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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
SUPERCONDUCTIVITY –  

 
Part 22-2:  Normal  state  resistance and  cri tical   

current measurement – H igh-Tc  Josephson  junction  
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ ization  for s tandard ization  compris i ng  
a l l  national  e l ectrotechn ical  commi ttees  ( I EC National  Commi ttees).  The  object  of I EC  i s  to  promote  i n ternationa l  
co-operation  on  a l l  q uestions  concern ing  standard izati on  i n  the  e l ectri cal  and  e l ectron ic fi e l d s.  To  th i s  end  and  
i n  add i ti on  to  other acti vi ti es,  I EC pub l i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  Techn ical  Reports,  
Publ i cl y  Avai l abl e  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  " I EC Publ i cation (s)" ) .  Thei r 
preparati on  i s  en trusted  to  techn ical  commi ttees;  any I EC Nati onal  Commi ttee  i n terested  i n  the  subject  deal t  wi th  
may parti cipate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non-governmental  organ izati ons  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 osely wi th  the  I n ternational  Organ ization  for 
S tandard izati on  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by ag reement  between  the  two organ izati 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  commi ttee  has  representati on  from  al l  
i n terested  I EC National  Commi ttees.   

3)  I EC Publ i cations  have  the  form  of recommendati ons  for i n ternational  use  and  are  accepted  by I EC National  
Commi ttees  i n  that  sense.  Wh i 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 in 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  u ndertake  to  app ly I EC Publ i cations  
transparentl y  to  the  maximum  extent  possible  i n  thei r nati onal  and  reg i ona l  pub l i cations.  Any d i vergence  between  
any I EC Publ i cation  and  the  correspond ing  national  or reg ional  publ i cati on  shal l  be  cl earl y  i n d icated  i n  the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I ndependent  certi fi cati on  bod ies  provide  conform i ty  
assessment services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi 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 agen ts  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  possib i l i ty  that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subj ect  of patent  
ri gh ts.  I EC shal l  not  be  he l d  responsibl e  for i den ti fyi ng  any or a l l  such  paten t ri gh ts.  

I EC 61 788-22-2  has  been  prepared  by I EC  techn ical  committee  90:  Superconductivi ty.  I t  i s  an  
I n ternational  Standard .  

The  text of th is  I n ternational  Standard  i s  based  on  the  fo l lowing  documents:  

FDIS  Report  on  voti ng  

90/484/FDIS  90/486/RVD  

 
Fu l l  i n formation  on  the  voti ng  for i ts  approval  can  be  found  in  the  report  on  voti ng  i nd icated  in  
the  above  tab le.  

The  l anguage  used  for the  development of th is  I n ternational  Standard  i s  Eng l ish .  
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Th is  document was  drafted  in  accordance wi th  I SO/I EC D i rectives,  Part 2 ,  and  developed  in  
accordance wi th  I SO/IEC  D irectives,  Part  1  and  I SO/I EC D i rectives,  I EC  Supplement,  avai lable  
at  www. iec. ch/members_experts/refdocs.  The  main  document types  developed  by I EC are  
described  in  greater detai l  at  www. iec.ch/standardsdev/publ ications.  

A l i st  of a l l  parts  i n  the  I EC  61 788  series,  publ ished  under the  general  t i tl e  Superconductivity,  

can  be  found  on  the  I EC websi te.  

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 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 .  

 

IMPORTANT – The 'colour inside' logo on the cover page of this publication indicates that it 
contains colours which are considered to be useful  for the correct understanding of its 
contents.  Users should therefore print this document using a colour printer.  
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INTRODUCTION  

I EC 61 788-22  (a l l  parts)  i s  a  series  of I n ternational  Standards  on  superconductor e lectron ic 
devices.  Superconductivi ty offers  various  poss ib i l i ti es  of real iz ing  sensors  and  detectors  for a  
variety of measurands.  Several  types  of superconductor sensors  and  detectors  have  been  
developed ,  us ing  such  features  as  superconducting  energy gaps,  sharp  normal -
superconducting  transi tion ,  non l i near curren t-vol tage  characteristics ,  superconducting  coherent 
states  and  quantization  of magnetic fl ux.  Superconductors  are  in fluenced  by i n teraction  wi th  
e lectromagnetic  fi e l ds,  photons,  i ons,  etc.  The  superconductor sensors  and  detectors  have  
extremely h i gh  performance  i n  resolu tion ,  time  response  and  sens i tivi ty,  wh ich  cannot be  
rea l ized  by any other sensors  and  detectors.  

