
the  contribu tion  from  each  an tenna  or an tenna  e lement i n  an  array is  assessed .  Further 
gu idance on  how to  measure  exposure  for mu l ti p le  transm itters  is  provided  i n  6 . 5 . 2 . 2  and  
6. 5. 2 .3  for two  poss ib le  DUT configurations.   

6.5.2 .2  DUT with  one  array antenna operating  at  f >  ftr  

The fie l ds  transm i tted  by the  e lemen ts  of the  array can  be  correlated  or uncorrelated  
depend ing  on  the  transm ission  techn ique  adopted  by the  DUT.  For i nstance:  

– for transm ission  modes  making  use  of beamforming  the  fi e lds  can  be  corre lated  as  each  
an tenna  port i s  fed  by the  same s ignal  scaled  i n  phase  and ,  eventual l y,  i n  ampl i tude.  

– for spatia l  mu l tip lexing  the  fie l ds  are  uncorrelated  as  the  i npu t to  the  antenna  ports  
corresponds  to  i ndependen t l i near combination  of one  or more  ‘data  l ayers ’ .  

I n  case  of correlated  fie l ds,  the  e lectric and  magnetic fi e ld  on  the  evaluation  surface(s)  are  
determ ined ,  as  described  i n  6. 4,  for each  an tenna  e lement operating  separatel y.  Ecorr  and  
Hcorr  are  obtained  accord ing  to  Formu las  (7)  and  (8)  for a l l  poss ib le  l i near combinations  
correspond ing  to  d i fferen t phase  and  ampl i tude  weights  (codebook).  The  combined  averaged  
power densi ty i s  therefore  assessed  accord ing  to  Formu la  (2)  and  the  maximum  va lue  for a l l  
combinations  is  se lected .  The  combin ing  of the  e lectric and  magnetic  fi el ds  requ ires  
knowledge  of both  ampl i tude  and  phase  for each  component.  

I f the  codebook is  unknown,  an  overestimate  of the  combined  power dens i ty d istribution  on  
the  evaluation  surface  is  g i ven  by 

 ( )
,

*

1, 1

1 ˆ( ) ( ) ,
2

I L

i l

i l= =

× ⋅∑ E r H r n  (9)  

where  iE  and  lH  are  the  e lectric  and  magnetic  fi el d  for the  an tenna  i  and  l,  respectivel y.  The  

power dens i ty obta ined  i n  th is  fash ion  is  then  spatia l l y averaged  accord ing  to  the  appl icable  
l im i ts.  Formu la  (9)  m ight l argel y overestimate  power dens i ty.  More  accurate  bu t more  complex 
methodolog ies ,  provid ing  the  upper bound  of power dens i ty for array an tennas  are  described  
i n  [7 ] .  Formu la  (9)  requ i res  knowledge  of both  ampl i tude  and  phase  of the  e lectric  and  
magnetic fi e ld  components.  A s impler express ion ,  based  on  the  ampl i tude  on l y i s  provided  i n  
Formu la  (1 0):  

 
,

1, 1

1
( ) ( ) .

2

J I

i l

j i= =

⋅∑ E r H r  (1 0)  

Formu la  (1 0)  l eads  to  an  even  l arger overestimation  of the  combined  power dens i ty compared  
wi th  Formu la  (9) .  

An  a l ternative  to  combin ing  exposures  obta ined  separatel y for the  d i fferen t an tennas  i s  to  
conduct  repeated  measurements  correspond ing  to  a l l  phase  (and  ampl i tude)  combinations  
between  the  transm i tters.  Th is  evaluation  is  time consum ing  and  may not be  practical .   
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When  the  fie lds  from  the  d i fferen t an tennas  are  uncorrelated ,  power dens i ty i s  determ ined  
accord ing  to  6 . 4  for a l l  an tennas  operati ng  s imu l taneousl y.  Otherwise,  i f the  contribu tion  for 
each  e lement i s  known ,  the  power dens i ty d is tribu tion  con tribu tions  on  the  evaluation  surface  
can  be  determ ined  as   

 ∑
=

=
I

i

i

1

)()( rSrS  (1 1 )  

The  maximum  spatia l -average power dens i ty on  the  evaluation  surface  is  ca lcu lated  from  the  

d istribu tion  of the  combined  power densi ty )(rS .   

6.5.2 .3  DUT with  one  array antenna opertating  at  f >  ftr  and  one antenna operating  at  
f <  ftr  both  transmitting  simul taneously 

Power densi ty,  and  therefore  the  exposure  ratio,  for the  array operating  at  above  ftr  i s  
determ ined  accord ing  to  6 . 5. 2 . 2 .  For the  transm i tter be low ftr,  exposure  i s  assessed  i n  terms 
of SAR us ing  the  procedures  in  I EC 62209  series  of SAR assessment standards.  When  these  
va lues  are  known,  the  fol lowing  options  can  be  used  to  obtain  the  TER for the  DUT.  

6.5.2 .4  Al ternative  1 :  Evaluation  by considering  spatial  exposure  d istributions  

Exposure  ratios  (for frequencies  above and  below ftr)  are  summed  poin t-by-poin t [accord ing  to  
Formu la  (6) ] .  The  TER is  then  taken  as  the  maximum  va lue  of th i s  summation .  Th is  
methodology i s  the  most accurate  bu t i t  requ ires  evaluation  of l ocal i zed  SAR and  l ocal  or 
spatia l -average  power dens i ty at  common  l ocations  i n  space.  For i nstance,  th is  i s  possib le  i f 
the  power dens i ty i s  determ ined  on  evaluation  surface(s),  correspond ing  to  a  representation  
of the  user’s  head  or body surface,  cons isten t wi th  the  SAM  and/or body phantom  defin i ti ons  
i n  I EC 62209  (see  Al ternative  1  i n  6 . 2. 5) ,  where  summing  of TER for add i tional  poin ts  i ns ide  
the  phan tom  is  not necessary.  

I f the  antennas  are  l ocated  at  d i fferent pos i ti ons,  i t  m ight be  necessary to  evaluate  SAR 
nearby the  antennas  operati ng  above  ftr  and  power densi ty nearby the  an tennas  transm i tting  
below ftr.   

For array an tennas  above  ftr  wh ich  are  used  for beamform ing  (correlated  exposure),  the  
power densi ty i s  assessed  for a l l  poss ib le  phase  and  ampl i tude  exci tations  (un less  the  
an tenna  precod ing  weigh t provid ing  the  maximum  TER is  known)  and  then  combined  wi th  the  
TER for SAR.  I n  general ,  the  ERs  for SAR and  power densi ty are  to  be  combined  for the  
device  pos i ti ons,  configurations  and  operational  modes  resu l ti ng  i n  the  maximum  TER.   

6.5.2 .5  Al ternative  2:  Evaluation  by selection  of h ighest exposure  ratio   

I f the  SAR and  power dens i ty maxima  are  spatia l l y separated ,  the  aggregate  exposure  may be  
evaluated  by selecti ng  the  h i ghest exposure  ratio  i n  terms  of peak spatia l -average  SAR 

( trf f≤ )  and  maximum  spatia l -average  or local  power densi ty ( trf f> )  i n  accordance wi th  the  

appl icable  exposure  l im i ts.  Th is  procedure  g i ves  an  accurate  estimate  of the  TER when  the  
measured  exposure  d istribu tions  have  l i ttle  or no  overlapping  contributions .   

6.5.2 .6  Al ternative  3:  Evaluation  by summation  of peak exposure  ratios  

The  maximum  ER for each  source  d istribution  is  determ ined  i ndependentl y accord ing  to  peak 
spatia l -average SAR or maximum  spatia l -average  / l ocal  power dens i ty requ i rements  and  
summed  i rrespective  of where  the  maximum  ER occurs  on  the  phantom  or evaluation  
surface(s).  Th is  procedure  is  the  eas iest  approach  to  determ ine  the  TER.  I t  i s  a lso  the  most 

conservative  procedure  s i nce,  i n  many cases,  the  maximum  ER for each  source  ( trf f≤  and  

trf f> )  wi l l  be  at d i fferent  spatia l  l ocations.  The  resu l ti ng  TER is  expected  to  l argel y 
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overestimate  the  exposure.  When  compl iance  can  be  determ ined  accord ing  to  Al ternative  3 ,  
Al ternative  1  and  Al ternative  2  may be  avoided .   

7 Uncertainty estimation  

7. 1  General  considerations  

The concepts  of uncerta in ty estimation  i n  the  measurement of the  power dens i ty (PD)  from  
wireless  devices  are  based  on  the  general  ru les  provided  by I SO/IEC  Gu ide  98-3  [8 ] .  
Nevertheless,  uncertain ty estimation  for complex measurements  remains  a  d i fficu l t  task and  
requ ires  h i gh- level  special i zed  eng ineering  knowledge.  C lause  7  provides  a  general  
description  of the  uncerta in ty terms.  Un less  identi fi ed  otherwise,  the  uncerta in ty of the  power 
dens i ty assessment i s  determ ined  accord ing  to  the  averag ing  area  speci fi ed  by the  appl icable  
exposure  standard  or regu latory requ i rements.  For each  uncertain ty component,  the  fol lowing  
general  approach  is  appl ied  [8 ] .  

•  Determ ine  the  type  of evaluation  that wi l l  be  used  to  estimate  the  uncertain ty componen t.  
Type  A evaluation  is  a  s tatis tical  anal ys is  of a  series  of observations.  Type  B  evaluation  is  
estimation  by any other means  than  Type  A.  

•  Determ ine  the  statis tical  d is tribu tion  of the  uncertain ty component.  I f a  l arge  number of 
observations  are  avai l ab le  from  a  Type  A evaluation ,  the  statis tical  d istribu tion  is  known  
by plotti ng  the  resu l ts.  Otherwise,  the  statistical  d i stribution  i s  determ ined  from  knowledge 
of the  physics  of the  uncertain ty componen t.  

•  Ca lcu late  the  standard  uncertain ty.  For Type  A evaluation ,  the  s tandard  uncertain ty i s  the  
estimated  standard  deviation  of the  data.  For Type  B  evaluation ,  the  standard  uncertain ty 
is  estimated  by d ivi d ing  the  maximum  deviation  by the  coverage factor.  The  coverage  
factors  for d i fferen t s tatis tical  d istributions  are  avai lab le  i n  [8 ] .  

7.2  Uncertainty model  

The combined  s tandard  uncerta in ty of the  measured  power densi ty i s  the  root sum  squared  of 
uncertain ty con tributions  from  the  fol lowing  i n fl uences:  

1 )  uncerta in ty terms  dependent on  the  measurement system  (7. 3) ;  

2)  uncerta in ty terms  dependen t on  the  device  under test (DUT)  and  envi ronmenta l  factors  
(7. 4) .  

Combin ing  of uncertain ty terms  to  determ ine  the  total  expanded  uncertain ty i s  described  i n  
7. 5.  

7.3  Uncertainty components  dependent on  the  measurement  system  

7.3. 1  Cal ibration  of the  measurement equ ipment 

Cal ibration  uncerta in ty i s  assessed  and  documented  by the  system  manufacturer.  Depend ing  
on  the  system  implementation ,  the  probe  is  d i rectl y ca l i brated  together wi th  i ts  readou t 
e lectron ics  or,  i f appl icable,  the  readout e lectron ics  i s  ca l ibrated  separatel y.  I n  the  l atter case,  
add i tional  uncerta in ties  resu l ting  from  the  connection  of the  two  parts  after ca l i bration  are  
taken  i n to  account,  e. g .  m ismatch  uncertain ty for a  RF  probe  and  RF  readou t  having  d i fferent  
impedances.   

7.3.2  Probe correction  

Probe  correction  i s  the  d i fference  between  the  receiving  properties  of the  phys ica l  probe  
compared  to  an  i deal  probe  that measures  the  fi e l d  at  a  poin t  in  space.  Th is  term  is  especia l l y 
important  in  cl ose  proxim i ty to  a  source  where  fie lds  may vary s ign i fican tl y over the  volume of 
the  probe.  More  i n formation  i s  avai lable  i n  [4]  abou t probe  correction  for speci fic near fie l d  
implementations  (p lanar,  cyl i ndrical  and  spherica l ) .  The  uncertain ty i n  the  receiving  properties  
of the  probe  affecti ng  probe  correction  i s  i ncluded .  
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7.3.3  Isotropy  

Probe isotropy i s  a  measure  of the  deviation  i n  probe  response to  arb i trary fi e l d  polarization .  
I n  general ,  fi e l ds  em i tted  by smal l  portable  wi reless  devices  are  of arbi trary polari zation .   

7.3.4  Mu ltiple  reflections  

The fie l d  scattered  by a  probe  is  partl y scattered  back to  the  DUT to  be  retransm i tted  again .  
Th is  effect depends  on  the  frequency,  the  s tructure  of the  probe and  the  probe  d istance  to  the  
DUT.  S ince  th is  effect  i s  a  characteristic  of a  speci fic  probe,  i t  i s  determ ined  by the  
manufacturer during  the  probe  cal i bration .  I f a l gori thms are  appl ied  to  compensate  for the  
mu l tip le  reflections,  then  the  PD  uncertain ty can  be  determ ined  wi th  the  same evaluation  
hardware  and  software  used  for perform ing  the  measurements.  

7.3.5  System  l ineari ty  

The  evaluation  of system  l ineari ty i s  performed  such  that a l l  components  of the  system  
in troducing  potentia l  non-l ineari ties  are  assessed .  For i nstance,  i f a  vector-probe contains  no  
non- l i near e lement bu t  i ts  readout  e lectron ic does,  then  the  tests  to  evaluate  th is  uncertain ty 
con tribu tion  shou ld  i nclude  the  readout  e lectron ics .  Th is  evaluation  is  performed  by 
measuring  the  PD  over the  d ynam ic range  of the  measurement system  and  determ in ing  the  
maximum  deviation  from  the  best-fi t  stra igh t l i ne  that goes  through  the  ori g in .  

7.3.6  Probe posi tion ing  

The mechan ical  restrictions  of the  fi e ld  probe  posi tioner can  in troduce  deviations  i n  the  
accuracy and  repeatabi l i ty of probe  pos i ti on ing .  The  uncertain ty is  d ue  to  the  accuracy of the  
mechan ica l  movement of the  probe.   

7.3.7  Sensor location  

The uncertain ty is  due  to  mechan ica l  uncerta in ties  i n  the  sensor location  during  
manufacturing .  The  actual  d is tance  of the  sensor from  the  DUT is  d i fferen t from  the  assumed  
(nom inal )  d istance,  and  each  sensor l ocation  varies  i n  a  certain  to lerance  range.   

7.3.8  Ampl i tude  and  phase  dri ft  

This  term  describes  the  i n fl uence  of short-term  and  long-term  dri ft  of the  measurement 
equ ipment on  the  measured  PD.  I t  i s  not  re lated  to  the  d ri ft  of the  power of the  DUT.  
Short-term  dri fts  (e. g .  over a  period  of m inutes  or hours)  are  caused  by i n fl uences  such  as  
equ ipment heating ,  e l ectromagnetic  in terference and  changes  i n  ambient  cond i ti ons.  
Long-term  dri fts  (e. g .  over a  period  of days  to  months)  are  caused  by componen t d ri ft,  
ampl i fi er stabi l i ty and  l ong-term  fl uctuations  i n  d ie lectric  parameters  of materia ls  of probe  and  
re lated  measurement equ ipment.   

Uncertain ty due  to  ampl i tude  and  phase  dri fts  i s  eval uated  from  trend  anal ys is  of PD  
measurements  taken  at  d i fferent  times.  The  uncertain ties  of short-term  and  l ong-term  d ri fts  
are  evaluated  separatel y and  combined  assum ing  that  they are  statistical l y i ndependent.   

7.3.9  Ampl i tude  and  phase  noise  

This  term  is  the  component noise  of the  measurement system .  Ampl i tude  and  phase  noise  is  
random  fluctuations  in  the  measurement due  to  short-term  changes  such  as  component noise.  
Th is  uncertain ty i s  evaluated  from  the  data  taken  to  estimate  the  uncertain ty due  to  short-term  
ampl i tude  and  phase  dri fts.  Th is  uncertain ty can  be  evaluated  from  measurement data  taken  
at several  frequencies  across  the  appl icable  range  and  for a l l  system  states  i f re levant.  For 
example,  i f a  system  includes  ampl i fi ers  wi th  several  ga in  states,  the  uncerta in ty anal ys is  can  
be  performed  on  data  obta ined  for a l l  possible  ga in  s tates.  
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7.3. 1 0  Data  point spacing  

This  component i s  determ ined  based  on  the  spatial  resolu tion  speci fied  by the  measurement 
equ ipment manufacturers .   

7.3. 1 1  Measurement area  truncation  

The uncerta in ty for measurement surface  truncation  i s  determ ined  accord ing  to  
implementation  of the  measurement methodology for capturing  the  fi e l d  d i stribu tions  requ ired  
to  main tain  power dens i ty assessment accuracy.  The  cri teria  to  m in im ize  truncation  errors  are  
typ ical l y speci fi ed  by the  measurement system  manufacturer.  

7.3. 1 2  Reconstruction  algori thms  

The numerica l  techn iques  that  are  app l i ed  to  the  measured  fie lds  to  propagate,  transform ,  
proj ect  or reconstruct  the  power dens i ty d is tribu tion  at  the  evaluation  surface  i n troduce  errors  
and  the i r uncertain ty shou ld  be  estimated .  Th is  i s  especia l l y importan t considering  that  some 
systems  m igh t make  use  of very complex reconstruction  al gori thms,  e. g .  phase  retrieval  
a lgori thms  making  use  of ampl i tude  on l y data.  Th is  i s  typica l l y speci fied  accord ing  to  
implementations  of the  a lgori thms by the  system  manufacturer.  

7.4  Uncertainty terms  dependent on  the  DUT and  environmental  factors  

7.4. 1  Probe coupl ing  wi th  DUT 

The probe  partl y scatters  the  imping ing  power rad iated  by the  DUT.  I n  add i ti on  to  caus ing  
mu l tip le  reflections  (see  7. 3. 4) ,  the  mod i fication  of the  DUT l oad ing  causes  a  reaction  of the  
power ampl i fier that  may ad j ust  i ts  ou tpu t power.  Th is  uncerta in ty term  is  evaluated  as  the  
d i fference  between  the  transm iss ion  coefficien t of the  DUT,  T =  [1  – S 1 1

2 ] ,  wi th  and  wi thou t 
the  presence  of the  probe,  where  S 1 1  i s  the  magn i tude  of the  reflection  coefficien t of the  
an tenna.   

7.4.2  Modulation  response  

This  uncertain ty term  m igh t be  re levant on l y for certa in  types  of systems  (e . g .  system  that i s  
making  use  of d iode- loaded  probes).  I t  can  be  assessed  by us ing  any source  wi th  a  setup  the  
same as  or equ ivalent  to  a  setup  used  for system  veri fication .  The  s i gnal  generation  setup  
s imu lates  the  modu lation  for wh ich  the  uncerta in ty i s  determ ined  accord ing  to  the  
speci fication  of the  commun ication  system  standard .  The  PD  is  measured  wi th  the  modu lated  
s i gnal  and  wi th  CW  at the  same RMS  power (veri fication  that the  power meter i s  a  true  RMS  
detector and  that the  ampl i fier i s  sufficientl y l i near for the  enti re  d ynam ic range  of the  s ignal  i s  
requ ired ).   