IEC 61 788-22-1  l i sts  various  types  of superconductor sensors  and  detectors.  A key e lement of 
some  sensors  and  detectors  i s  J osephson  j unction .  The  superconductor materia l  types  used  for 
Josephson  j unctions  are  d ivided  in to  two categories:  l ow-Tc  superconductor (LTS)  and  h igh-Tc  

superconductor (HTS).  Th is  document ( I EC 61 788-22-2)  defi nes  a  measurement method  of 
normal  s tate  res istance  (Rn)  and  i n tri ns ic cri tical  curren t (Ici )  of HTS  Josephson  j unctions,  wh ich  

are  used  for magnetic measurement wi th  superconductor quantum  in terference  device  (SQUID),  
detection  of m i l l imetre  to  terahertz band  rad iation  and  other appl ications.  

The  measurement method  covered  i n  th is  document i s  i n tended  to  g ive  an  appropriate  and  
agreeable  techn ical  base  for those  eng ineers  working  i n  the  fi e l d  of superconductor technology.  
Al though  the  mechan ism  of h i gh-Tc  superconductivi ty  i s  under investigation ,  the  occurrence  of 

the  Josephson  effect  i n  such  weak l ink s tructures  as  b icrystal ,  s tep-edge  and  ramp  edge  i s  
re l iable,  and  characteristi c parameters  for conventional  LTS  Josephson  j unctions  are  val i d  a lso  
for HTS  J osephson  j unctions.  The important parameters  of HTS Josephson  j unctions  for 
des ign ing  superconductor devices  are  normal  s tate  res istance  (Rn)  and  cri tica l  curren t (Ic) ,  

wh ich  are  combined  as  IcRn  product that i s  obta ined  experimenta l ly.  At th is  moment,  most HTS  

Josephson  j unctions  exh ib i t  a  non-hysteretic characteristic  vol tage-curren t (U–I)  curve,  wh ich  
is  typica l  for superconductor/normal -conductor/superconductor (SNS)  j unctions .  On  U–I cu rves,  
two types  of d istortions  are  often  observed :  noise-round ing  and  sel f-heating  effects.  Especia l ly,  
maximum  curren t values  wi thout  vol tage  d rop  on  the  U–I curves  are  often  cons iderably reduced  
because  of the  noise-round ing  effect,  and  therefore  i t  i s  d i fficu l t to  estimate  an  in trinsic  cri tical  
curren t value.  Th is  document provides  a  method  to  obta in  i n trins ic va lues  by selecting  a  data  
set  range  to  e l im inate  the  d istortions  and  by fi tti ng  a  model  function  even  when  two  effects  are  
present.  

The  cri tica l  curren t obta ined  by th is  standard  method  i s  therefore  cal led  i n tri ns ic cri tical  curren t 
wi th  the  variable  symbol  of Ici ,  e l im inating  the  noise-round ing  effect on  U–I curves.  On  the  other 

hand ,  the  normal  state  resistance  i s  i nsens i tive  to  the  noise  round ing  and  i t  i s  poss ib le  to  avoid  
the  se l f-heating  effect,  so  that the  variable  symbol  Rn  i s  used .  The  IciRn  product i s  more  

essen tia l  for des ign ing  superconductor devices  than  the  IcRn  product.  Ici  va lues  estimated  by 

th is  document are  usual l y h i gher than  experimenta l  Ic  va lues.  

Practica l  appl ication  of th is  document to  HTS  Josephson  j unctions  is  shown  in  Annex A.  The  
estimation  method  i n  th is  document i s  appl ied  to  SNS-type  LTS  J osephson  j unctions  to  check 
un iversal i ty i n  Annex B.  
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SUPERCONDUCTIVITY –  
 

Part 22-2:  Normal  state  resistance and  cri tical   
current measurement – H igh-Tc  Josephson  junction  

 
 
 

1  Scope 

Th is  part  of I EC 61 788  is  appl icable  to  h i gh-Tc  J osephson  j unctions.  I t  speci fies  terms,  

defin i tions,  symbols  and  the  measurement and  estimation  method  for normal  s tate  res istance  
(Rn)  and  i n tri ns ic cri tical  curren t (Ici ) ,  based  on  a  combination  of se lecti ng  a  data  set from  

measured  U–I curves  wi th  a  geometric mean  cri terion  and  fi tti ng  a  hyperbol ic function  to  that 
data  set.     

2  Normative references  

The fo l lowing  documents  are  referred  to  i n  the  text i n  such  a  way that some or a l l  of thei r con tent 
consti tu tes  requ i rements  of th is  document.  For dated  references,  on ly  the  ed i ti on  ci ted  appl ies .  
For undated  references,  the  l atest  ed i ti on  of the  referenced  document ( includ ing  any 
amendments)  appl i es .  

I EC 61 788-22-1 ,  Superconductivity –  Part  22-1 :  Superconducting electronic devices –  Generic 
specification for sensors and detectors 

IEC 6061 7,  Graphical symbols for diagrams:  avai l ab le  at h ttp: //std . i ec. ch /iec6061 7  

I EC 60050-81 5: 201 5,  International Electrotechnical Vocabulary –  Part 815: Superconductivity:  
(avai l able  at h ttp: //www.electroped ia. org /  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fol l owing  terms  and  defin i tions  apply.  

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

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

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

3. 1   
U–I characteristic  curve  
V–I characteristic  curve  
I–V characteristic  curve  
data  set  of vol tage  drop  between  two superconductors  of a  J osephson  j unction  and  curren t 
appl ied  to  the  j unction  
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3.2   
normal  state  resistance  
Rn  

normal  res istance  
resistance  between  two superconductors  form ing  a  J osephson  j unction  i n  a  normal -conducting  
state  

Note  1  to  en try:  I n  a  J osephson  bri dge  j u nction ,  a  normal  s tate  res i stance  i s  a l so  defi ned  as  the  res i stance  at  a  
b i as  current  that  suppresses  superconducti vi ty  wel l  above  cri ti cal  current,  when  the  sel f-heati ng  effect  i s  neg l i g i ble.  

Note  2  to  en try:  I n  a  J osephson  tunnel  j u nction ,  a  normal  s tate  res i stance  i s  a l so  defi ned  as  the  tunnel l i ng  res i stance  
at  a  b i as  vol tage  wel l  above  2Δ /e ,  where  Δ  i s  the  energy gap  and  e  i s  the  e l ementary e l ectri c  charge,  when  the  sel f-
heati ng  effect  i s  neg l i g ib l e.  

3.3   
in trinsic  cri tical  current  
Ici  

maximum  d i rect cu rrent that  can  be  appl ied  to  a  J osephson  j unction  wi thou t causing  a  vol tage  
drop  across  the  j unction  i n  the  absence of noise-round ing  on  a  U–I characteristic curve   

Note  1  to  en try:  Cri ti cal  cu rrent  (Ic)  i s  the  maximum  d i rect  curren t  val ue  that  can  be  appl i ed  to  a  J osephson  j u nction  

experimental l y  so  that  i t  can  be  regarded  as  fl owing  wi thou t res i stance  ( I EC 61 788-22-1 ).  

Note  2  to  en try:  The  method  described  i n  th i s  document  estimates  Ici ,  the  val ue  of wh ich  i s  usual l y  h i gher than  Ic.  

3.4   
geometric  mean  
square  root of the  product of dU/dI and  U/I obta ined  from  a  U–I characteristic curve  

3.5   
noise-round ing  effect  
effect of noise  on  a  U–I characteristic curve  

Note  1  to  en try:  The  U–I cu rve  shape  near Ici  i s  rounded  from  an  i deal  shape  by the  noi se-round ing  effect.  Because  

of th i s ,  an  Ic  va l ue  i s  l ower than  the  Ici  va l ue.  