7.4.3  In tegration  time  

Measurement i n tegration-time uncertain ties  may arise  when  test  devices  do  not em i t  a  
con tinuous  s ignal .  When  the  i n tegration  time and  d iscrete  sampl i ng  in tervals  used  in  the  
probe e lectron ics  are  not synchron ized  wi th  the  pu lsed  characteristics  of the  measured  s i gnal ,  
the  RF  energy at  each  measurement l ocation  may not  be  fu l l y or correctl y captured .  Th is  
uncertain ty shou ld  be  evaluated  accord ing  to  the  s ignal  characteristics  of the  test device  prior 
to  the  PD  measurement.  Measurements  at  a  s ing le  poin t shou ld  be  made  consecutivel y us ing  
the  chosen  i n tegration  time and  progress ivel y l arger in tegration  times.   

7.4.4  DUT al ignment  

This  uncertain ty term  is  determ ined  by evaluati ng  the  PD  for d i fferent mechan ical  errors  i n  the  
DUT posi ti on ,  re lated  to  the  mechan ical  tolerances  of the  device  holder or s im i l ar hardware  
used  to  secure  the  DUT and  pos i ti on  i t  i n  the  requ ired  orientations  for measurement.   
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7.4.5   RF  ambient cond itions  

The ambient RF  l evel  i s  evaluated  by perform ing  PD  measurements  us ing  the  same 
equ ipment setup  used  for testi ng  the  DUT,  however wi th  the  RF  power swi tched  off.  

7.4.6  Measurement system  immuni ty/secondary reception  

During  measurements,  the  fi e l ds  rad iated  by the  DUT may be  p icked  up  by parts  of the  
measurement system  other than  the  fie l d  sensors.  Th is  may resu l t  i n  undes irable  effects  
susceptib le  to  i ncrease  the  measurement uncertain ty.  For example,  the  uncertain ty 
assessment can  be  carried  ou t by us ing  the  val i dation  sources  i n  speci fi ed  test  pos i tions  and  
b locking  the  d i rect fi e ld  reception  from  the  probe  supposed  to  perform  the  measurement.  PD  
measurements  shou ld  be  performed  i n  these  cond i tions  at  frequencies  speci fied  for the  
va l i dation .   

7.4.7  Dri ft  of DUT 

The measurement d ri ft  of the  DUT is  accounted  for by the  fi rst  and  l ast step  of the  
measurement process  defined  i n  6 . 4 . 2  or 6 . 4 . 3 .  The  dri ft i s  recorded  as  the  percen tage  
d i fference  of the  secondary reference measurement,  Refsecondary  from  the  primary reference  
measurement,  Refprimary:  

 ( ) primaryprimarysecondary RefRefRef%1 00drift −×=  (1 2)  

7.5  Combined  and  expanded  uncertainty  

The con tributions  of each  component of uncertain ty shou ld  be  recorded  wi th  description ,  
probabi l i ty d istribu tion ,  sens i ti vi ty coefficien t,  ci,  and  uncertain ty value,  u(xi)  of the  uncertain ty 
component,  xi.  A recommended  tabu lar form  is  shown  i n  Table  2 .  

I f a l l  uncertain ty components ,  xi,  are  statistica l l y i ndependent,  the  combined  s tandard  
uncerta in ty uc  for spatia l -average  PD  measurement i s  estimated  accord ing  to  Formu la  (1 3) :  
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I f some uncerta in ty componen ts  are  s tatistical l y dependen t on  others,  Formu la  (1 4)  can  be  
appl ied  to  calcu late  the  combined  standard  uncertain ty:  
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I n  Formu la  (1 4) ,  r(xi,  xj)  i s  the  corre lation  coefficien t wh ich  i s  ca lcu lated  from  the  estimated  
covariance  u(xi,xj)  associated  wi th  the  two  components  xi  and  xj:  
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I n  the  specia l  case  where  a l l  u ncertain ty terms  are  completel y correlated  ( i . e .  r(xi,  xj)  =  1 ) ,  the  
uncerta in ty i s  a  l i near sum  of the  i nd ividual  components :  
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Further description  and  examples  of evaluati ng  uncerta in ty are  provided  i n  
I SO/IEC Gu ide  98-3  [8] .  

The  expanded  uncertain ty U i s  estimated  by mu l tip l ying  the  s tandard  uncertain ty by a  
coverage factor of k represen ting  a  confidence i n terval  of 95  %.  The  coverage factor i s  k =  2  i f 
the  combined  uncertain ty has  a  Gauss ian  d istribu tion .  Otherwise,  see  [8]  for more  i n formation .  

The  evaluation  of several  uncerta in ty componen ts  can  be  combined  and  assessed  d i rectl y by 
Mon te-Carlo-method  or other methods.  I n  such  cases  the  calcu lation  of the  corre lation  
coefficien t may not be  needed .  

Table  2  – Example  of measurement uncertainty evaluation  
template  for power densi ty measurements  

Source of uncertain ty Description  Unc.   

±  %  

Prob.  
Dist.  

Div.  c
i
 Standard  

uncertain ty 

±  %   

ν
i
 

or 

ν
eff
 

Uncertainty terms dependent on the measurement system 

Cal i bration           

Probe  correction         

I sotropy          

Mu l ti pl e  refl ections         
 

System  l i neari ty          

Probe  posi ti on ing    
 

    

Sensor l ocation         

Ampl i tude  and  phase  d ri ft    
 

    

Ampl i tude  and  phase  no i se    
 

    

Data  poin t  spacing    
 

    

Measurement area  truncation    
 

    

Reconstruction  a l gori thms   
 

    

Uncertainty terms dependent on the DUT and environmental factors 

Probe  coupl i ng  wi th  DUT         

Modu l ation  response          

I n tegration  time    
 

    

DUT a l i gnment    
 

    

RF  ambien t cond i ti ons    
 

    

I mmun i ty /  secondary reception         

Dri ft  of the  DUT        

 

Combined  s tandard  uncertai n ty         

Expanded  u ncertain ty 
(95  %  confi dence  i n terval )  
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8 Measurement report 

8. 1  General  

8. 1 . 1  General  

The test  report  i ncl udes  a l l  test  resu l ts ,  the  necessary i n formation  re lated  to  the  
configurations  tested ,  the  methods  and  i nstrumentation  used  for the  assessment of the  DUT.   

I f SAR measurements  were  also  requ i red  to  assess  the  fu l l  compl iance  of the  DUT,  the  
reporting  i ncludes  the  i tems  set forth  in  other appl icable  I EC  standard (s),  i nclud ing  any 
add i ti onal  reporting  requ i rements  identi fi ed  by national  regu latory agencies.   

8. 1 .2  I tems  to  be  recorded  i n  the  measurement report 

Al l  i n formation  requ i red  to  perform  repeatable  tests ,  ca lcu lations,  and /or measurements  i s  
recorded  to  obtain  resu l ts  wi th in  the  acceptable  cal i bration  and  uncertain ty range.  
Furthermore,  the  measurement report  shou ld  i nclude  the  fo l l owing  speci fic i n formation :  

1 )  General  i n formation  

a)  i denti fication  of the  test  l aboratory;  

b)  i denti fication  of the  DUT includ ing  hardware  and  software  revis ion  numbers,  seria l  
number,  e . g .  I n ternational  Mobi l e  Equ ipment I denti ty ( IMEI ) ;  

c)  compl iance  requ i rements ,  e. g .  test  standards,  gu ide l i nes,  recommendations,  etc. ;  

d )  appl icable  exposure  l im i ts,  e . g .  I CN IRP,  I EEE/ICES,  etc. ;  

e)  a  l i s t of accred i tations  provided  by national  or i n ternational  bod ies  to  perform  testi ng  to  
appl icable  s tandards,  procedures,  etc.  wi th  the  expiry date  of the  accred i tation .  

2)  Report  summary (for al l  power densi ty re lated  data)  

a)  frequency bands  and  configurations :  

i )  l i st  of a l l  frequency bands  and  modu lations  tested ;   

i i )  l i st  of a l l  test configurations  assessed ;   

b)  tabu lated  average  power dens i ty va lues  over the  testing  posi ti ons,  bands,  operati ng  
modes  and  device  configurations  i nclud ing  a l l  appl icable  tune-up  speci fications;  

c)  tabu lar and  graph ical  resu l ts  for the  h ighest maximum  average  power densi ty 
measurement for each  frequency band  and  modu lation ;  

d )  reference  to  exposure  l im i ts  and  a  s tatement of compl iance.  The  s tatement of 
compl iance  takes  i n to  accoun t the  combined  exposure  from  mu l tip le  an tennas  
operati ng  s imu l taneously.   

3)  Detai led  description  of the  DUT and  test detai ls  

a)  description  of the  form  factor of the  DUT and  a  brief description  of i ts  i n tended  
function(s);  

b)  description  of the  posi tions  and  orientations  to  be  tested ,  i nclud ing  photos;  

c)  description  of the  avai l ab le  and  tested  an tenna(s)  and  accessories ,  i nclud ing  batteries;  

d )  description  of the  avai lable  and  tested  operating  modes,  power l evels  and  frequency 
bands;  

e)  detai l ed  description  and  rationale  for any test  reductions  used  during  the  evaluations;  

f)  detai l ed  description  of the  appl icable  test  mode  software  used  a long  wi th  the  speci fic 
configurations  used  for each  operating  mode  tested  ( i . e.  power l evel ,  an tenna,  
frequency and  modu lation  settings) ;   

g )  testing  envi ronmenta l  cond i tion ,  e. g .  temperature;  

h )  type  of power dens i ty measurement performed  ( i . e.  evaluation  of both  E-fiel d  and  
H -fiel d  vs.  evaluation  of E-fie l d  or H -fie ld  fie ld  on ly) ;  
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i )  resu l ts  of a l l  tests  performed  ( i . e .  maximum  spatia l -average power dens i ty and /or l oca l  
power dens i ty for each  test);  

j )  g raph ical  representation  of the  evaluation  surface  wi th  respect  to  the  DUT for the  
maximum  average  power densi ty value  of each  operating  mode);   

k)  i n formation  on  the  measured  dri ft for each  test i ncl ud ing  the  maximum  dri ft measured ;  

l )  detai l s  on  scal i ng  of the  resu l ts  ( i . e .  tune-up  to lerance scal ing  and  power d ri ft sca l i ng  
as  appl icable).  

4)  Uncerta in ty estimation  

a)  uncerta in ty for measurement of the  DUT (Table  2 );  

b)  uncerta in ty budget of the  system  check;   

c)  uncerta in ty budget of the  system  val i dation .   

5)  Measurement system   

a)  measurement system  main  component description  i nclud ing :  

i )  probe(s),  i nclud ing  i n formation  on  d imensions,  i sotropy,  spatia l  resolu tions,  
d ynam ic range  and  l i neari ty;  

i i )  readou t e lectron ics ;  

i i i )  device  holder;  

i v)  scann ing  systems;  

v)  other re levant components.  

b)  ca l i bration  data  for relevan t  components  (e. g .  probe  cal ibration  certi ficates)  m ight  be  
provided  in  the  measurement report.  

c)  resu l ts  of system  check:  

i )  measurement resu l ts  for each  frequency band ;  

i i )  deviation  from  the  power densi ty target value(s);  

i i i )  detai l ed  description  of the  reference  rad iating  sou rce.  

6)  Val i dation  of the  power dens i ty measurement method  

a)  reconstruction  a l gori thm ,  i nclud ing  the  val i dation  data,  and  deta i l ed  description  on  how 
power dens i ty i s  determ ined  us ing  the  measured  fi el d  components;  

b)  resu l ts  of the  compu tations,  measurements  and /or other assessments  performed  by 
the  measurement system  developer i n  order to  val i date  the  power dens i ty 
measurement method ;  

c)  a  description  of any add i tional  anal yses  or cond i ti ons  imposed  by the  system  
developer used  to  va l i date  the  power densi ty measurement methodology;  

d )  reference  rad iati ng  source  description  and  power dens i ty d is tribution  for each  
frequency band ;  

e)  range  of operating  frequencies  and  modu lations;   

f)  power densi ty method  uncerta in ty.  

9  Recommendation  for future work 

9. 1  Measurement standard  for EMF compl iance assessment of devices  operating  at  
frequencies  above  6  GHz 

9. 1 . 1  General  

This  document describes  poss ib le  methods  and  measurement techn iques  for the  evaluation  of 
power dens i ty from  transm i tti ng  devices  operati ng  close  to  the  user at frequencies  between  
6  GHz and  1 00  GHz.  Whi le  th is  document i s  i n formative  and  detai ls  the  curren t state  of 
knowledge,  I EC  TC 1 06  subm i tted  a  new work i tem  proposal  i n  earl y 201 8  for an  I n ternational  
Standard  ( I S)  address ing  the  same frequency range.  Th is  document provides  extensive  
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materia l  for the  development of such  an  I S.  Nevertheless,  some  i tems requ i ri ng  add i tional  
cons iderations  have  been  i den ti fied  and  are  d iscussed  in  C lause  9 .   

I n  general ,  the  complexi ty of devices  has  increased  dramatical l y over the  years.  Add i ti onal  
effort  shou ld  be  made  i n  speci fying  methods,  procedures  and  in  i den ti fying  equ ipment wh ich  
a l l ow for an  i ncreased  efficiency of EMF compl iance  testi ng ;  thus  l im i ti ng  the  amount of 
redundant compl iance  testi ng  requ i red  wi thout  j eopard izing  the  conservativeness  of the  
testing  reg ime.  

9. 1 .2  Test frequencies  

Subclause  6. 2. 4  defines  the  channel  or a  practica l  subset of channels  where  power dens i ty 
measurements  are  performed.  The  procedure  comes  from  the  SAR standards  where  testing  is  
performed  close  to  the  phan tom  and  l ikel y to  affect the  tun ing  of the  an tennas  d i fferen tl y at  
d i fferent frequencies.  S ince  power dens i ty measurements  are  conducted  i n  free-space and  
there  are  no  frequency-varying  tissue  s imu lan t  parameters,  the  possib i l i ty to  reduce  the  
number of channels  to  be  assessed  shou ld  be  i nvestigated .  

9. 1 .3  Evaluation  surfaces   

Subclause  6. 2. 5  provides  two  a l ternatives  wh ich  can  be  used  to  defi ne  the  surface(s)  and  
orientations  wi th  respect to  the  DUT where  power dens i ty i s  to  be  evaluated .  For both  
a l ternatives,  further investigations  to  s impl i fy the  procedure  of i den ti fying  the  surface  
orientation  are  needed .  Some aspects  re lated  to  these  two  options  need  fu rther investi gation .  

– I n  Al ternative  1 ,  the  evaluation  surface  correspond ing  to  the  shape of the  i nner surface  of 
the  SAM  phantom  and  flat phantom  defined  by I EC 62209  series  of SAR assessment 
standards  are  used .  For some measurement techn iques  based  on  near-fie l d  
reconstruction  a lgori thms,  the  fie l ds  are  therefore  to  be  proj ected  on  a  complex surface  
(correspond ing  to  the  SAM).  Al though  possib le  i n  theory,  the  impl ications  on  the  accuracy 
and  feasibi l i ty of such  solu tion  i n  i nd ividual  implementations  need  to  be  further 
i nvestigated .  Accord ing  to  Al ternative  1 ,  evaluation  surfaces  i n  the  shape of a  p l ane  
tangentia l  to  the  SAM  can  a lso  be  used .  Th is  wi l l  l ead  to  fl at  (and  therefore  l ess  complex)  
surfaces.  Nevertheless,  each  poin t of the  SAM  su rface  wou ld  correspond  to  a  p l ane  wi th  a  
d i fferent  orientation .  As  a  resu l t,  such  solu tion  m igh t requ i re  reconstruction  of the  power 
dens i ty on  several  p lanes.   

– For Al ternative  2 ,  power dens i ty i s  assessed  i n  the  evaluation  p lane(s)  correspond ing  to  
the  maximum  avai lable  l ocal  or spatia l -average  power dens i ty.  As  these  are  not  known  a  
priori ,  methods  and  optim ization  techn iques  to  fi nd  such  p lane(s)  are  to  be  exam ined .  A 
bru te  force  approach  cou ld  be  appl ied  where  power dens i ty i s  evaluated  (e. g .  by means  of 
a  reconstruction  a l gori thm)  on  d i fferent  p lanes.  However,  th is  approach  m ight resu l t  i n  a  
very time-consum ing  process.  Fu rthermore,  i t  m ight be  d i fficu l t  to  make use  of 
Al ternative  2  when  evaluati ng  exposure  for mu l ti p le  transm i tters  and  combin ing  SAR and  
power densi ty d istributions  (6. 5. 2 .4)  s i nce  the  evaluation  plane  is  defi ned  i ndependentl y 
from  what i s  speci fi ed  by I EC 62209  (to  notice  that the  more  conservative  combin ing  
methods  described  i n  6. 5. 2 .5  and  6 . 5 . 2 . 6  wou ld  sti l l  appl y) .  Another factor to  be  
cons idered  when  us ing  Al ternative  2  for DUT wi th  mu l ti p le  transm itters  (e. g .  an tenna  
arrays  making  use  of beamform ing)  i s  that the  p lane  provid ing  the  l argest  power dens i ty 
m ight  vary wi th  the  appl i ed  an tenna  weigh t.   

For mu l ti p le  exposure  cond i tions,  both  a l ternatives  may be  appl ied  to  evaluate  combined  total  
exposure  ratio  (TER).  Al ternative  1  may be  used  in  con junction  wi th  Al ternative  2  to  reduce  
the  complexi ty of the  test procedures.  Some test  pos i tions  or exposure  scenarios  (e. g .  head  
exposure)  can  be  assessed  accord ing  to  Al ternative  1 .  The  remain ing  test pos i tions  or 
exposure  scenarios  (e. g .  body exposure)  may be  optim ized  by us ing  Al ternative  2 ,  ensuring  
that  the  assessment fu l l y takes  i n to  account a l l  necessary test posi ti ons  and  exposure  
scenarios.  

Exploratory and  i nvestigati ve  work shou ld  con ti nue  wh i l e  more  devices  operati ng  in  the  
targeted  frequency range  (6  GHz to  1 00  GHz)  are  made avai lab le.  Other a l ternatives  than  the  
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ones  speci fi ed  i n  6 . 2. 5  m igh t provide  better solu tions.  For i nstance,  the  possibi l i ty to  use  on l y 
p lanar evaluation  su rfaces  paral le l  to  the  faces  or edges  of a  device  shou ld  be  considered  as  
i t  wou ld  greatl y s impl i fy the  overal l  measurement procedure.  Evaluation  su rfaces  conformal  to  
the  DUT shape  shou ld  be  a lso  i nvestigated  as  they cou ld  be  used  to  main ta in  a  fixed  
separation  d istance  for devices  characterized  by curved  surfaces.  

9. 1 .4  Evaluation  of exposure  from  multiple  transmitters  

I n  th is  document,  6 . 5  describes  how to  determ ine  the  tota l  combined  exposure  from  mu l tip le  
an tennas  operati ng  s imu l taneousl y.  The  fol lowing  i tems  are  to  be  cons idered  for further study.  

– As  the  number of an tennas  s imu l taneousl y transm i tting  i s  i ncreased ,  s impl i fied  procedures  
to  reduce  the  complexi ty of the  tests  need  to  be  speci fied  i n  the  fu ture  I S .  I n  pri ncip le,  the  
fie lds  for each  antenna  e lement operating  separatel y are  to  be  assessed  for corre lated  
sources.  Otherwise,  repeated  measurements  for a l l  poss ib le  exci tations  shou ld  be  
conducted  wh ich  m igh t not be  practical .  The  measurement time cou ld  be  reduced  by 
synchron izing  the  measurement system  wi th  the  software  con trol  of the  DUT to  cycle  
through  the  an tenna  ports  i n  a  s ing le  scan .  Al ternative l y,  i f the  s i gnal  i s  processed  so  that 
the  contribution  from  each  port can  be  separatel y detected  when  demodu lated ,  
measurements  cou ld  be  conducted  for a  s i ng le  scan  wi th  a l l  transm i tters  operating  
s imu l taneously.  The  poss ibi l i ty of adopting  such  solu tions  shou ld  be  i nvestigated  i n  the  I S.  

– For uncorre lated  sources,  a  l arge  number of combinations  correspond ing  to  d i fferent 
device  pos i ti ons  and  operational  modes  may be  requ i red  i n  order to  evaluate  the 
maximum  TER (see  6. 5) .  Moreover,  when  the  TER is  determ ined  by spatia l  summation  of 
the  ER d istributions,  the  con tribution  of each  source  at  common  l ocations  i n  space  is  
needed .  Th is  m igh t imply that the  volume or area  where  exposure  i s  assessed  shou ld  be  
en larged  resu l ti ng  i n  an  i ncreased  measurement time.  Procedures  and  equ ipment to  
speed  up  th is  process  shou ld  be  addressed  i n  a  fu ture  I S.  For i nstance,  wel l  defi ned  and  
effecti ve  cri teria  to  i denti fy antenna  e lements  characterized  by exposure  d istributions  wi th  
l i ttle  or no  overlap  (see  6. 5. 2 .5) ,  and  for wh ich  exposure  can  be  assessed  i ndependentl y,  
shou ld  be  defined .   

– S ince  portable  devices  are  expected  to  operate  s imu l taneousl y above  and  below the  
transi ti on  frequency where  the  bas ic restrictions  change from  SAR to  power dens i ty,  a  
fu ture  I S  shou ld  provide  fu rther gu idance  on  how to  combine  exposure  from  d i fferent  
metrics.  I n  th is  document,  some gu idance i s  g i ven  i n  6 . 5. 2. 3.   

9. 1 .5  Other future work i tems   

9. 1 .5. 1  Energy steering  methods  

Some devices  m ight  make  use  of beamform ing  techn iques  or a l ternative  an tennas  to  s teer the  
transm i tted  energy away from  the  user when  operated  i n  close  proxim i ty to  the  head  or body.  
The  fu ture  I S  shou ld  provide  clear procedures  describ ing  how th is  can  be  factored  i n to  
appl icable  test cond i tions.  

9. 1 .5.2  Reconstruction  algori thms  

I n  th is  document,  the  term  reconstruction  a lgori thm  is  used  i n  a  broad  sense  to  i denti fy 
a lgori thms,  mathematical  techn iques  and  procedures  that are  appl i ed  to  the  measured  fie l ds  
to  propagate,  transform ,  proj ect  or reconstruct  the  power dens i ty d istribution  at the  evaluation  
surface  in  order to  determ ine  spatia l -average  and /or local  power dens i ty.  I t  i ncl udes  
a lgori thms to  (back-)project the  fiel d  from  the  measurement to  the  evaluation  surface,  to  
retrieve  the  phase  of the  fie l d  from  ampl i tude  on l y measurements,  to  ca lcu late  the  H -fie ld  from  
the  measured  E-fie l d  (or vice  versa) ,  etc.  (see  Annex G) .  During  the  development of the  I S,  
the  requ irement for separate  terms  to  i den ti fy d i fferen t techn iques  shou ld  be  taken  in to  
consideration  i n  order to  avoid  m is in terpretations .   
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9. 1 .5.3  Uncertainty evaluation  

Clause  7  provides  a  general  description  of the  uncerta in ty components  re lated  to  power 
dens i ty measurements.  More  deta i led  gu idance and  recommendations  on  how to  evaluate  the  
con tribu tion  of each  component shou ld  be  provided  i n  the  I S.  

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

IEC  TC  1 06  and  I EEE/ICES  TC 34/SC  2  are  developing  the  I EC/I EEE  62704  series  of 
standards  for the  appl ication  of numerica l  methods  for compl iance  testi ng  of wi re less  devices  
i n  the  frequency range  from  30  MHz to  6  GHz.  The  main  obj ecti ve  of these  standards  i s  to  
quanti fy human  exposure  i n  terms  of the  bas ic  restrictions  us ing  veri fi ed  s imu lation  software  
and  al gori thms  (e. g .  calcu lation  of the  maximum  spatia l -average  SAR),  i nclud ing  defined  
protocols  for the  development,  va l idation  and  uncertain ty assessment of the  numerica l  models  
of the  DUT and  the  exposed  phantom(s).  The  IEC/I EEE 62704  series  comprises  general  
standards  on  the  requ i rements  and  appl ication  of the  F in i te  D i fference Time-Domain  (FDTD)  
and  F in i te  E lement (FE)  methods  as  wel l  as  appl ication  orien ted  standards  for the  
assessment of the  EMF  exposure  to  veh icle  mounted  an tennas  and  mobi le  phones.  

For the  compl iance  testi ng  of certa in  5G  devices  transm i tting  above  6  GHz,  the  methods  set 
forth  i n  the  fi rst  ed i tion  of I EC/I EEE  62704-1  [9 ]  cannot be  appl i ed  d i rectl y.  Enhanced  
transm ission  technolog ies,  such  as  phased  array systems  common  to  these  devices,  and  the  
quanti fication  of the  exposure  i n  terms  of the  i nciden t power dens i ty,  pose  add i ti onal  
requ i rements  on  the  s imu lation  software.  For example,  i t  i ncludes  particu lar i n terpolation  and  
superposi tion  techn iques  for i nciden t fie l ds  and  averag ing  a l gori thms for the  ca lcu lation  of the  
i nciden t power dens i ty i n  terms  of the  bas ic  restri ctions  [ICN IRP 1 998] .  For the  development 
of standard ized  numerica l  techn iques ,  ICES  TC 34  recentl y approved  the  development of a  
new numerica l  s tandard  wi th in  the  Proj ect  P1 528. 6  wh ich  addresses  these  i ssues  wi th  the  
obj ecti ve  of provid ing  a  conservative  estimate  of the  power dens i ty of the  exposure  of the  
head  or body of the  users  of wireless  devices.  As  i n  the  previous  series  of numerical  
standards,  the  new standard  wi l l  focus  on  the  particu lar requ irements  and  veri fication  
techn iques  for the  FDTD  and  FE  methods.  Furthermore  the  s tandard  wi l l  g i ve  general  
gu idance  for model  va l i dation  and  numerical  uncertain ty assessment.  The  activi ty wi l l  be  
carried  ou t i n  para l l e l  wi th  the  development of the  measurement standard  for compl iance  
assessment of 5G  devices.  The  role  of numerical  methods  i n  fi nd ing  the  worst case  cond i ti ons  
for measurement testing  shou ld  be  carefu l l y cons idered .  Annex G  g i ves  an  example  of 
compl iance  assessment where  numerica l  techn iques  are  used  in  combination  wi th  
measurements .   

9.3  Updates  to  IEC  62232  

For base  s tations  wi th  transm i t  frequencies  i n  the  range  1 1 0  MHz to  1 00  GHz,  I EC  62232  [1 0 ]  
defines  the  methods  to  assess  the  compl iance  boundaries  based  on  reference l evels  and  
bas ic  restrictions.  SAR tests  are  recommended  when  the  compl iance  d istance  i s  i n  the  close  
proxim i ty of the  transm i tters  operating  in  the  300  MHz to  6  GHz frequency range.  I t  i s  
recommended  to  l everage  the  ongoing  I EC  62232  maintenance  period  to  i ncl ude  the  testing  
methods  described  i n  th is  document,  i n  particu lar for equ ipment wi th  a  transm it  frequency 
above  6  GHz having  zero  compl iance  boundary d imensions  (E0  i nsta l l ation  class,  see  
IEC 62232)  or wi th  smal l  compl iance  boundaries.  I n  the  same way as  I EC 62232  makes  
reference  to  I EC  62209-2  [1 1 ]  for the  detai l ed  speci fication  of SAR tests  below 6  GHz,  
IEC 62232  shou ld  be  ab le  to  l everage  on  a  ded icated  measurement standard  for power 
densi ty at frequencies  above 6  GHz.  I n  th is  way,  I EC 62232  updates  wou ld  main l y focus  on  
the  speci fic requ i rements  for base  stations.  
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Annex A 
(informative)  

 
Measurement system  check and  val idation  

A.1  Background  

A.1 . 1  General  

The goal  of Annex A i s  to  define  possib le  system  check and  system  va l idation  procedures  that 
enable  users  and  th i rd  parties  to  veri fy the  performance  of the  measurement system  and  
procedure  by appl ying  consisten t protocols:   

1 )  System  check:  procedure  that  uses  speci fic  reference  sources  to  veri fy that  the  system  is  
operational  and  repeatable  for the  i n tended  measurements .  

2)  System  val i dation :  procedure  that uses  speci fi c reference  sources  to  val i date  that  a  
system  meets  the  accuracy,  performance  and  uncertain ty speci fications  requ i red  before  i t  
i s  deployed  and  a lso  after hardware  or re levant software  changes  have  been  performed.  

NOTE  System  val i dation  i s  normal l y performed  by the  system  manufacturer.  

Examples  of reference sources  for val idation  are  defined  in  Annex B  and  for system  check i n  
Annex C.  

A.1 .2  Objectives  of system  check  

System  check provides  a  fast and  re l iab le  method  to  rou tinel y veri fy that the  measurement 
system  is  operational  wi th  no  system  component fai l u res,  i nclud ing  probe defects,  d ri fts  or 
deviation  from  target  performance requ i rements.  A system  check a lso  veri fi es  the  repeatabi l i ty 
of the  measurement system  before  compl iance  testi ng .  

The  system  check i s  a  complete  measurement us ing  s imple  wel l -defined  reference  sources  
(see  for instance  Annex C).  The  system  check i s  successfu l  i f the  measured  resu l ts  are  wi th in  
the  to lerances  described  i n  A.3. 2 .  The  instrumentation  and  procedures  used  for system  check 
shou ld  ensure  the  system  is  ready for perform ing  compl iance  tests.   

A.1 .3  Objectives  of system  val idation   

System  va l idation  provides  a  means  to  i ndependentl y evaluate  the  system  against i ts  
speci fications  and  i ts  speci fied  uncertain ties,  i . e .  i f the  measurement uncertain ty i s  
conservative.  The  outcome of the  system  va l idation  is  an  assurance  that the  system  provides  
accurate  resu l ts.   

Al though  the  val idation  tests  can  be  performed  i ndependen tl y,  they or a  subset thereof are  
usual l y performed  and  documented  by the  measurement system  manufacturer on  an  annual  
bas is  or whenever mod i fications  are  made  to  the  system ,  such  as  software  or hardware  
changes.  The  selection  of the  subset shou ld  be  j u sti fied .  

The  va l i dation  tests  shou ld  cover the  frequencies,  power l evels ,  and  s i gnal  modu lations  an  
i nd ividual  system  supports  or the  subset shou ld  cover the  range  of usage.  The  set of 
measurement configurations  shou ld  be  evaluated  and  reported .  The  set of reference  sources  
defined  i n  Annex B  have  been  determ ined  to  be  sufficien t to  val idate  any assessment 
techn iques.   
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A.2  Measurement setup and  procedure for system  check and  system  
val idation  

A.2. 1  General  

Clause  A. 2  describes  the  requ ired  power measurement setup  for system  check and  system  
val i dation .   

A.2.2  Power measurement setups  

Both  system  check and  system  val idation  procedures  requ i re  accurate l y measured  and  stable  
forward  power at  the  RF  i npu t of the  reference  sou rces.   

A recommended  test setup  for using  off-the-shel f i nstrumentation  wi th  a  reference  source  i s  
shown  in  F igure  A. 1 .  The  system  includes  a  s i gnal  generator,  an  optional  frequency mu l ti p l ier,  
1 0  dB  to  20  dB  attenuators,  a  power meter i nclud ing  power sensor,  the  reference  antenna,  
cables,  connectors  and  adapters .   

 

Ei ther 1 )  the  power meter PM1  or 2 )  the  reference  an tenna  i s  connected  at  the  ou tpu t  of the  attenuator (⊗) .  

Figure A. 1  – A recommended  power measurement setup  for system  check 
and  system  val idation  

The  requ irements  of the  components  used  in  the  setup  shown  i n  F igure  A. 1  are  described  i n  a)  
to  e) .  

a)  The  s ignal  generator shou ld  be  stable  (after warm-up).  The  forward  power to  the  
reference  an tenna  shou ld  be  h igh  enough  to  avoid  the  i n fl uence  of measurement noise.   

b)  A frequency mu l ti p l ier (optional )  i s  used  to  convert the  frequency to  the  reference  
frequency.   

c)  An  attenuator (≥  1 0  dB)  shou ld  be  p laced  before  the  power meter and  antenna  to  provide  
good  match ing  and  to  improve the  accuracy of the  power sensor (some h igher power 
heads  come wi th  a  bu i l t- i n  ca l ibrated  attenuator).  The  exact attenuation  at each  test  
frequency shou ld  be  veri fi ed  and  used  in  the  calcu lations.  

d )  The  i n fl uence  of the  cable  or wavegu ide  between  the  mu l ti p l ier and  the  reference  antenna  
shou ld  be  evaluated  as  part  of the  uncerta in ty assessment.  

e)  The  power meter PM1  shou ld  be  of h i gh  qual i ty.  I f the  power meter and  reference antenna  
requ i re  d i fferent connector systems,  a  ca l ibration  grade,  h igh-qual i ty adapter shou ld  be  
used .  

To  avoid  unacceptable  power d ri fts  during  system  val i dation  and  system  check,  the  equ ipment 
shou ld  be  a l lowed  to  warm-up for the  duration  recommended  by the  manufacturer(s)  before  
any measurement.  
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A.2.3  Procedure  to  normal ize  the  measured  power densi ty  

The power dens i ty measurement resu l ts  shou ld  be  normal i zed  to  the  del i vered  input power to  
an  i npu t  power l evel  of 0  dBm  and  compared  to  the  appropriate  target values  of the  ca l ibrated  
reference  sources.   

The  test procedure  i s  described  i n  s teps  a)  to  i ) .  

a)  Connect the  equ ipment as  shown  i n  F igu re  A. 1 ,  wi th  the  power meter PM1  connected  at  

l ocation  ⊗ .   

b)  Ad just  the  power ou tpu t from  the  s i gnal  generator un ti l  the  forward  power Pf  at  PM1  is  at  
the  des i red  power l evel .   

c)  Ensure  that the  power ou tput  i s  s table  over time wi th in  ± 0, 05  dB.  

d )  Connect the  equ ipment as  shown  in  F igure  A. 1  wi th  the  reference  an tenna  connected  at 

l ocation  ⊗  i nstead  of the  power meter PM1 .   

e)  Measure  the  power densi ty as  speci fied  i n  th is  document.   

f)  Connect the  equ ipment as  i n  step  a)  and  remeasure  the  forward  power Pf.   

g )  Veri fy that the  ou tput  power has  not changed  by more  than  0 , 1  dB  from  step  b).  

h )  Normal ize  the  measured  power densi ty by the  ratio  R  =  1  mW / Pf.   

i )  Compare  the  measured  va lues  wi th  the  appropriate  target  values.  

A.3  System  check 

A.3. 1  System  check sources  and  test  cond itions  

The  sources  used  for system  check can  be  d i fferent than  those  requ ired  for the  system  
va l i dation .  Example  reference  sources  for system  check are  provided  i n  Annex C.  System  
check sources  shou ld  have  good  pos i ti on ing  repeatabi l i ty,  mechan ical  stabi l i ty,  and  
impedance match ing  for the  measurement cond i tions.  I n  Annex C,  a  pyram idal  horn  antenna  
is  used  as  an  example  to  i l l ustrate  system  check source  usage.   

A.3.2  Test procedure  

The system  check i s  a  l ocal  power dens i ty measurement.  The  measured  fi e lds  are  used  to  
determ ine  the  power densi ty at the  reference  d istance.  Resu l ts  are  normal i zed  to  0  dBm  i npu t 
power at  the  system  check source,  and  compared  wi th  the  numerical l y va l i dated  target va lues  
for maximum  power dens i ty.  The  RF  power measurement setup  and  power densi ty 
normal ization  procedure  are  described  in  C lause  A. 2 .  

The  system  check is  successfu l  i f:  

– the  d i fference  between  the  normal i zed  measured  l ocal  power densi ty and  the  numerical l y 
va l i dated  target  va lue  i s  wi th in  the  reported  expanded  uncerta in ty of the  measurement 
system ,  and  

– the  d i fference between  the  measured  l ocal  power dens i ty and  the  measured  reference 
va lue  is  wi th in  ±1 0  %  for system  repeatabi l i ty.   

The  measured  reference  va lue  i s  determ ined  for the  i nd ividual  measurement system  after 
ca l i bration ,  us ing  the  same source.  

A.4  System  val idation  

A.4. 1  Reference  sources  and  test cond i tions  

Val i dation  test  cond i ti ons  shou ld  be  se lected  based  on  system  speci fications  defined  by the  
manufacturer and  accord ing  to  measurement requ irements  for the  system  at the  testing  
l aboratory.  Examples  of reference sources  that meet these  cri teria  are  provided  i n  Annex B.  
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System  val i dation  shou ld  cover the  range  of frequencies  appl icable  to  the  system .  I f the  
measurement system  is  broadband ,  i t  i s  sufficien t to  perform  the  val i dation  at the  fol l owing  
frequencies:  1 0  GHz (6  GHz to  20  GHz),  30  GHz (20  GHz to  45  GHz) ,  60  GHz (45  GHz to  
75  GHz)  and  90  GHz (75  GHz to  1 00  GHz).  I f the  measurement system  does  not cover the  
en ti re  frequency range,  the  val idation  shou ld  be  performed  at  the  above  frequencies  that fa l l  
wi th in  the  frequency range  used  by the  system .  