3.6   
sel f-heating  effect  
effect of power d iss ipation  due  to  transport curren t appl ied  to  a  Josephson  j unction  on  a  U–I 
characteristic curve  

Note  1  to  en try:  The  cu rren t generates  heat,  and  a  U–I cu rve  shape  i n  a  h i gh  cu rrent  reg i on  wel l  above  Ici  d eviates  

upward  above  a  s tra ight  l i ne  correspond i ng  to  Rn .  

4 Symbols  

U vol tage  drop  across  two superconductors  connected  by a  weak l i nk 

NOTE  "V"  can  a l so  be  used .  

I curren t flowing  through  two  superconductors  connected  by a  weak l i nk 

Rn  normal  s tate  res istance  

Ic   experimental  cri tical  curren t  

Ici  i n tri nsic  cri tica l  curren t estimated  by th is  document  

uA,R  type  A standard  uncertain ty  of Rn  

uA, I type  A standard  uncertain ty of Ici  

uB,R  type  B  standard  uncertain ty  of Rn  
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uB, I type  B  standard  uncertain ty  of Ici  

5 Principle  of measurement method  

On  U–I curves,  two  types  of d is tortions  are  often  observed :  noise-round ing  and  se l f-heating .  
When  the  noise-round ing  effect  i s  neg l i g ib le,  the  Ici  va lue  i s  the  maximum  current appl ied  to  

the  j unction  wi thout res istance.  When  the  sel f-heating  effect and  the  non l i near property  due  to  
superconductivi ty are  neg l i g ible ,  the  Rn  va lue  of the  j unction  corresponds  to  a  va lue  of U/I at a  

curren t much  h igher than  the  cri tica l  curren t of the  j unction .  S ince  a  h igh  probe current may 
cause  damage  to  the  j unction ,  the  determination  of Rn  may need  to  be  based  on  a  range  of the  

U–I characteristic  curve  obta ined  for moderate  currents .  The  moderate  currents  are  a lso  
effective  in  avoid ing  the  se l f-heating  effect.  Here,  a  non l inear l east-squares  fi tti ng  method  wi th  
the  hyperbol ic  function  is  practical  to  determine  the  values  of Rn  and  Ici .  Even  when  these  two  

types  of the  d istortions  exist,  the  combination  of the  geometric  mean  cri terion  and  the  hyperbol ic  
function  fi tti ng  g ives  proper Rn  and  Ici  va l ues.  

The  Rn  and  Ici  va l ues  of a  HTS  J osephson  j unction  are  determined  by selecti ng  a  data  set from  

the  whole  data  set of a  U–I characteristic  curve  wi th  the  geometric mean  cri terion ,  and  then  by 
fi tti ng  the  hyperbol ic function  model  (or res istive ly-shun ted  j unction  (RSJ )  model )  [1 ] 1  to  that 
se lected  data  set.  Th is  i s  ca l l ed  the  combined  method .  The  geometric  mean  cri terion  and  the  
hyperbol ic  function  fi tti ng  method  are  described  in  C lause  7 .  

6 Apparatus  

6.1  General  

The apparatus  requ ired  for th is  measurement method  includes  a  cryogen ic system  and  an  
e lectrica l  measurement system.  

6.2  Cryogen ic system  

An  open  cryostat wi th  l i qu id  n i trogen  shal l  be  used  to  cool  J osephson  j unctions.  The  cryostat  
shal l  have  an  open  structure  so  that  the  pressure  of the  bath  is  equal  to  atmospheric  pressure.  
The  atmospheric  pressure  on  earth  is  normal ly  between  950  hPa  and  1  050  hPa,  correspond ing  
to  a  temperature  range  from  76,8  K to  77, 7  K.  Measurement during  abnormal  weather 
cond i tions  shal l  be  avoided .  An  atmospheric pressure  value  from  a  weather report source  near 
the  measurement s i te  or measured  l ocal ly  shal l  be  reported .  The  cryostat shou ld  be  equ ipped  
wi th  a  magnetic sh ield  wi th  an  attenuation  factor of over 1 00  (−40  dB)  and  a  RF  sh iel d  wi th  
1  000  (−60  dB)  at  1 00  kHz.  A specimen  probe,  wh ich  may cons ist  of a  j unction  or j unctions,  a  
specimen  holder and  a  support  structure,  shal l  be  cooled  from  room  temperature  to  l iq u id  
n i trogen  temperature  over a  time period  of at  l east  three  m inutes.  