The  reference sources  shou ld  be  cal ibrated  i n  ampl i tude  and  phase  at the  defined  reference  
d istances.   

A.4.2  System  val idation  procedure  

System  val i dation  i s  characterized  by power densi ty measurements .The  measured  fi e l ds  are  
used  to  determ ine  the  maximum  spatial l y averaged  power dens i ti es  at  a  p lanar evaluation  
surface.  Resu l ts  are  normal i zed  to  0  dBm  input power at  the  reference  source,  and  compared  
wi th  the  numerica l l y va l i dated  target va lues  for maximum  l ocal  power dens i ty and  spatia l -
average  over a  ci rcu lar area  (e. g .  1  cm 2  and  4  cm 2) .  The  RF  power measurement setup  and  
power dens i ty normal ization  procedure  are  described  i n  C lause  A. 2.  
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Annex B  
(informative)  

 
Examples  of reference sources  

B.1  Background  

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

D ipole  arrays  and  s lot arrays  have  been  chosen  i n  Annex B  as  reference  sources.  Arrays  of 
e lectric d ipoles  and  magnetic d ipoles  represent  the  range  of sources  under test that are  
re levant to  th is  document.  They meet the  speci fications  of A. 4 . 1 ,  and  they can  eas i l y be  
speci fied  and  cal i brated  for the  frequencies  defined  i n  A. 4. 1 .  Annex B  describes  the  design  
and  phys ical  characteristics  of these  reference  sou rces.  

To  meet the  target values  described  be low,  the  m icrowave source  feed ing  the  an tenna  shou ld  
have  harmon ics  better than  −20  dBc and  spurious  em iss ions  l ess  than  −40  dBc.  

B.2  Cavi ty-fed  d ipole  arrays  

B.2. 1  Description  

This  category of va l i dation  an tennas  cons ists  of a  cavi ty-backed  array of d ipoles  arranged  in  
an  offset l attice  accord ing  to  the  modes  generated  i n to  the  resonant  cavi ty.  The  d ipoles  are  
prin ted  onto  one  face  of a  low-loss  d ie lectri c substrate  and  exci ted  by non-resonant 
rectangu lar s lots  l ocated  on  the  opposi te  face  of the  substrate  as  shown  in  F igure  B . 1 .  The 
exci tation  modes  are  generated  by the  resonant cavi ty.  A probe  feed  from  an  SMA connector 
i s  used ,  as  shown  i n  F igu re  B . 1 (c) .  For h i gher frequencies,  the  feed ing  may requ i re  a  
wavegu ide  trans i tion  i nstead  of a  probe  feed .  The  d iameter of the  i ris  from  the  wavegu ide  
trans i ti on  shou ld  be  tuned  to  g i ve  the  best match .  The  arrays  have  been  optim ized  to  ach ieve  
a  reflection  coefficien t  better than  −25  dB.  I n  order to  fi ne-tune  the  array,  two  tun ing  screws  
are  i ncluded  i n  the  cen tres  of both  cavi ty wal ls  that are  perpend icu lar to  the  d ipoles  and  the  
probe.   

F igu re  B. 1  shows  the  perspective,  top  and  s ide  views  of the  d ipole  array.  The  variable  
descriptions  and  main  d imensions  are  shown  in  Table  B . 1  for each  frequency.   
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(a)  Perspecti ve  vi ew 

 

 

 

 

 

 

(b)  Top  vi ew 
(c)  Lateral  vi ew showing  the  probe feed  

wi th  l ength  l
p
 

Th is  d i agram  corresponds  to  the  30  GHz design .  

Figure B. 1  – Main  d imensions  for the  cavi ty-backed  array of d ipoles  
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Table  B . 1  – Main  d imensions  for the  cavi ty-backed  d ipole  array 
at each  frequency of in terest  

Frequency  Number of 
d ipoles  & 

slots  along  x  

Number of 
d ipoles  & 

slots  along  y 

Dipole  
width  

Dipole  l ength  Slot l ength  Slot width  

   d
x
 d

y
 s

x
 s

y
 

[GHz]    [mm]  [mm]  [mm]  [mm]  

1 0  3  3  2 , 40  ±  0 , 05  5, 1 0  ±  0 , 05  5, 70  ±  0 , 05  1 , 20  ±  0 , 05  

30  3  3  0 , 8  ±  0 , 05  1 , 86  ±  0 , 05  1 , 90  ±  0 , 05  0 , 40  ±  0 , 05  

60  3  3  0 , 40  ±  0 , 02  0 , 986  ±  0 , 02  0 , 95  ±  0 , 02  0 , 20  ±  0 , 02  

90  3  3  0 , 267  ±  0 , 01  0 , 640  ±  0 , 01  0 , 633  ±  0 , 01  0 , 1 33  ±  0 , 01  

 

Frequency  Relative  posi tion  
i n  x d imension  of 
each  d ipole/slot 

centre  wi th  
respect to  the  
centre  of the  

cavi ty  

Relative  posi tion  i n  
y d imension  of each  
d ipole/slot centre  
wi th  respect to  the  
centre  of the  cavi ty  

Distance  
between  

vias  

Feeding  
probe  
l ength  

i nside  the  
cavi ty  

Cavi ty 
l ength  

Cavi ty 
width  

Cavi ty 
height  

   d
v
 l

p
 C

x
 C

y
 C

z
 

[GHz]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  

1 0  

−21 , 1 8/0/+21 , 1 8  

−21 , 1 8/0/+21 , 1 8  

−21 , 1 8/0/+21 , 1 8  

(±  0 , 05)  

+24, 1 8/+1 8, 1 8/+24, 1 8  

−3/+3/-3  

−1 8, 1 8/−24, 1 8/−1 8, 1 8  

(±  0 , 05)  

1  ±  0 , 05  4 , 0  ±  0 , 05  
63, 54  
±  0 , 05  

63, 54  
±  0 , 05  

1 0  ±  
0 , 05  

30  

−7, 06/0/+7, 06  

−7, 06/0/+7, 06  

−7, 06/0/+7, 06  

(±  0 , 05)  

+8, 06/+6, 06/+8, 06  

−1 /+1 /−1  

−6, 08/−8, 06/−6, 06  

(±  0 , 05)  

1  ±  0 , 05  1 , 3  ±  0 , 05  
21 , 1 8  
±  0 , 05  

21 , 1 8  
±  0 , 05  

5  ±  
0 , 05  

60  

−3, 53/0/+3, 53  

−3, 53/0/+3, 53  

−3, 53/0/+3, 53  

(±  0 , 02)  

+4, 03/+3, 03/+4, 04  

−0, 5/+0, 5/−0, 5  

−3, 03/−4, 03/−3, 03  

(±  0 , 02)  

0 , 5  ±  
0 , 05  

N /A 1 0 , 66  
±  

0 , 025  
1 0 , 66  

±  
0 , 025  

3 , 0  ±  
0 , 05  

90  

−2, 35/0/+2, 35  

−2, 35/0/+2, 35  

−2, 35/0/+2, 35  

 (±  0 , 01 )  

+2 , 69/+2, 02/+2, 69  

−0, 33/+0, 33/−0, 33  

−2, 02/−2, 69/−2, 02  

(±  0 , 01 )  

0 , 5  ±  
0 , 05  

N /A 7, 1 0  ±  
0 , 02  

7, 1 0  ±  
0 , 02  

2 , 0  ±  
0 , 05  

 

Frequency Substrate  
th ickness  

Substrate  
relati ve  

permi tti vi ty 

Substrate  el ectri c  
loss  tangen t  

Metal l i c  
block 
l ength  

Metal l i c  
block width  

Metal l i c  
block 
height  

 h  ε
r
 tan (δ)  L

x
 L

y
 L

z
 

[GHz]  [mm]    [mm]  [mm]  [mm]  

1 0  0 , 81 3  ±  0 , 05  3, 63  0 , 002  7  75  ±  0 , 05  75  ±  0 , 05  1 2  ±  0 , 05  

30  0 , 525  ±  0 , 05  3, 63  0 , 002  7  at  1 0  GHz 30  ±  0 , 05  30  ±  0 , 05  8  ±  0 , 05  

60  0 , 305  ±  0 , 025  3, 63  0 , 002  7  at  1 0  GHz 20  ±  0 , 05  20  ±  0 , 05  6, 5  ±  0 , 5  

90  0 , 203  ±  0 , 02  3, 60  0 , 002  7  at  1 0  GHz 1 5  ±  0 , 05  1 5  ±  0 , 05  5, 5  ±  0 , 5  
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B.2.2  Target values   

Table  B . 2  provides  the  target values  for the  E-fie l d ,  H -fie l d  and  power densi ty from  the  cavi ty-
backed  d ipole  arrays  defined  in  B . 2. 1 .  Al l  target va lues  are  the  maximum  values  in  p l anes  at 
d istances  of d  =  2  mm,  5  mm ,  1 0  mm  and  25  mm  para l le l  to  the  top  surface  of the  d ie lectric  
substrate.  Emax  =  max( |Etota l | )  and  Hmax  =  max( |Htota l | )  are  the  maximum  local  E-fie ld  and  
H -fiel d  magn i tudes.  Smax  i s  the  maximum  va lue  of S defined  i n  3 . 1 7 ,  where  the  normal  vector 

n̂  i s  the  d i rection  of the  l ocal  power dens i ty,  not  the  normal  of the  p lane  para l le l  to  the  
an tenna.  Sav  i s  the  maximum  spatia l -average power dens i ty,  as  defined  i n  Formu la  (1 ) ,  for 
ci rcu lar surfaces  of 1  cm2  and  4  cm 2  areas.  The  accepted  power is  0  dBm .  

Table  B .2  – Target values  for the  cavi ty-backed  d ipole  arrays  
at d i fferent frequencies  (us  (k  =  1 )  =  0 ,5  dB)  

f d  M ax.  E-field  Max.  H -fi eld   Max.  l ocal  power 
densi ty  

S
av
 

1  cm2
 

S
av
 

4  cm2
 

  E
max

 H
max

 S
max

   

[GHz]  [mm]  [V/m ]  [A/m ]  [W/m 2 ]  [W/m 2 ]  [W/m 2 ]  

1 0  

2  48, 50  0 , 20  3, 1 9  1 , 05  0 , 57  

5  24, 1 9  0 , 06  1 , 1 8  0 , 85  0 , 48  

1 0  1 4 , 86  0 , 04  0 , 63  0 , 51  0 , 34  

20  1 4 , 07  0 , 03  0 , 47  0 , 43  0 , 33  

30  

2  42 , 1 2  0 , 1 3  4 , 32  1 , 28  0 , 98  

5  33, 50  0 , 09  2 , 77  1 , 1 7  0 , 81  

1 0  31 , 76  0 , 08  2 , 64  1 , 43  0 , 64  

20  25, 23  0 , 07  1 , 73  1 , 22  0 , 54  

60  

2  79, 30  0 , 24  1 7 , 25  6 , 94  3 , 97  

5  90, 27  0 , 24  21 , 44  5, 00  3 , 1 7  

1 0  68, 1 7  0 , 1 8  1 2 , 45  4 , 24  2 , 57  

20  41 , 1 5  0 , 1 1  4 , 57  2 , 99  1 , 96  

90  

2  1 23, 99  0 , 33  40, 75  6, 77  5, 49  

5  1 09, 62  0 , 29  32, 27  5, 09  4 , 25  

1 0  75, 26  0 , 20  1 5, 30  4 , 01  3 , 29  

20  41 , 62  0 , 1 1  4 , 69  2 , 88  2 , 37  

 

The patterns  of |Etota l |  and  ( )*total( ) 0.5Sℜ = ⋅ ℜ ×E H  are  shown  in  F igures  B. 2,  B. 3 ,  B . 4  and  

B. 5  for the  cavi ty-backed  array of d ipoles  at the  operati ng  frequencies  of 1 0  GHz,  30  GHz,  
60  GHz and  90  GHz,  respectivel y,  each  for the  d istances  2  mm ,  5  mm ,  1 0  mm  and  20  mm  
from  the  an tenna  surface  normal i zed  to  an  accepted  power of 0  dBm.   
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(a)  d  =  2  mm  

 

(b)  d  =  5  mm  

 

(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.2  – 1 0  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  cavi ty-backed  array of 
d ipoles  at  various  d istances,  d,  from  the  upper surface of the  d ielectric  substrate  
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(a)  d  =  2  mm  

.  

(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.3  – 30  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  cavi ty-backed  array of 
d ipoles  at  various  d istances,  d,  from  the  upper surface of the  d ielectric  substrate  

 

IEC  

IEC  

IEC  

IEC  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 50  – I EC TR 631 70:201 8  © I EC 201 8  

 
(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.4 – 60  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  cavi ty-backed  array of 
d ipoles  at  various  d istances,  d,  from  the  upper surface of the  d ielectric  substrate  
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(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.5 – 90  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  cavi ty-backed  array of 
d ipoles  at  various  d istances,  d,  from  the  upper surface of the  d ielectric  substrate  
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B.3  Pyramidal  horns  loaded  wi th  a  slot array 

B.3. 1  Description  

This  category of reference  antenna  consists  of a  pyram idal  horn  l oaded  wi th  an  array of 
rectangu lar s lot antennas  on  the  aperture.  Because  of the  m ismatch  experienced  by the  
pyram idal  horn  as  a  resu l t  of the  l oad ing  wi th  the  arrays,  the  s l ot arrays  have  been  optim ized  
to  guarantee  a  reflection  coefficien t better than  −20  dB  at the  des ign  frequency.  The  s lots  are  
symmetrica l l y arranged  on  the  horn  aperture.  They have  been  fabricated  on  a  0 , 1 5  mm  th ick 
metal  sheet.  F i gure  B. 6  shows the  main  d imensions  for a  generic  sta in less  steel  stenci l .  The  
detai ls  for the  d imensions  of the  stenci l  are  summarized  i n  Table  B .3  for each  frequency.  The  
main  d imensions  for the  pyram idal  horns  are  shown  in  F igure  B . 7  and  Table  B. 4 .   

 

The  number of e l ements  shown  corresponds  to  the  90  GHz design .  

Figure B.6  – Main  d imensions  for the  0, 1 5  mm  stain less  steel  stenci l  wi th  s lot  array 

 

 

 

 

 

 

(a)  Front vi ew (b)  S ide  view 

Figure B.7  – Main  d imensions  for the  pyramidal  horn  antennas  
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Table  B .3  – Main  d imensions  for the  stenci l  wi th  s lot  array for each  frequency 

Frequency Stenci l  
l ength  

Stenci l  
width  

Stenci l  
th ickness  

Number 
of s lots  
along  x  

Number 
of s lots  
along  y 

S lot 
l ength  

Slot 
width  

Spacing  
between  
s lots  

along  x 

Spacing  
between  
s lots  

along  y 

 S
x
 S

y
    L

s
 W

s
 d

x
 D

y
 

[GHz]  [mm]  [mm]  [mm]    [mm]  [mm]  [mm]  [mm]  

1 0  
57, 0  ±  
0 , 01  

47, 0  ±  
0 , 01  

0 , 1 50  ±  
0 , 01  

3  5  
1 7 , 5  ±  
0 , 01  

2 , 4  ±  
0 , 01  

22, 0  ±  
0 , 01 5  

1 0, 0  ±  
0 , 01 5  

30  
42 , 50  ±  
0 , 01  

33, 80  ±  
0 , 01  

0 , 1 50  ±  
0 , 01  

6  7  
5, 40  ±  
0 , 01  

0 , 80  
±  

0 , 01  

6 , 70  ±  
0 , 01 5  

4 , 47  ±  
0 , 01 5  

60  
23, 40  ±  
0 , 01  

1 8, 80  ±  
0 , 01  

0 , 1 50  ±  
0 , 01  

5  8  
2 , 75  ±  
0 , 01  

0 , 42  
±  

0 , 01  

4 , 00  ±  
0 , 01 5  

2 , 08  ±  
0 , 01 5  

90  
1 6 , 70  ±  
0 , 01  

1 3 , 40  ±  
0 , 01  

0 , 1 50  ±  
0 , 01  

6  8  
1 , 80  ±  
0 , 01  

0 , 30  
±  

0 , 01  

2 , 30  ±  
0 , 01 5  

1 , 40  ±  
0 , 01 5  

 

Table  B.4 – Main  d imensions  for the  corresponding  pyramidal  horn  at each  frequency 

Frequency Horn  
typical  
gain  

Horn  
aperture  
along  x 
(i n ternal )  

Horn  
aperture  
along  y 
(i n ternal )  

Horn  
si ze  
along  

z  

Horn  
th ickness  

Wavegu ide  
l ength  

Wavegu ide  
width  

Wavegu ide  
segment  

  H
xi
 H

yi
 H

z
 H

t
 WG

x
 WG

y
 WG

z
 

[GHz]  [dB ]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  [mm]  

1 0  1 5  
67, 6  ±  
0 , 2  

49, 5  ±  
0 , 2  

1 08  ±  
0 , 2  

1 , 53  ±  0 , 1  22, 86  ±  0 , 1  
1 0, 1 6  ±  
0 , 05  

30  ±  0 , 05  

30  20  
40, 0  ±  
0 , 1  

31 , 3  ±  
0 , 1  

47, 6  ±  
0 , 1  

1 , 25  ±  0 , 1  7 , 1 1 2  ±  0 , 1  
3 , 556  ±  
0 , 05  

1 1  ±  0 , 05  

60  20  
21 , 33  ±  

0 , 1  
1 6 , 65  ±  

0 , 1  
26, 25  
±  0 , 1  

1 , 25  ±  0 , 1  
3 , 7592  ±  

0 , 1  
1 , 8796  ±  

0 , 05  
6, 2  ±  0 , 05  

90  20  
1 4, 2  ±  
0 , 1  

1 1  ±  0 , 1  
1 7, 35  
±  0 , 1  

1 , 25  ±  0 , 1  2 , 54  ±  0 , 1  1 , 27  ±  0 , 05  1 0 , 6  ±  0 , 05  

 

B.3.2  Target values  

Table  B .5  provides  the  target  values  for the  E-fie ld ,  H -fie ld  and  power dens i ty from  the  
pyram idal  horn  defined  i n  B. 3. 1 .  Al l  target  values  are  the  maximum  values  i n  p lanes  at  
d istances  of d  =  2  mm ,  5  mm,  1 0  mm  and  20  mm  paral le l  to  the  top  surface  of the  d ie lectric  
substrate.  Emax  =  max( |Etotal | )  and  Hmax  =  max( |Htotal | )  are  the  maximum  l ocal  E-fie ld  and  H -

fie ld  magn i tudes.  Smax  i s  the  maximum  value  of S  d efi ned  i n  3 . 1 7 ,  where  the  normal  vector n̂  
i s  the  d i rection  of the  l ocal  power densi ty,  not the  normal  of the  p lane  para l l e l  to  the  an tenna.  
Sav  i s  the  maximum  spatia l -average  power dens i ty,  as  defi ned  i n  Formu la  (1 ) ,  for ci rcu lar 
surfaces  of 1  cm 2  and  4  cm 2  area.  The  accepted  power i s  0  dBm.  
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Table  B .5 – Target values  for the  pyramidal  horns  loaded  wi th  s lot  arrays  at  d i fferent  
frequencies  (us  (k  =  1 )  =  0 ,5  dB)  

f d Max.  E  
fi eld  

Max.  H  
fi eld   

Max.  l ocal  power densi ty  S
av
 

1  cm2  

S
av
 

4  cm2  

  E
max

 H
max

 S
pk
   

[GHz]  [mm]  [V/m ]  [A/m ]  [W/m 2 ]  [W/m 2 ]  [W/m 2 ]  

1 0  

2  49, 01  0 , 09  2 , 07  1 , 1 5  0 , 83  

5  25, 39  0 , 05  1 , 1 6  0 , 96  0 , 76  

1 0  1 6 , 41  0 , 05  0 , 76  0 , 73  0 , 66  

20  1 5, 78  0 , 04  0 , 69  0 , 65  0 , 59  

30  

2  35, 37  0 , 1 0  2 , 93  1 , 83  1 , 36  

5  29, 66  0 , 09  2 , 60  1 , 64  1 , 27  

1 0  25, 65  0 , 07  1 , 85  1 , 47  1 , 22  

20  22 , 75  0 , 06  1 , 44  1 , 1 9  0 , 98  

60  

2  62 , 1 8  0 , 1 5  8 , 24  5 , 43  2 , 90  

5  52 , 07  0 , 1 3  6 , 54  4 , 52  2 , 77  

1 0  48, 91  0 , 1 4  6 , 74  3 , 94  2 , 46  

20  38, 23  0 , 1 0  3 , 99  2 , 98  1 , 94  

90  

2  82 , 20  0 , 24  1 9, 55  8 , 30  2 , 67  

5  71 , 62  0 , 1 9  1 3, 57  7 , 1 6  2 , 55  

1 0  50, 67  0 , 1 4  6 , 70  5, 37  2 , 26  

20  44, 95  0 , 1 2  5 , 48  3 , 64  1 , 92  

 

The patterns  of |Etotal |  and  ( )*total 5,0)( HE ×ℜ⋅=ℜ S  are  shown  i n  F igures  B . 8,  B . 9,  B . 1 0  and  

B. 1 1  for the  horn  l oaded  wi th  the  array of s lots  at  the  operating  frequencies  of 1 0  GHz,  
30  GHz,  60  GHz and  90  GHz,  respective l y,  each  for the  d istances  2  mm,  5  mm,  1 0  mm  and  
20  mm  from  the  an tenna  surface  normal i zed  to  an  accepted  power of 0  dBm.  
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(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.8  – 1 0  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  pyramidal  horn  loaded  
with  an  array of s lots  at  various  d istances,  d,  from  the  array surface and  Pi n  =  0  dBm  
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(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure  B.9  – 30  GHz patterns  for the  |Etotal |  and  Re{S}total  for the  pyramidal  horn  loaded  
with  an  array of s lots  at  various  d istances,  d,  from  the  array surface and  Pi n  =  0  dBm  
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(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure B. 1 0  – 60  GHz patterns  for the  |Etotal |  and  Re{S} total  for the  pyramidal  horn  
loaded  with  an  array of slots  at  various  d istances,  d,  from  the  upper surface  

of the  s lot array 
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(a)  d  =  2  mm  

 
(b)  d  =  5  mm  

 
(c)  d  =  1 0  mm  

 

(d )  d  =  20  mm  

 

Figure B. 1 1  – 90  GHz patterns  for the  |Etotal |  and  Re{S} total  for the  pyramidal  horn  
loaded  with  an  array of slots  at  various  d istances,  d,  from  the  upper surface  

of the  s lot array 
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Annex C  
(informative)  

 
Examples  of system  check sources  

C.1  Background  

Annex C  defines  a  selection  of system  check sources  meeting  the  cri teria  of A. 3 . 1 .  

C.2  Source description  

The system  check sources  are  pyram idal  horn  an tennas  as  shown  in  F igure  B . 7.  At  the  cen tre  
of the  aperture,  the  horn  antennas  provide  a  l i nearl y-polari zed  e lectric  fi eld  i n  the  y d i rection  
and  a  l i nearl y-polari zed  magnetic  fi el d  i n  the  x  d i rection .  These  horn  an tennas  typica l l y have  a  
coaxia l  feed .   

The  system  check sources  are  defined  at four frequencies:  1 0  GHz,  30  GHz,  60  GHz and   
90  GHz.  The  d imensions  of the  pyram idal  horn  antenna  at  each  of these  frequencies  are  
defined  in  Table  B . 4 .  The  return  l oss  i s  typica l l y better than  20  dB.  The  m icrowave  source  
feed ing  the  horn  antenna  shou ld  have  harmon ics  l ess  than  −20  dBc.  

C.3  Target values  

Table  C. 1  provides  the  target  values  for the  E-fie l d ,  H -fiel d  and  power dens i ty from  the  
pyram idal  horn  an tennas.  Al l  target va lues  are  the  maximum  values  at a  d is tance  of  
d =  1 50  mm  from  the  horn  aperture.  Emax  =  max( |Etotal | )  and  Hmax  =  max( |Htota l | )  are  the  
maximum  local  E-fie ld  and  H -fie l d  magn i tudes.  Smax  i s  the  maximum  value  of the  l ocal  power 
dens i ty S d efi ned  i n  3 . 1 7.  

Table  C. 1  – Target values  for pyramidal  horn  antennas  at  d i fferent frequencies  

Frequency d Max.  E-field  Max.  H -fi eld  Max.  l ocal  
power densi ty  

  E
max

 H
max

 S
max

 

[GHz]  [mm]  [V/m ]  [mA/m ]  [mW/m 2 ]  

1 0  1 50  6 , 54  1 7, 60  1 1 6, 67  

30  1 50  8 , 75  23, 7  21 5  

60  1 50  9 , 66  26, 1  261 , 3  

90  1 50  1 2 , 66  33, 6  425, 2  

Al l  resu l ts  are  normal i zed  to  a  forward  power of 0  dBm .  
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Annex D  
(informative)  

 
Information  on  the  appl icabi l i ty of far-field  methods  

D.1  Background  

Annex D  i n troduces  investigated  resu l ts  of evaluation  methods  based  on  

•  equ ivalent  i sotropic  rad iated  power (E IRP)  (D. 2),  and  

•  p lane  wave  equ iva len t approximation  (D. 3).  

These  two  methods  are  rigorous  i n  the  far-fie ld  bu t the ir appl icabi l i ty at cl oser d istances  
requ i red  investigation  [1 2] .  The  main  d i fference between  them  is  whether E-fie ld  or H -fie l d  i s  
measured  or not.  The  evaluation  method  us ing  EIRP  on l y requ i res  input  power and  an tenna  
ga in  wh i le  measurement of E-  or H -fie ld  i s  necessary for the  p lane  wave equ ivalent  
approximation .  

D.2  Evaluation  method  using  EIRP  

D.2. 1  General  

I n  the  far-fie ld ,  power dens i ty Sei rp  (W/m2)  i s  g i ven  by Formu la  (D. 1 ) .  As  th is  evaluation  on l y 
requ ires  i npu t power and  an tenna  gain ,  e l ectromagnetic fi e l d  measurements  close  to  
an tennas  are  not necessary.  

 
22eirp

44

EIRP

d

PG

d
S

π
=

π
=  (W/m 2)  (D. 1 )  

where  

P  i s  the  input  power (W);  

G  i s  the  an tenna  gain ;   

d  i s  the  d istance  between  an tennas  and  evaluation  poin t  (m ).  

D.2.2  Numerical  s imu lated  resu l ts  

I n  order to  i nvestigate  the  accuracy of Formu la  (D. 1 ) ,  Sei rp  was  compared  to  numerical  
s imu lations  of Sav  us ing  Formu la  (1 )  for patch  and  s lot  antennas  operating  at 28, 5  GHz as  
shown  i n  F igure  D . 1 .  For the  arrays,  the  i nd ividual  antenna  e lements  are  spaced  at  a  d is tance  

of 0 , 5λ  and  fed  i n -phase.  F igure  D. 2  shows  calcu lated  resu l ts  of Sei rp  by Formu la  (D. 1 )  and  
numerica l  s imu lated  resu l ts  of Sav  averaged  over 1  cm

2 ,  4  cm 2 ,  and  20  cm 2  rectangu lar areas,  
respectivel y.  An tenna  gains  used  i n  these  ca lcu lations  are  i nd icated  i n  paren thesis  on  each  

graph .  The  d istance  and  power dens i ty are  normal i zed  to  the  free-space wavelength  (λ)  and  
maximum  Sei rp ,  respectivel y.  The  resu l ts  show that Sei rp  i s  larger than  the  actual  spatial -
average  power dens i ty close  to  the  an tenna.  For instance,  Sei rp  i s  approximatel y 6  dB  to  

1 6  dB  l arger than  the  power dens i ty averaged  over 1  cm2  area  at  d istance  of 0 , 5λ .  The  resu l ts  
suggest  that  evaluation  based  on  EIRP  provides  an  overestimate  of power densi ty.  Th is  
approach  may be  used  to  show compl iance  of devices  wi thou t requ i ri ng  more  complex and  
accurate  near fie l d  measurements  described  i n  th is  document.   
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(a)  Patch  antennas  

 
(b)  S lot an tennas  

 

Figure D. 1  – Antenna  models  at  28,5 GHz 
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(a)  Patch  antenna  

 
(b)  S lot an tenna  

Figure  D.2  – Sei rp  compared  to  Sav  (normal ized  to  maximum  of Sei rp)  
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D.3  Plane wave equivalent approximation  

D.3. 1  General  

Based  on  the  plane  wave  equ iva len t approximation ,  the  spatial -average  power dens i ty i s  
determ ined  accord ing  to  Formu la  (3) .  I n  the  d i rection  of propagation ,  the  power densi ty for a  
p lane  wave  i s  therefore  g i ven  by 

 
2

2

e 377or
377

H
E

S =  (D. 2)  

where  

E  i s  the  RMS e lectric fi el d  (V/m);  

H i s  the  RMS magnetic  fie l d  (A/m).  

D.3.2  Numerical  s imu lated  resu l ts  

I n  th is  case  both  Se  and  Sav  are  obtained  by numerical  s imu lations  for the  same configurations  

described  in  Clause  D .2 .  F igure  D. 3  shows  the  ratio  of Se  to  Sav  versus  d istance  (λ) .  Vertical  
red  dotted  l i nes  show the  m in imum  separation  d istance  calcu lated  accord ing  to  Table  1  wh ich  
is  the  m in imum  separation  d istance  between  the  antenna  and  the  evaluation  surface  for wh ich  
Formu la  (3)  appl i es .  D  i s  the  maximum  l i near d imension  of the  an tenna  operati ng  i n  the  
se lected  configuration .  

Figure  D .3  shows that,  for the  cases  i nvestigated ,  the  d is tance  from  antennas  where  the  
d i fference between  Se  and  Sav  exceeds  1  %  does  not depend  on  the  antenna  d imension .  I n  
add i tion ,  the  m in imum  separation  d istances  obtained  by Table  1  are  much  l arger compared  to  
the  resu l ts  for 1  cm2  and  4  cm 2  especia l l y for antenna  arrays.  F igure  D . 4  summarizes  the  
ratios  for a l l  an tennas.  The  resu l ts  i nd icate  that,  for the  i nvestigated  cases,  a  separation  

d istance  of a  few λ  m ight  be  su fficient  to  use  the  p lane  wave  equ ivalent  approximation  by 

appl ying  a  compensation  factor of 1 ,  e . g .  Se  ×  1 , 2 .  
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(a)  Patch  antenna  

 
(b)  S lot an tenna  

 

Figure  D.3  – Plane  wave equ ivalent approximation  (Se)  and  simulation  (Sav)  resu l ts  
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(a)  Average area:  1  cm 2  (b)  Average area:  4  cm 2  

Figure D.4 – Di fference  of Se  to  Sav  for al l  antennas  (%)  
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Annex E  
(informative)  

 
Rationale  for the use  of square or circu lar shapes  for the averaging  area 

appl ied  to  the power densi ty for compl iance evaluation  

E.1  General  

Annex E  d iscusses  the  d i fference  i n  averag ing  areas  wi th  square  and  ci rcu lar shapes,  wh ich  
are  used  to  derive  the  spatia l -average  of power dens i ty over an  evaluation  surface  Sav.  As  
d iscussed  be low the  averag ing  area  wi th  a  square  shape cannot be  un iquely determ ined  over 
an  evaluation  surface  and  the  derived  Sav  wi l l  vary and  may adversely impact reproducib i l i ty i n  
the  compl iance  assessment of power densi ty.   

E.2  Method  using  computational  analysis  

Computational  s imu lations  were  conducted  us ing  the  Method  of Moment (MoM)  at  several  

frequencies  from  30  GHz to  1 00  GHz.  Patch  array an tennas  wi th  2  ×  2  and  1  ×  4  e lements  

were  used  as  sources.  Each  e lement was  exci ted  wi th  equal  ampl i tude  and  phase.  The  
spatia l -average  power dens i ty Sav  was  derived  from  Formu la  (2)  for averag ing  area  of 1  cm

2  
and  4  cm2  and  separation  d istances  between  the  antenna  and  evaluation  surface  rang ing  
from  1  mm  to  1 0  mm .  Spatia l  resolu tions  used  to  derive  Sav  were  1  mm ,  0, 5  mm ,  and  0 , 2  mm  
at  30  GHz,  60  GHz,  1 00  GHz,  respective l y.   

The  antennas  were  rotated  up  to  90  degrees  from  the  i n i ti a l  set  posi ti on  as  shown  i n  
F igure  E. 1 .  The  spatia l  maximum  value  of Sav  averaged  over the  square  shape  was  derived  
for each  antenna  pos i tion ing .  

 

AUT =  an tenna  under test  

Figure E.1  – Schematic view of the  assessment  of the  variation  
of Sav  u sing  square  shape by rotating  AUT 

E.3  Areas  averaged  wi th  square and  circular shapes  

Figure  E. 2  shows  the  ratio  between  Sav  when  averaged  over squares  compared  wi th  the  ci rcle  
as  a  function  of the  separation  d istance  from  each  an tenna.  The  sol i d  l i nes  in  the  figure  are  
g iven  by the  m id -range  of Sav  for square  averag ing  shape wh i l e  the  vertica l  bars  represent  the  
range  of the  spread  values  by rotating  the  an tenna.  
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Because  of the  spread  i n  Sav  obtained  for d i fferen t orien tations  of the  square  averag ing  area,  
i t  i s  recommended  to  use  a  ci rcu lar averag ing  area  to  ensure  better reproducib i l i ty.  

 

 

Figure E.2  – Comparison  of maximum values  

of Sav  averaged  toward  square  and  ci rcu lar shapes  

IEC  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 68  – I EC TR 631 70:201 8  © I EC 201 8  

Annex F  
(informative)  

 
Near field  reconstruction  algori thms  

F.1  General  

I n  e lectromagnetic (EM)  fi el d  measurements,  from  a  theoretica l  poin t  of view,  the  presence  of 
a  measurement i nstrument,  wherever i t  i s ,  a lways  affects  the  measurement ou tcomes  s ince  i t  
perturbs  the  e lectromagnetic  fiel d  rad iated  by the  device  under test  (DUT).  The  re levance  of 
such  bias  i s  h i gh l y variable  depend ing  on  the  type  of probe  in  use.  

I n  recent years  probe  and  measurement so lu tions  have  been  developed  wh ich  are  cla imed  to  
have  l im i ted  or even  neg l ig ib le  impact on  the  DUT,  thus  making  d i rect  near fie ld  
measurements  poss ible .   

On  the  other hand ,  for many of the  measurement systems curren tl y i n  use,  the  impact of 
probes  may become quan ti tati ve l y severe,  to  the  poin t  of j eopard izing  the  rel i abi l i ty of the  
resu l ts,  when  the  measurements  need  to  be  taken  close  to  the  DUT.  I n  these  cases  post-
processing  a lgori thms  are  therefore  necessary.  

Conceptual l y the  s tandard  way to  tackle  th is  problem  is  to  take  fi e ld  measurements  far 
enough  from  the  DUT,  so  that  perturbations  on  the  l atter are  neg l ig ib le,  and  then  reconstruct  
the  quan ti ti es  of in terest i n  proxim i ty of the  DUT by computational  methods.  However,  such  
type  of operation  i s  a  mathematica l l y i l l -posed  problem :  a  function  mapping  near fie l d  i n to  far 
fie l d  exists ,  bu t i t  i s  not  i nvertib le.  

I n  the  l i terature  th is  cl ass  of problems  i s  known  as  " i nverse  problems"  and  i t  has  been  for 
decades  an  acti ve  fie ld  of research  for both  the  appl ied  mathematics  and  eng ineering  
communi ties .  As  mentioned  in  the  previous  paragraph,  inverse  problems  do  not adm it exact 
(closed-form)  solu tions,  bu t on l y approximated  ones;  consequentl y,  numerous  methods  and  
approaches  have  been  proposed ,  each  one  wi th  i ts  own  meri ts  and  d rawbacks  depend ing  on  
the  speci fici ties  of the  problem  and  on  the  detai l s  of each  a lgori thm .   

I n  the  con text  of th is  document,  i t  i s  worth  remarking  that,  being  approximated  solu tions,  a l l  
these  methods  bri ng  a long  a  numerica l  error wh ich  must be  taken  i n to  account i n  the  
uncerta in ty budget,  and  wh ich  i s  d is ti nct from  the  random  and/or systematic  errors  of the  
measurement setup.  

The  existing  approaches  to  add ress  i nverse  problems in  e lectromagnetics  can  be  d i vided  in  
two main  groups:  

1 )  fie l d  expansion  and  (back-)projection  methods  [4] [1 3] [1 4] [1 5] [1 6] ;   

2)  source  reconstruction  (or i nverse  source)  methods  [1 7] [1 8] [1 9] .  

Clauses  F . 2  to  F. 4  provide  a  general  i n troduction  to  these  approaches.  

•  C lause  F . 2  con tains  an  overview of fi e ld  expansion  methods .  

•  C l ause  F .3  con tains  an  overview of source  reconstruction  methods.  

•  C lause  F .4  con tains  a  d iscuss ion  on  possib le  implementations.  
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F.2  Field  expansion  methods  

F.2. 1  General  

Here  the  fi e l ds  are  measured  on  a  scann ing  surface,  wh ich  may typical l y be  a  p l ane,  a  sphere  
or a  cyl i nder.  The  measured  spatial  data  are  converted  i n to  the  spectral  domain  and  
expanded  in  terms  of modes,  i . e.  accord ing  to  a  bas is  of solu tions  of the  wave equation .  The  
bas is  for the  expansion  i s  chosen  i n  order to  have  bas is  functions  wh ich  are  orthogonal  on  the  
scann ing  surface;  hence  we  may encounter expansions  in  p l anar,  spherical  or cyl i ndrical  
waves  depend ing  on  the  scann ing  surface.  On  the  other hand ,  the  choice  of the  scann ing  
surface  is  typ ica l l y d ictated  by the  DUT characteri stics  and  by the  measurement requ i rements.  
I t  i s  worth  mention ing  that i t  i s  possib le  to  pass  from  one  bas is  to  another,  for example  from  a  
spherical  wave expansion  to  a  p lane  wave  expansion  [20] .  

Among  the  bas is  decomposi tions  mentioned  above,  the  p lane  wave  spectrum  (PWS) 
decomposi ti on  i s  at presen t the  most widel y used  i n  the  domain  of human  exposure  
assessment to  RF  fie l ds.   

F.2.2  The  plane  wave spectrum  expansion  

F.2 .2. 1  General  

I n  the  framework of assessment of human  exposure  to  rad iation  from  wi re less  devices,  the  
PWS method  cons ists  i n  measuring  the  e lectromagnetic fie l d ,  i n  ampl i tude  and  phase,  on  a  
measurement p lane  at a  l arge  enough  d istance  from  the  DUT,  so  that the  perturbations  
caused  by the  measurement system  become neg l i g ib le.  The  measured  values  are  then  back-
proj ected ,  by means  of a  reconstruction  al gori thm ,  to  the  pos i ti on  where  the  e lectromagnetic  
fie l d  actual l y needs  to  be  assessed .  

G lobal l y the  e lectromagnetic fie l d  coun ts  s ix  complex degrees  of freedom:  ampl i tude  and  
phase  for each  of the  three  components  of the  e lectric  (E)  and  magnetic  (H )  fi el d .  However,  i t  
fol l ows  from  Maxwel l  equations  i n  a  source-free,  homogeneous,  l i near,  non-magnetic and  
isotropic  med ium  that  the  number of i ndependen t complex degrees  of freedom  of the  EM  fie l d  
i s  on l y two;  therefore,  i n  order to  determ ine  the  EM  fi e ld  i t  i s  su fficien t to  measure  two of i ts  
complex components .  Usual l y,  the  ampl i tude  and  phase  of the  two  components  of the  E-fie l d  
tangentia l  to  the  measurement p lane  are  those  wh ich  are  measured  d i rectl y.   

I n  the  harmon ic reg ime,  PD  can  be  expressed  as  the  real  part of the  complex Poynting  vector.  
I t  i s  worth  recal l i ng  that the  time-averaged  value  of the  Poynting  vector represents  the  energy 
flow of the  e lectromagnetic  fie ld  through  a  g i ven  surface  e lement during  the  cons idered  period  
of t ime.  

At  short  d istances  (fractions  of a  waveleng th)  from  a  source,  the  reactive  parts  of the  E-  and  
H -fields  m ight contribu te  to  the  time-averaged  Poyn ting  vector (a l though  they do  not 
con tribu te  to  the  total  rad iated  power) .  The  error in troduced  by back-proj ection  of pure  far-
fie l d  data  needs  to  be  characterized .  

A typ ical  PWS algori thm  may be  decomposed  in to  the  fo l lowing  steps .  

•  Let  P0  be  the  measurement p lane.  The  two  components  of the  E-fie ld  tangentia l  to  P0  are  
measured ,  i n  ampl i tude  and  phase.  P0  shou ld  be  chosen  paral l e l  to  the  target p l ane  P1 .  

•  The  measured  values  are  converted  i n to  spectral  domain  and  back-projected  to  the  target 
p lane  P1  us ing  p lane  wave expansion  (e. g .  by means  of a  d iscrete  Fourier transform).  

•  The  normal  component of the  E-fie l d  on  p lane  P1  is  ca lcu lated  using  Gauss  law,  i n  
spectral  domain .  

•  The  H -fie l d  i s  ca lcu lated  from  the  E-fie l d  us ing  the  spectra l  formu lation  of the  Maxwel l–
Faraday equation .  
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•  The  E-fie ld  and  H -fie ld  vector fi e lds  are  converted  i n to  space-time  domain  by means  of an  
i nverse  d iscrete  Fourier transform .  

•  The  PD  is  ca lcu lated .  

A sample  test  case  of the  PWS method  and  i ts  reconstruction  error i s  sketched  i n  F . 2. 2 . 2 .  

F.2.2.2  Reconstruction  error in  PWS:  an  example  

The reconstructi ng  error of the  PWS techn ique  was  assessed  by computational  s imu lation  
us ing  a  patch  an tenna  and  one-d imensional  array antenna  wi th  four e lements .  Operati ng  
frequencies  were  set  as  30  GHz and  60  GHz.  Spatia l -average of power dens i ty Sav  was  
derived  from  Formu la  (2)  and  averag ing  area  are  set  as  1  cm2  and  4  cm 2  at  separation  
d istance  between  the  an tenna  and  evaluation  surface  rang ing  from  1  mm  to  20  mm.  

Measurement p lane  for the  reconstruction  was  set at  5λ  away from  DUT antennas.  Resolu tion  
of the  e lectric fie lds  used  for the  reconstruction  was  set to  0 , 4λ .  Measurement p lane  was  set 
to  cover approximatel y −30  dB  from  the  peak of ampl i tude  of e lectric  fi e ld .  

F i gu res  F. 1  and  F. 2  show back projection  error (dB)  for assessment of maximum  va lues  of Sav:  
ratio  of the  va lue  obta ined  by the  back proj ection  to  that by the  computational  s imu lation .  
Note  that the  maximum  va lues  of Sav  are  conservativel y estimated ,  i f a  va lue  of back 
proj ection  error i s  pos i ti ve.  The  accuracy of the  back projection  depends  on  the  accuracy of 
the  e lectric fi e l d  measurement,  the  cond i tion  for the  measurement (e . g .  measurement 
resolu tion ,  s i ze  of the  measurement p lane,  etc. )  and  the  re lati ve  d is tance  from  the  evaluation  
surface  to  the  sou rce.  

 

 

Figure F . 1  – Comparison  of maximum values  of Sav  between  
the computational  s imu lation  and  back projection  at  30  GHz  
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Figure F .2  – Comparison  of maximum values  of Sav  between  
the computational  s imu lation  and  back projection  at  60  GHz  

F.3  Inverse source methods  

I nverse  source  problems  arise  i n  many scienti fic and  industria l  areas  besides  an tenna  
measurements ,  such  as  b iomed ical  imag ing ,  tomography,  transport  equations,  etc.  As  a  
consequence,  these  have  been  extens ivel y s tud ied  and  i t  wou ld  be  hard ly poss ible  to  l i s t  a l l  
the  a lgori thms  and  variations  wh ich  have  been  developed .  Therefore,  on l y the  main  pri ncip les  
for the  EM  domain  wi l l  be  i l l ustrated .   

The  i npu t data  for the  problem  are  typica l l y the  complex va lues  of the  e lectric  fi e ld ,  rad iated  
from  the  DUT,  tangent to  a  g iven  measurement surface.  The  primary ou tpu t  are  equ ivalent 
curren ts  on  a  reconstruction  surface  wh ich  encloses  the  DUT;  these  equ ivalent  curren ts  are  
then  used  as  sources  to  calcu late  the  EM  fie l d  rad iated  from  the  DUT in  the  space  reg ion  of 
i n terest.   

The  main  techn ical  d i fficu l ty i s  to  obta in  the  equ ivalent  current  d is tribu tions  from  the  rad iated  
fie l d  data,  i . e.  to  i nverse  the  electric  fi e l d  i n tegral  equation  (EFIE):   

 0 2
0

1
( ) ( ) ( ) ( , )d ( ) ( , )d

S S
j G S G S

k
ωµ

 
= + ∇∇ + ×∇ 

  
∫ ∫E r J r' J r' r r' M r' r r'  (F . 1 )  

where  G(r ,r′)  i s  the  free  space  Green  function ,  J  and  M  are  the  e lectric  and  magnetic  
equ ivalent currents ,  respectivel y,  that are  pos i tioned  at r′,  S i s  the  reconstruction  surface  and  

r  be longs  to  the  measurement surface.  

Again ,  mathematical l y th is  i s  an  i l l -posed  problem .  Several  numerica l  a l gori thms  have  been  
conceived  to  re-shape  Formu la  (F . 1 )  i n to  a  matrix  equation  of the  form  Ax =  b ,  through  
expansion  of the  curren ts  on  a  set of basis  functions .  Anyway,  the  matrix  A  remains  i l l -
cond i ti oned  and  therefore  a  regu lari zation  procedure  is  requ i red .  Among  the  most used  
mathematical  approaches,  i t  i s  worth  mention ing :  s i ngu lar value  decomposi tion  (SVD),  
L2  –  L1  –  L0  m in im izations,  Tikhonov regu lari zation ,  Morozov regu lari zation ,  etc.  [21 ] [22]  

Another poin t  to  be  s tressed  is  that  i n  s tandard  EM  problems  addressed  by an  i nverse  source  
method ,  the  measurement su rface  i s  re lativel y close  to  the  DUT wh i le  the  reg ions  where  one  
wants  to  estimate  the  fi e ld  values  are  further away.  I n  other words,  i nverse  source  methods  
are  trad i tional l y used  to  perform  a  near fi e ld  to  far fie l d  transformation .  On  the  other hand ,  i n  
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the  presen t framework,  the  measurement surface  wi l l  most l ikel y l i e  i n  the  far fi e ld  reg ion ,  
wh i l e  the  quanti ty to  be  evaluated  i s  the  PD  i n  the  near fi e ld  or very near fi e ld  reg ion .  Th is  i s  a  
further source  of i naccuracy that needs  to  be  characterized ,  s i nce  by far fi e ld  measurements  
one  cannot get  i n formation  on  the  reactive  part of the  EM  fie l d .   

F.4 Implementation  scenarios  

F.4. 1  General  

For most of the  reconstruction  methods,  as  wel l  as  i n  th is  document,  i t  i s  assumed  as  
standard  to  have  the  two complex tangen tia l  components  of the  E-fie ld  as  i npu ts,  
i . e .  measured  d i rectl y.  However,  th is  i s  not  the  on l y poss ib le  scenario,  s i nce  reconstruction  
a lgori thms  can  be  implemented  otherwise:  i n  F . 4 . 2  to  F . 4 . 4  some other implementation  
scenarios  are  summarized .   

F.4.2  Al ternative  fi eld  measurements  

Strictl y speaking ,  noth ing  proh ibi ts  to  measure  d i rectl y a lso  the  th i rd  component of the  E-fie l d ,  
wh ich  may be  usefu l  to  overcome problems in  i ts  numerica l  reconstruction .  I n  the  same spi ri t,  
noth ing  proh ibi ts  to  measure  two  or three  components  of the  H -fie l d  and  derive  the  E-fie l d  
from  these,  or even  measure  a l l  the  components  of the  EM  fi e l d  d i rectl y.   

Actual l y,  a l l  these  approaches  are  theoretical l y equ ivalent  and  the  choice  of one  over the  
other depends  exclus ively on  the  techn ical  solu tions  avai l able ,  and  on  thei r efficiency.  

F.4.3  Phase-less  approaches  

I n  case  the  phases  of the  electric  and /or magnetic  fie ld  cannot be  measured  d i rectl y,  they can  
be  numerica l l y retrieved  from  mu l ti p le  measurements  of the  fi e l d  ampl i tudes,  us ing  for 
i nstance  i n terferometric or i terative  procedures  such  as  the  Gerchberg–Saxton  al gori thm  [23] .  
The  reconstructed  phases  can  then  be  used ,  together wi th  ampl i tudes,  as  i npu t for e i ther fi e l d  
expansions  or i nverse  sources  methods.  The  errors  com ing  from  phase  reconstruction  
a lgori thms  shou ld  as  wel l  be  taken  i n to  account i n  the  uncertain ty budget.   

F.4.4  Di rect  or quasi -d i rect near fi eld  measurements  

As  mentioned  i n  C lause  F. 1 ,  advancement i n  probe  technology,  such  as  m in iaturized  and/or 
non-metal l ic  probes,  may l ower cons iderabl y the  perturbations  on  the  DUT,  thus  making  the  
ro le  of reconstruction  a lgori thms  less  crucia l .  Therefore,  a  scenario  shou ld  not be  excluded  i n  
wh ich  d i rect near-fiel d  measurements  on  the  evaluation  surface  wi l l  be  possible,  wi th  l im i ted  
use  of post-process ing  a lgori thms,  or wi th  no  use  at a l l .  I n  the  l atter case,  the  uncertain ty 
budget wi l l  not con tain  con tribu tions  from  reconstruction  a lgori thms,  bu t on l y errors  com ing  
from  the  measurement setup.  
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Annex G  
(informative)  

 
Example  of a  mixed  (numerical  and  experimental )  approach  

to assess  EMF compl iance for a  WiGig  device  

G.1  General  

Numerical  techn iques  are  valuable  to  assess  EMF  compl iance,  and  as  a  m in imum,  i n  
combination  wi th  measurement,  to  i den ti fy the  l ocations  where  the  worst-case  maxima occur 
to  reduce  measurement time for devices  operating  above  6  GHz.  Add i ti onal l y,  the  models  can  
be  used  from  design  phase  to  fina l  compl iance,  optim izing  product performance and  
assurance of timel y compl iance.  Whi le  near-fiel d  m i l l imetre-wave  probes  and  measurement 
techn iques  are  under development,  numerical  techn iques  have  been  successfu l l y appl i ed ,  
wi th  some l im i tations  to  assess  compl iance  for certa in  l ow power 60  GHz WiG ig  rad ios  i n  
tablet and  notebook devices.  

G.2  Approach  used  to  assess  conformance 

An  approach  had  been  used  to  assess  conformance  wi th  respect to  human  exposure  l im i t.  
Th is  approach  i s  based  on  the  fo l l owing  s teps.  

1 )  Determ ine  the  l ocation  and  orientation  of the  evaluation  surface(s)  or p l ane(s)  and  
configurations  based  on  exposure  cond i tions  of the  p latform  to  users  (and  bystanders  i f 
appl icable).   

2)  I f the  transm itting  antenna  is  an  array i nvolving  beam-steering  or beam  form ing ,  the  phase  
combination  l ead ing  to  the  maximum  power densi ty i s  determ ined ,  through  numerical  
s imu lations,  as  fo l lows.   

a)  F i nd ing  the  l ocation  of maximum  power dens i ty on  the  evaluation  surface  in  each  
evaluation  configuration  us ing  an  upper-bound  method .  The  basic concept beh ind  the  
upper-bound  method  is  to  assume that there  cou ld  be  an  “ i deal  beam  form ing ”  
mechan ism  that cou ld  a l i gn  the  phases  of a l l  the  e lements  for both  E-fie ld  and  H -fie l d .  
When  th is  i deal  mechan ism  is  used ,  a l l  complex phasors  are  a l i gned  to  the  same 
phase,  hence  the  phasor absolu te  value  can  be  used  i nstead  of the  phasor.  The  E-fie l d  
(and  H -fie l d )  for any d i rection  i s  the  sum  of the  magn i tude  of the  fi e l ds.  Th is  method  
i denti fies  the  l ocation  of the  maximum  power dens i ty on  the  evaluation  p lane,  
i ndependent of the  antenna  phases.  I t  a l l ows  fi nd ing  the  l ocation  for an  upper bound  of 
power dens i ty wi th  th is  “ i deal  beam  form ing”  mechan ism .   

b)  The  an tenna  phases  are  then  ad justed  (accord ing  to  the  device  codebook)  to  maxim ize  
the  power dens i ty across  the  spatia l  averag ing  area  that was  found  us ing  the  upper-
bound  method  in  a) .  The  method  that i s  used  to  fi nd  the  requ i red  antenna  phases  i s  as  
fol lows.  

i )  Turn  on  e lements  one-by-one  and  calcu late  for each  acti ve  e lemen t the  power 
dens i ty i n  the  spatial  averag ing  window.   

i i )  Sort the  an tenna  e lements  based  on  the ir spatial -average power dens i ty 
con tribu tion  at the  l ocation  determ ined  by the  upper-bound  method .  The  e lemen ts  
are  arranged  i n  descend ing  order of power dens i ty from  the  h ighest to  the  l owest,  
#0  to  #n−1  (where  n  i s  the  number of e lemen ts  i n  the  array).  

i i i )  Turn  on  #0  wi th  phase  P0  =  0  (reference) .  

i v)  Turn  on  #1  and  change the  phase  to  maxim ize  the  power and  fi nd  the  phase  P1 .  

v)  Keep  P0  and  P1  on ,  then  turn  on  #2  and  do  same.  

vi )  Repeat for the  rest of the  e lements .   

3)  Calcu late  the  power densi ty wi th  the  antenna  phases  that were  found  i n  2)  b).  
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4)  Repeat the  steps  from  1 )  to  3)  for a l l  channels .  The  channel  l ead ing  to  h ighest  power 
densi ty i s  therefore  determ ined  as  wel l  as  the  correspond ing  phase  configuration .  

5)  Val i date  the  s imu lation  by measurement at d is tances  supported  by the  measurement 
method .  Th is  i s  ach ieved  by comparing  E-fie l d ,  H -fiel d ,  l ocal  and  spatia l -average  power 
dens i ty values  and  d istribu tions  for the  h i ghest exposure  cond i ti ons  ( in  terms  of an tenna  
exci tations  and  frequency channel )  found  i n  4).  

F i gure  G . 1  shows  an  example  of the  evaluation  p lane  and  an tenna  posi tion  for a  platform  wi th  
WiGig  technology (step  1 ) .  

 

RFEM  =  Rad io  Fron t End  Modu le  

Figure  G .1  – Evaluation  plane and  antenna posi tion  

Table  G . 1  shows  the  phase  sh i ft ( i n  degrees)  between  an tennas  provid ing  maximum  power 
dens i ty found  for the  three  WiGig  frequency channels  (s tep  2) .  
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Table  G . 1  – Phase sh ifts  between  antenna elements  l eading  
to  the  maximum power densi ty for each  channel  

Antenna i ndex 
Phases  [degrees]  

Channel  1  Channel  2  Channel  3  

0  31 5  0  45  

1  45  90  90  

2  1 35  1 80  1 80  

3  31 5  31 5  31 5  

4  31 5  31 5  0  

5  45  45  90  

6  1 35  1 35  1 80  

7  31 5  270  31 5  

8  45  90  90  

9  90  1 35  1 35  

1 0  1 80  225  225  

1 1  0  0  0  

1 2  45  45  90  

1 3  90  90  1 35  

1 4  1 80  1 80  225  

1 5  0  0  0  

 

I n  th is  example,  the  number of an tenna  e lements  is  1 6  and  the  poss ib le  phase  va lues  are  0 ,  
45,  90,  1 35,  1 80,  225,  270  degrees  (phase  sh i fter of 45  degree).   

F i gu re  G . 2  shows  s imu lation  resu l ts  for the  peak power dens i ty and  the  spatia l -average  power 
dens i ty d is tribu tions  i n  the  evaluation  p lane  for the  phase  configurations  i n  Table  G . 1 .  Note  
that  the  maximum  value  was  found  for Channel  1  (step  3) .  

 

The  sou rce  i s  determ ined  accord i ng  to  the  procedure  descri bed  i n  Annex G  (see  a l so  FCC I D  PD91 8260NG).  

Figure G .2  – Local  and  spatial -average power densi ties  in  mW/cm2  

Figure  G . 3  shows  the  changes  i n  1  cm 2  spatia l -average power dens i ty at  the  h ighest 
exposure  l ocation  wi th  d i stance  from  the  evaluation  p lane.  Two  p lots  are  shown  at 1 00  %  and  
70  %  du ty cycle  as  a  function  of the  separation  d i stance.   
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The  sou rce  i s  FCC I D  PD91 8260NG.  

Figure  G .3  – Spatial -average  power densi ties  variation  
wi th  the  d istance from  evaluation  p lane  

Depend ing  on  the  complexi ty of the  antenna  array,  exposure  cond i tions,  avai labi l i ty of 
p latform  model l ing  detai l s  and  m i l l imetre-wave materia l  d i e lectric  properties,  the  s imu lation  
may be  veri fied  us ing  far fie l d  measurement or near fie ld  measurement.  F i gure  G . 4  shows  far-
fie ld  val i dation  of the  s imu lation  by the  E IRP measurement of the  device  i n  the  trans i tion  fi e ld  
and  far fie ld  zone.  Good  correlation  between  s imu lation  and  measurement can  serve  to  
demonstrate  that the  near-fie ld  resu l ts  provided  by the  s imu lation  may be  used  to  evaluate  
compl iance.   

 

Figure G .4  – Correlation  (s imulation  vs.  measurement)  

G.3 Conclusion   

At m i l l imetre-wave  frequencies,  i t  i s  often  d i fficu l t  to  i den ti fy certa in  d ie lectric  materia l  
properties  of the  DUT requ i red  for numerical  s imu lation ,  wh ich  can  i ncrease  the  s imu lation  
uncertain ty.  However,  depend ing  of the  measurement methodology,  i t  may not be  feasible  to  
obtain  accurate  power dens i ty resu l ts  next  to  the  DUT surface.  Under such  ci rcumstances,  
s imu lation  and  measurement may be  used  to  complement each  other i n  order to  establ ish  
compl iance.  Numerical  techn iques  can  be  usefu l  to  assess  power densi ty l evels  for a  
comprehensive  product development programme and  to  demonstrate  compl iance  to  RF  
exposure  gu ide l i nes.  The  aforementioned  numerica l  approach  has  been  used  successfu l l y for 
certa in  WiGig  des igns  to  demonstrate  conformance  to  regu latory l im i ts  and  prevai l ing  
standards.  As  the  standards  for near-fie l d  m i l l imetre-wave measurement and  s imu lation  
capabi l i ties  evolve,  both  techn iques  wi l l  con ti nue  to  be  usefu l  to  optim ize  product des ign  and  
supplement each  other to  s impl i fy the  near-fie l d  m i l l imetre-wave  RF  exposure  evaluation  
requ irements .  
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Annex H  
(informative)  

 
Use  cases  

H.1  General  

I n  Annex H ,  resu l ts  of power densi ty measurements  conducted  on  a  mock-up  device  are  
presented .  The  DUT provided  has  a  form  factor typ ical  of a  mobi le  phone.  I t  i s  characterized  
by an  an tenna  array operati ng  at about 28  GHz [24] .  Th is  i s  formed  by several  notch  cu ts  and  
i t  i s  p laced  towards  the  upper edge  of the  device  (see  F igure  H . 1 ).  The  array an tenna  is  
prin ted  on  a  68  mm  ×  25  mm  ×  0 , 3  mm  Rogers  RO4003C™ 4;  the  detai led  geometry of the  
an tenna  i s  provided  i n  F igure  H . 2.  The  four ports  are  exci ted  external l y as  the  RF  fron t end  is  
not i ncluded  wi th  the  mock-up.  The  cover of the  device  was  real i zed  i n  p l astic.  F i gure  H . 3  
shows  the  3D  rad iation  pattern  (at  28  GHz)  of the  device  obtained  by means  numerica l  
s imu lations  and  for a  un i form  exci tation  of the  four ports .  

Measurements  were  conducted  by three  laboratories  employing  d i fferen t measurement 
methodolog ies  and  equ ipment.  Some of these  setups  i nvolve  commercia l  sol u tions  avai lable  
on  the  market wh i le  others  are  based  on  i nvestigative  and  research  proj ects .   

The  main  purpose  of th i s  acti vi ty was  to  i l l ustrate  that  d i fferen t systems  and  techn iques  can  
be  used  when  assess ing  power densi ty i n  cl ose  proxim i ty of a  device.  The  assessed  
configurations  were  selected  by I EC TC  1 06  to  be  representative  (bu t not comprehensive)  of 
the  test  approaches  defined  by th is  document and  considering  the  time constrain ts  for the  
proj ect.   

I n  order to  add  confidence  to  the  measurement resu l ts,  data  obta ined  by means  of numerical  
s imu lations  are  a lso  presen ted .  These,  however,  shou ld  not be  cons idered  as  an  absolu te  
reference for the  ‘ true ’  va lues  as  based  on l y on  an  approximated  model l ing  of the  device.  The  
Rogers  RO4003  substrate  on  wh ich  the  an tenna  is  prin ted  was  model l ed  wi th  a  re lati ve  
perm i ttivi ty of 3, 55  and  l oss  tangen t of 0 , 002  7.  The  p lastic  box on  wh ich  the  antenna  and  the  
chass is  are  p laced  has  a  d imension  of 1 44  mm  ×  72  mm  ×  9 , 8  mm  and  th ickness  of 1  mm .  I t  
i s  characterized  by a  relati ve  perm i tti vi ty of 3  and  a  l oss  tangen t of 0 , 01 .   

 

[SOURCE:  Sony Mobi l e]  

Figure H . 1  – Picture  of the  mock-up  used  for power densi ty measurements  

___________ 

4  RO4003C i s  the  trade  name  of a  product  suppl i ed  by Rogers  Corporati on .  Th i s  i n formation  i s  g i ven  for the  
conven i ence  of users  of th i s  d ocument  and  does  not  consti tu te  an  endorsement  by I EC of the  product  named .  
Equ ivalent  products  may be  used  i f they can  be  shown  to  l ead  to  the  same resu l ts .  
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Dimensions in  millimetres 

 

Figure H .2  – Antenna  geometry 

 

 

‘Top’  and  ‘Front’  represent the  eva luati on  su rfaces  where  power densi ty was  eval uated .  

Figure H .3  – Picture  of the  mock-up  numerical  model  

H.2  Configurations  

The adopted  measurement protocol  i s  as  fo l lows.  

•  The  test frequencies  selected  were:  27, 5  GHz,  27, 925  GHz and  28, 35  GHz accord ing  to  
the  cri teria  speci fi ed  i n  6 . 2 .5  assum ing  an  operati ng  bandwid th  of 27 , 5  GHz to  28, 35  GHz 
(even  though  the  an tenna  bandwid th  was  l arger) .  

•  The  evaluation  surfaces  were  chosen  to  be  fl at and  para l le l  to  the  ‘ top  edge’  and  to  the  
‘ front  face’  of the  device  (see  F igures  H . 1  and  H . 3).  The  (p lanar)  evaluation  surfaces  were  
chosen  independentl y (at  l east i n  part)  from  what i s  speci fied  i n  6. 2 . 5.  Th is  was  necessary 
to  reduce the  measurement time and  to  al l ow d i fferen t l aboratories  to  take  part i n  th is  
acti vi ty wi th in  the  g i ven  time frame.  The  se lected  evaluation  surfaces  wou ld  correspond  to  
the  fl at phantom  configuration  i n  Al ternative  1  of 6 . 2 .5  .  Such  evaluation  su rfaces  are  a lso  
cons isten t wi th  Al ternative  2 ,  as  the  maximum  spatia l -average  power dens i ty was  found  i n  
one  of such  p lanes.  
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•  Resu l ts  are  presented  for a  separation  d istance  from  the  device  to  the  evaluation  p lane  of 
5  mm .  At  the  s ing le  frequency of 27, 925  GHz,  power dens i ty i s  a lso  provided  at 1 0  mm  
and  20  mm .   

•  The  an tenna  was  exci ted  through  a  CW signal  and  the  spatia l -average power densi ty was  
determ ined  accord ing  to  Formu la  (2) .  Ci rcu lar averag ing  areas  of 1  cm2 ,  4  cm 2  and  
20  cm2  were  selected .  

•  The  power dens i ty values  are  provided  for an  i nput power of 5  mW (RMS)  to  each  an tenna  
port.  

•  The  precod ing  weigh ts  defin ing  the  poss ible  phase  and  ampl i tude  exci tations  for each  
an tenna port (codebook)  of the  mock-up  are  described  i n  Table  H . 1 .   

Table  H . 1  – Phase  sh i ft  values  for the  mockup antenna ports.   
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H.3  Resul ts  obtained  at Laboratory 1   

H.3. 1  General  

The measurements  of the  mock-up  provided  (DUT)  were  performed  in  a  temperature  
con trol l ed  anechoic  chamber,  us ing  an  au tomated  pos i tion ing  system  and  a  m in iaturi zed  
probe as  described  below;  the  ampl i tude  of the  E-fie ld  componen ts  is  measured  and  the  
phase  is  retrieved  s im i l arl y to  what i s  described  i n  F . 4 .3 .  I n  H . 3. 2  to  H . 3. 8,  the  methodology,  
setup  for the  mock-up  measurements  and  resu l ts  are  presented .  

H.3.2  M in iaturized  probe  

The probe  i s  based  on  the  pseudo-vector probe  des ign ,  wh ich  not on l y measures  the  fie l d  
magn i tude  bu t a lso  derives  i ts  polari zation  e l l ipse.  Th is  probe  concept a lso  has  the  advan tage  
that  the  sensor ang le  errors  or d istortions  of the  fi eld  by the  substrate  can  be  l arge l y nu l l i fied  
by ca l ibration .  Th is  i s  particu larl y important as,  at  these  very h i gh  frequencies,  fi e ld  d istortions  
by the  substrate  are  dependen t on  the  wavelength .  The  design  enta i ls  two  smal l  0 , 8  mm  
d ipole  sensors  mechan ical l y protected  by h i gh -dens i ty foam ,  pri n ted  on  both  s ides  of a  
0, 9  mm  wide  and  0, 1 2  mm  th ick g lass  substrate.  The  body of the  probe  is  speci fical l y 
constructed  to  m in im ize  d istortion  by the  scattered  fie l ds.  

The  probe  cons ists  of two  sensors  wi th  d i fferen t ang les  (γ1  and  γ2)  arranged  i n  the  same  
p lane  i n  the  probe  axis .  Three  or more  measurements  of the  two sensors  are  taken  for 
d i fferent probe  rotational  ang les  to  derive  the  ampl i tude  and  polarization  i n formation .  These  
probes  are  the  most flexible  and  accurate  probes  curren tl y avai l ab le  for measuring  fi e ld  
ampl i tude.  

H.3.3  Scans  

The scan  i nvolves  the  measurement of two p lanes  spaced  λ/4,  wi th  th ree  d i fferen t probe  
rotations  for each  plane.  The  grid  s teps  are  optim ized  by the  software  based  on  the  test 
frequency and  the  s i ze  of the  device  under test (DUT).  The  location  of the  l owest 
measurement plane  is  defi ned  by the  d is tance  of fi rst  measurement l ayer from  DUT defined  
by the  user,  in  th is  case  the  planes  of i n terest:  5  mm ,  1 0  mm  and  20  mm .   
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For the  numerical  description  of an  arb i trari l y oriented  e l l ipse  in  th ree-d imensional  space,  fi ve  

parameters  are  needed  (F igure  H . 4):  the  sem i-major axis  ( a


) ,  the  sem i-m inor axis  ( b


) ,  two  

ang les  describ ing  the  orien tation  of the  normal  vector of the  e l l ipse  (φ ,  θ) ,  and  one  ang le  
describ ing  the  ti l t  of the  sem i-major axis  (ψ) .  For the  two  extreme cases,  i . e .  ci rcu lar and  

l i near polari zations,  th ree  parameters  on l y ( a


,  φ  and  θ)  are  sufficien t for the  description  of the  
i nciden t fie l d .  

 

Figure H .4 – I l lustration  of the  angles  used  for the  numerical  description  
of the  sensor and  the orientation  of an  el l ipse  in  3-D  space  

For the  reconstruction  of the  e l l ipse  parameters  from  measured  data,  the  problem  can  be  
reformu lated  as  a  non l inear search  problem .  The  sem i-major and  sem i-m inor axes  of an  

e l l i ptica l  fi e l d  can  be  expressed  as  functions  of the  three  ang les  (φ ,  θ  and  ψ) .  The  parameters  
can  be  un iquely determ ined  towards  m in im izing  the  error based  on  l east-squares  for the  g i ven  
set of ang les  and  the  measured  data.  I n  th is  way,  the  number of free  parameters  is  reduced  
from  five  to  three,  wh ich  means  that at l east th ree  sensor read ings  are  necessary to  gain  
sufficient  i n formation  for the  reconstruction  of the  e l l ipse  parameters.  However,  to  suppress  
the  noise  and  i ncrease  the  reconstruction  accuracy,  i t  i s  des i rable  to  have  an  overdeterm ined  

system  of equations.  The  solu tion  to  use  a  probe  cons isti ng  of two  sensors  ang led  by γ1  and  
γ2  toward  the  probe  axis  and  to  perform  measurements  at  three  angu lar pos i ti ons  of the  probe,  

i . e.  a t β 1 ,  β2 ,  and  β3 ,  resu l ts  in  over determ inations  of two.  I f there  i s  a  need  for more  
i n formation  or i ncreased  accuracy,  more  rotation  ang les  can  be  added .  

The  reconstruction  of the  e l l ipse  parameters  can  be  separated  i n to  l i near and  non- l inear parts  
that  are  best solved  by the  G ivens  a lgori thm  combined  wi th  a  downh i l l  s implex a l gori thm .  To  

m in im ize  the  mutual  coupl i ng ,  sensor ang les  are  set wi th  a  90°  sh i ft  (γ1  =  γ2  +  90° ) ,  and ,  to  
s impl i fy,  the  fi rst  rotation  ang le  of the  probe  (β 1 )  can  be  set to  0° .  Mode  detai l s  can  be  found  
i n  [25] .  
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Figure H .5  – Numerical  algori thm  for reconstructing  the  el l ipse  parameters  

H .3.4  Total  field  and  power densi ty reconstruction  

Computation  of the  power dens i ty i n  general  requ ires  knowledge of the  e lectric (E-)  and  
magnetic  (H -)  fi e ld  ampl i tudes  and  phases  i n  the  p lane  of i ncidence.  Reconstruction  of these  
quanti ti es  from  pseudo-vector E-fie l d  measurements  i s  feas ib le,  as  they are  constra ined  by 
Maxwel l ’s  equations.  A reconstruction  approach  based  on  the  Gerchberg–Saxton  a l gori thm  
[26] [27]  has  been  developed ,  wh ich  benefi ts  from  the  avai labi l i ty of the  E-fie l d  polari zation  
e l l i pse  in formation  obta ined  wi th  the  probe.  Th is  reconstruction  a lgori thm ,  together wi th  the  
ab i l i ty of the  probe  to  measure  extremely close  to  the  source  wi thout perturb ing  the  fi el d ,  
perm i ts  reconstruction  of the  E-  and  H -fie lds ,  as  wel l  as  of the  power densi ty,  on  

measurement p lanes  l ocated  as  near as  λ/5  away.  A flow-chart of the  a lgori thm  used  for 
reconstruction  i s  presented  in  F igure  H . 5.  

H.3.5  Power densi ty averaging  

The average  of the  reconstructed  power dens i ty has  been  evaluated  over a  ci rcu lar area  i n  
each  measurement p lane.  The  area  of the  ci rcle  i s  defi ned  by the  user;  for th is  study the  area  
was  defined  as  1  cm 2 ,  4  cm 2  and  20  cm 2 .  Note  that the  average  i s  on l y evaluated  for grid  
poin ts  where  the  averag ing  ci rcle  i s  completel y fi l l ed  wi th  values;  for poin ts  at the  edge  where  
the  averag ing  ci rcle  i s  on l y partl y fi l led  wi th  values,  the  averaged  power dens i ty i s  set  to  zero.  
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H.3.6  Measuring  setup  

Each  p lane  of i n terest was  measured  using  the  probe  described  above.  The  DUT pos i tion ing  
was  ach ieved  us ing  as  a  reference  a  h igh-densi ty foam .   

The  RF  chain  to  feed ing  the  DUT cons isted  of the  fol lowing  e lements  and  i s  shown  i n  
F igure  H .6 :  

•  s i gnal  generator – set to  one  hal f of the  target frequency wi th  power of +5, 6  dBm;   

•  cables  and  adapters;   

•  Ka  band  mu l ti p l i er – 2×  frequency mu l tip l i er moun ted  on  cool i ng  grid ,  i npu t power nom inal  
+5  dBm .   

The  power at the  end  of the  chain  was  measured  by using  a  thermal  power sensor for the  
three  frequencies  of in terest.  The  measured  power was  performed  once  the  frequency 
mu l tip l i er reached  a  stable  operation  temperature.  Table  H . 2  shows  the  measured  power.  The  
sem i-ri g i d  200  mm  coaxia l  cable  and  connectors  used  to  feed  the  an tenna  ports  i n troduced  
add i tional  l osses  reported  as  1  dB  for the  three  frequencies.  The  extra  l osses  were  taken  i n to  
account in  order to  normal ize  a l l  the  resu l ts  to  5  mW at the  i npu t port  of each  an tenna.   

Table  H .2  – Measured  power at  the  end  of the  adapter 2,4  mm  to  3 ,5  mm  and  input 
power at  the  antenna port  after considering  extra losses  i n troduced  by the  

semi-rig id  200  mm  coaxial  cable  and  connectors  

Frequency 
 

[GHz]  

Measured  
power 

(dBm)  

Measured  
power 

(mW) 

P
i n
 a t  each  
port  

(dBm)  

P
i n
 a t  each  
port  

(mW) 

27, 500  1 9, 81  95, 72  1 8, 81  76, 03  

27, 925  1 9, 87  97, 05  1 8, 87  77, 09  

28, 350  1 9, 94  98, 63  1 8, 94  78, 34  

 

 

[SOURCE:  I T’ I S  Foundation ]  

Figure H .6  – Measuring  setup used  at  Laboratory 1  

IEC  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



I EC TR 631 70:201 8  © I EC 201 8  – 83  –  

Before  starting  the  measurements ,  the  probe  was  a l i gned  us ing  a  l aser beam  and  the  DUT 
was  taught.  I n  th is  way,  the  zero  d istance  reference was  fixed .  I t  i s  worth  noting  that,  because  
the  cover of the  mock-up  i s  not permanen tl y g lued ,  a  few m icrons  of d i fference  can  be  found  
between  each  corner of the  mock-up  p lane.  Tables  H . 2  and  H . 3  show a lso  the  cases  
measured .  Each  case  impl ies  four sets  of measurements ,  one  for each  port.  The  measured  
p lanes  (5  mm ,  1 0  mm  and  20  mm)  were  a lways  paral l el  to  the  system  phan tom  (horizon ta l ) ,  
wi th  the  probe  vertical l y orien ted .  For the  TOP orientation ,  the  DUT was  vertical l y he ld  by 
us ing  a  p lastic  holder.  For the  FRONT orientation ,  the  DUT was  horizon tal l y posi ti oned  
paral l el  to  the  h igh -densi ty foam  support,  on l y secured  by tape.  Specia l  care  was  taken  when  
chang ing  the  connected  port to  avoid  moving  the  DUT.  The  DUT FRONT and  TOP  
measurement configurations,  as  wel l  as  the  conven tion  used  to  number the  ports,  i s  shown  in  
F igure  H . 7.   

  

(a)  FRONT orientation  (b)  TOP  orien tation  

Figure H .7  – DUT whi le  measuring  showing  the  numbering  for the  ports  

H .3.7  Simu lated  resu l ts  

I n  order to  have  a  reference,  the  CAD  model  was  s imu lated  us ing  the  fi n i te-d i fference  time-
domain  (FDTD)  solver.  However,  as  a l ready expla ined  i n  C lause  H . 1 ,  th is  shou ld  not be  
considered  as  an  absolu te  reference,  as  the  numerica l  va lues  are  based  on l y on  an  
approximated  model l ing  of the  device,  wi thout cons idering  fabrication  to lerances  and  other 
re levant  aspects .   

H.3.8  Measured  resu l ts  

For the  d i fferent measured  configurations  (namely orien tation ,  frequency and  d istance  from  
DUT),  the  p lanar evaluation  su rfaces  were  chosen  i ndependentl y,  wi thout comprom is ing  the  
qual i ty of the  resu l ts .  Th is  was  necessary to  reduce the  measurement time.  Al l  the  evaluated  
p lanes  are  square.  Table  H . 3  shows  the  d imension  of one  s i de  of the  scanned  p lane  for each  
configuration .  The  values  were  optim ized  accord ing  to  the  fi e l d  decay.  For TOP orien tation  of 
the  central  frequency at 5  mm  from  the  DUT,  a  l arger scan  was  performed .   

F i gure  H .8  shows  the  power densi ty d is tribu tion  i n  the  top  configuration  i n  a  pl ane  l ocated  
5  mm  from  the  DUT,  at  27, 925  GHz.  The  d iagrams  are  shown  for the  four ports.  As  a  
reference,  s imu lations  are  a lso  presented .  Each  graph  is  i n  dB,  normal i zed  to  the  maximum  

value  of the  s imu lation  and  us ing  a  1 00  mm  ×  1 00  mm  window.  S im i l arl y,  F i gure  H .9  shows  
the  power densi ty for the  FRONT d istribu tion .   
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F igu re  H . 1 0  shows  the  averaged  power dens i ty as  a  function  of d is tance  for port  1 ,  at  
27 , 925 GHz,  for both  TOP and  FRONT orien tations.  The  resu l ts  are  presen ted  i n  a  p l ane  
5  mm  from  the  DUT us ing  ci rcu lar averag ing  areas  of 4  cm 2 .  As  i n  the  case  of the  fie l d  
d istribu tions,  the  graphs  show a lso  numerical  resu l ts  obta ined  from  the  s impl i fied  model  of the  
device.   

F i gu re  H . 1 1  shows the  resu l ts  for the  averaged  power dens i ty as  a  function  of the  averag ing  
area  for port 1 ,  i n  TOP and  FRONT orientations.  The  resu l ts  are  presented  at the  three  
frequencies  of i n terest:  27, 500  GHz,  27, 925  GHz and  28,350  GHz,  i n  a  plane  5  mm  from  the  
DUT.  

Table  H .3  – Edge  l ength  of the  scanned  planes  for the  d i fferent  configurations  

Distance 
(mm)  

27, 500  GHz  27, 925  GHz  28,350  GHz  

TOP  FRONT TOP  FRONT TOP  FRONT 

5  84, 5  62, 7  1 1 0, 1  61 , 8  82 , 0  60, 9  

1 0  a  a  83 , 3  61 , 8  a  a  

20  
a  a  83 , 3  61 , 8  

a  a  

a  These  confi gu rati ons  were  excl uded .  
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(a)  Port 1  

 
(b)  Port 2  

  
(c)  Port 3  

 

(d )  Port 4  

 

Figure  H .8  – S imulated  ( left)  and  measured  (right)  power densi ty d istribution  
for the  TOP  configuration  
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(a)  Port 1  

 
(b)  Port 2  

 
(c)  Port 3  

 

(d )  Port 4  

 

Figure  H .9  – S imulated  ( left)  and  measured  (right)  power densi ty d istribution  
for the  FRONT configuration  
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Figure H . 1 0  – Averaged  power densi ty as  a  function  of d istance for port 1 ,  at  
27,925 GHz,  for TOP and  FRONT configurations  averaged  over an  area of 4  cm2  
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(a)  f =  27, 500  GHz  

 
(b)  f =  27, 925 GHz 

 
(c)  f =  28, 350  GHz  

 

Figure H . 1 1  – Averaged  power densi ty as  a  function  of averaging  area  for port 1  
at  d i fferent frequencies  
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By superimposing  the  independentl y measured  fi el ds  wi th  the  appropriate  phase  sh i ft,  the  
tota l  d is tribu tion  for each  configuration  defined  i n  Table  H . 1  was  computed .  The  re lati ve  
phases  between  the  an tenna  e lements  were  normal i zed  to  the  l ocation  of PD  maximum  of 
each  measured  e lement for combin ing  the  fi e ld .  From  the  fi ve  phase  combinations,  the  largest  
averaged  PD  over a  ci rcu lar 4  cm 2  (correspond ing  to  the  configuration  w1  of Table  H . 1 ,  i . e .  
zero  phase-sh i ft  between  ports  of the  array)  of the  TOP orien tation  was  obtained .  
The  measured  power dens i ty was  7, 6  W/m2 .  The  s imu lated  va lue  for the  same configuration  
was  8 , 1  W/m2 .  F igure  H . 1 2  shows  the  measured  power densi ty d istribu tion .  

 

 

Figure H . 1 2  – Distribution  of the  power densi ty correspond ing  to  the  array 
with  zero  phase-sh ift  between  elements  (configuration  w1  of Table  H . 1 )  

H.4 Resul ts  obtained  at Laboratory 2  

H.4. 1  General  

The measurement methodology is  based  on  the  solu tion  of an  i nverse  source  problem  s im i lar 
to  that described  in  C lause  F .3 .  Both  ampl i tude  and  phase  of the  E-fie l d  are  measured  on  the  
measurement surface  by means  of a  wavegu ide  probe.  I n  H . 4 . 2  to  H . 4. 4,  the  measurement 
setup  and  resu l ts  are  presented .  

H.4.2  Measurement setup  

The setup  used  for the  measurement was  moun ted  on  an  optica l  table  and  the  p lanes  were  
measured  using  a  custom-made  wavegu ide  probe  (F igure  H . 1 3).  The  posi tion ing  and  
a l i gnment of the  DUT was  performed  us ing  several  pos i ti oners  and  fu rther veri fi ed  us ing  cross  
l asers .  The  scan  p lane  was  real i zed  using  two pos i tioners  combined  wi th  a lum in ium  

breadboards.  The  poin ts  i n  the  scan  p lane  were  sampled  on  an  8  mm  ×  8  mm  grid .  

The  transm i tti ng  DUT was  connected  through  cables  and  adapters  to  a  vector network 
anal yzer (VNA)  wi th  the  power of −1 0  dBm.  The  receiving  probe had  a  s im i lar chain  and  was  
connected  to  a  second  port  of the  same VNA.   
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[SOURCE:  Lund  Un i vers i ty]  

Figure  H . 1 3  –Mock-up  with  antenna  port  number 2  connected  to  the  VNA (left)  
and  the open  waveguide probe  and  al ignment system  (right)  

The power was  cal ibrated ,  wi th  the  cables  i ncluded ,  us ing  a  thermal  power sensor over the  
frequency i n terval  26  GHz to  30  GHz when  a  s table  operation  temperature  was  reached .  

The  measurements  cons isted  of several  scan  p lanes  of varying  sources  i n  order to  ca l ibrate  
the  system .  Absorbers  were  pos i ti oned  to  cover any metal l ic  surfaces  i n  the  near surround ing .  
Al l  DUT  were  carefu l l y a l i gned  wi th  the  pos i tioners.  The  connection  wi th  the  VNA was  
establ ished  us ing  I EEE  488  (GPIB)  connection  and  control led  us ing  scripts .  The  d i fferen t 
d istances  between  the  Sony mockup and  the  probe scan  p lane  (measurement p lane)  used  
were  wi th in  the  2  cm  to  1 0  cm  range  and  were  real i zed  us ing  said  pos i ti oners.   

The  mock-up  was  mounted  us ing  absorbers  and  p lastic holders  to  avoid  any unwanted  
i n terference.  The  mock-up  was  secured  fi rm l y and  specia l  care  was  taken  when  chang ing  the  
acti ve  port  to  not change  the  posi tion  and  fu rther impact a l ignment.  Several  d istances  
between  the  mock-up  and  probe  were  measured .  For the  data  presented  i n  H .4 . 3,  the  
d istance  between  the  probe  scan  p lane  and  the  mock-up  was  abou t 6  cm .  

H.4.3  Data  processing  

By means  of reconstruction  a l gori thm  the  measured  E-fie ld  was  used  to  determ ine  power 
dens i ty accord ing  to  the  fo l l owing  procedure:  

– time  gati ng  to  suppress  reflections  from  far away obj ects  [28] ;  

– probe  compensation  to  remove effects  of the  receiving  open  wavegu ide  an tenna  (probe);  

– reconstruction  of equ iva len t currents  (J  or J  and  M)  on  the  su rface  of the  device  (DUT);  

•  The  observed  (measured )  E-fie l d ,  E  =  NJ,  where  the  matrix,  N ,  i s  ca lcu lated  from  the   
E-fie l d  i n tegra l  represen tation  [29] .  

•  The  curren t dens i ty i s  estimated  using  a  pseudo i nverse  based  on  a  s ingu lar value  
decomposi tion  [30] .  

– calcu lation  of the  E-fie ld  and  H -fie ld  from  the  estimated  cu rrent;  

– ca lcu lation  of the  normal  component (wi th  respect to  the  observation  p lane)  of the  time 
average  Poynting  vector from  the  E-fie ld  and  H -fie ld .  

H.4.4  Numerical  s imu lations  and  comparison  with  measurements  

The mock-up  was  s imu lated  us i ng  a  commercia l  solver making  use  of the  mu l ti l evel  fast  
mu l tipole  method  (MLFMM).  The  model  of the  mock-up  i s  the  same as  described  in  
Clause  H . 2  and  adopted  mesh  s ize  was  smal ler than  1 /1 2  wavelength .  The  s imu lated  resu l ts  
were  normal i zed  to  an  i npu t power of 5  mW  for each  port.   

F igu re  H . 1 4  shows  the  power dens i ty d istribution  i n  the  TOP configuration  i n  a  p l ane  l ocated  
5  mm  from  the  DUT,  at  27, 925  GHz.  The  d iagrams  are  shown  for the  four ports.  As  a  
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reference,  s imu lations  are  a lso  presented .  Each  graph  is  i n  dB,  normal i zed  to  the  maximum  

value  using  a  1 50  mm  ×  1 50  mm  window and  a  40  dB  range.  Sim i larl y,  F i gure  H . 1 5  shows the  
power dens i ty for the  FRONT d istribution .   

F i gu re  H . 1 6  shows  the  averaged  power dens i ty as  a  function  of d is tance  for port  1 ,  at  
27 , 925 GHz,  for both  TOP and  FRONT orien tations.  The  resu l ts  are  presen ted  i n  a  p l ane  
5  mm  from  the  DUT us ing  ci rcu lar averag ing  areas  of 4  cm 2 .  As  i n  the  case  of the  fie l d  
d istribu tions,  the  graphs  show a lso  numerical  resu l ts  obta ined  from  the  s impl i fied  model  of the  
device.   

F i gu re  H . 1 7  shows  the  resu l ts  for the  averaged  power dens i ty as  a  function  of the  averag ing  
area  for port 1 ,  i n  TOP and  FRONT orientations.  The  resu l ts  are  presented  at the  three  
frequencies  of i n terest:  27, 500  GHz,  27, 925  GHz cm2  and  28, 350  GHz,  i n  a  p lane  5  mm  from  
the  DUT.  

International  Electrotechnical  Commission

Provided by IHS Markit under l icense with  IEC

 



 – 92  – I EC TR 631 70:201 8  © I EC 201 8  

 
(a)  Port 1  

 
(b)  Port 2  

 
(c)  Port 3  

 
(d )  Port 4  

Figure  H . 1 4 – S imu lated  (l eft)  and  measured  (right)  power densi ty d istribution  

for the  TOP  configuration  over a  1 5  cm  ×  1 5  cm  plane  
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(a)  Port 1  

 
(b)  Port 2  

 
(c)  Port 3  

 
(d )  Port 4  

Figure  H . 1 5 – S imu lated  (l eft)  and  measured  (right)  power densi ty d istribution  

for the  FRONT configuration  over a  1 5  cm  ×  1 5  cm  plane  
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The  s imu lated  efficiency was  used  to  normal i ze  the  measured  resu l ts  to  5  mW transm i tted  to  
the  an tenna  ports.  The  Poyn ting  vector based  on  measurements  (sol i d  curves)  and  
s imu lations  (dashed  curves)  are  depicted  i n  F igures  H . 1 6  and  H . 1 7.   

 

Figure H . 1 6  – Averaged  power densi ty as  a  function  of d istance for port 1 ,  at  
27,925 GHz,  for TOP and  FRONT configurations  averaged  over an  area of 4  cm2  
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(a)  f =  27, 500  GHz  

 
(b)  f =  27, 925 GHz 

 
(c)  f =  28, 350  GHz  

 

Figure H . 1 7  – Averaged  power densi ty as  a  function  of averaging  area  for port 1  
at  d i fferent frequencies  
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The  4  cm 2  combined  averaged  power dens i ty over a  ci rcle  i nclud ing  the  con tribu tions  for the  
four ports  was  evaluated  i n  post-process ing  s tep  using  the  precod ing  weigh ts  l i sted  i n   
Table  H . 1  and  based  on  the  ind ividual  measurements  of each  port.  At 27, 925  GHz,  i ts  
maximum  on  the  top  evaluation  surface,  for a  d i stance  of 5  mm  and  an  accepted  power of 
20  mW (5  mW per port) ,  was  found  to  be  7 , 8  W/m 2  based  on  measurements  and  8 , 3  W/m2  
wi th  s imu lations.  F igure  H . 1 8  shows  the  correspond ing  d istribution  obtained  wi th  
measurements .  

 

Figure H . 1 8  – Distribution  of the  power densi ty correspond ing  to  the  array 
wi th  zero  phase-sh ift  between  elements  (configuration  w1  of Table  H . 1 )  

H.5 Measurements  at Laboratory 3  

H.5. 1  General  

Measurements  of the  mock-up  are  ongoing  wi th  a  two-probe method  where  both  E-fie ld  and  
H -field  components  are  measured .  The  measurement setup  and  procedure  are  described  i n  
H . 5. 2  and  H . 5. 3 .  The  used  techn ique  doesn ’ t  make use  of reconstruction  a l gori thm  as  both  E-  
and  H -fie l ds  are  d i rectl y measured  on  the  evaluation  surface.   

H.5.2  Measurement setup  

The measurement setup  i s  shown  i n  F igure  H . 1 9.  

The  E  and  H  antenna  probes  being  used  are  a  l ow Q  broad  band  an tenna  type  wh ich  u ti l i ze  a  
developed  sensor arrangement wh ich  a l l ows  for h igh  sens i ti vi ty and  d i rectivi ty detection  of 
measured  fie lds.  Probes  have  been  characterized  and  assessed  for sensi ti vi ty i n  a i r from  
9  kHz up  to  67  GHz based  on  the  speci fic  experimenta l  measurement need  and  frequency 
band  of anal ys is.  Characterization  i s  based  on  numerical  model l i ng  and  phys ical  
quanti fication  of the  probe des ign  where  va lues  of the  probe ou tpu t have  been  derived  
through  s imu lations  and  experimental  anal ys is.  Probe i nput and  outpu t characteristics  are  
cal ibrated  and  a  s impl i fied  method  for va l i dation  i s  provided  as  an  end  user veri fication  check 
for the  frequency band  of i n terest.  

A metrolog ical  method  for probe  characterization  has  been  derived  fol l owing  a  three-step  
ca l i bration  procedure  wh ich  i ncludes:  

– Three-antenna  spherica l  ca l i bration  method :   

•  ga in ;   

•  d i recti vi ty.   

– E lectrical  parameters:   

•  S 1 1  return  l oss;   

•  S1 1  impedance.   
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– Close  near-fie l d  l oss  us ing  m icrostrip  l i ne  method :   

•  coupl ing  l oss  factor.   

H.5.3  Scans  

The scans  are  conducted  accord ing  to  the  fo l lowing  s teps:  

1 )  Measure  the  e lectric and  magnetic  fi e ld  ampl i tude  on  the  evaluation  surface.  The  spatia l  
resolu tion  depends  on  the  s i gnal  wavelength  and  the  d is tance  between  evaluation  p lane  
and  DUT surface.  

At  each  poin t  of a  measurement,  E  and  H probes  shou ld  be  rotated  360  degrees  to  
determ ine  the  rad ia l  orientation  of fi e ld  vectors  wi th  a  rad ia l  resolu tion  of 1 5  degrees.   

2)  Measure  the  e lectric and  magnetic fi e ld  at a  d is tance  of λ/2  fu rther from  the  evaluation  
surface  to  veri fy the  s i gnal  d i rection .  The  measurement p lane  shou ld  be  big  enough  to  
cover the  poss ib le  spatial  d ri ft  of the  power dens i ty.  

3)  To  determ ine  the  spatia l -average  power densi ty on  the  evaluation  surface,  use  
Formu la  (H . 1 ) :  

 ∫ −⋅⋅= AHE
A

S dsinsin
2

1 1
av ψθ ,  (H . 1 )  

where  θ  i s  phase  sh i ft  between  E  and  H,  A  i s  the  averag ing  surface  area,  and  ψ  i s  the  ang le  of 
s i gnal  propagation  re lati ve  to  the  normal  to  the  measurement surface.  

 

  

(a)  ‘ TOP’  orien tation  (b)  ‘FRONT’  orien tation  

[SOURCE:  Aprel  Laboratories]  

Figure H . 1 9  – Measurement setup  
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