I t  i s  wel l  known  that  Ic  depends  on  fl ux trapping  that occurs  during  cool ing  process  from  a  

normal -conducting  s tate  to  a  superconducting  s tate.  Therefore,  the  cool i ng  process  from  a  
temperature  above  Tc  to  a  base  temperature  of the  l i qu id  n i trogen  bath  and  the  Rn  and  Ici  

estimation  shal l  be  repeated  at l east 1 0  times,  and  the  Rn  and  Ici  va lues  obtained  from  the  U–I 

data  set  showing  the  h ighest Ici  va lue  shal l  be  reported .  

___________ 

1   Numbers  i n  square  brackets  refer to  the  B i bl i ography.  
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6.3  Electrical  measurement system  

A measurement system  for U–I characteristic cu rve  data  sets  shou ld  consist  of a  waveform  
generator,  a  data  acqu is i ti on  system,  d i fferen tia l  ampl i fiers  and  other necessary instruments  
such  as  fi l ters.  A four term inal  method  shal l  be  appl i ed  to  measure  vol tage  and  curren t.  The  
d ig i ta l  va lues  of vo l tage  and  current  shal l  be  s tored  on  the  data  acqu is i ti on  system  wi th  an  
analogue-to-d ig i ta l  converter (ADC)  having  a  resolu tion  better than  e igh t b i ts.  The  U–I d ata  sets  
are  transferred  to  a  computer for estimating  Rn  and  Ici .  Other equ ivalen t measurement systems 

may a lso  be  used .  

When  a  waveform  generator i s  used ,  a  current b ias  wi th  a  constant sweep  rate  shal l  be  appl i ed  
to  the  j unction  and  correspond ing  vol tage  drop  i s  measured .  The  cu rrent b ias  shal l  be  
tri angu larly swept from  a  m inus  va lue  to  a  pos i tive  va lue  or vice  versa  wh i l e  the  vol tage  i s  
recorded .  The  time  for the  ramp from  −Im  to  +Im  sha l l  be  longer than  1 0  ms,  where  Im  i s  the  

maximum  curren t.  A sweep  frequency (fs)  l ower than  50  Hz  ensures  quasi -DC  measurement,  i n  

wh ich  the  effects  of stray capaci tance  and  j unction  capaci tance  are  neg l ig ib le.  The  data  
sampl i ng  number per second  shal l  be  between  1 00  ×  fs  and  200  ×  fs  to  obtain  enough  data  

poin ts .  The  U–I d ata  in  the  fi rst  quadrant  and  the  absolu te  value  data  i n  the  th i rd  quadrant  shal l  
be  used  for the  Rn  and  Ici  estimation  described  i n  Clause  7.  

D i fferen tia l  ampl i fi ers  shou ld  be  used  to  separate  the  g rounds  of the  cryostat and  the  data  
acqu is i ti on  system.  The  i npu t resistance  of d i fferentia l  ampl i fi ers  shou ld  be  h igher than  1 00  kΩ .  
The  input  res istance  of the  data  acqu is i tion  system  shou ld  be  set at  a  h igh  value,  for example  
1  MΩ .  Low pass  fi l ters  wi th  a  cu toff frequency of l ess  than  approximately 1  MHz shou ld  be  used .  
The  data  measurement range  shou ld  be  approximately Im  ≈  5  ×  Ici  to  avoid  any damage to  the  

j unction  and  to  obta in  enough  data  poin ts.  The  ori g in  offset shal l  be  m in im ized  before  the  data  
acqu is i ti on .  

6.4 Ci rcu i try 

An  example  of the  equ ivalent  ci rcu i t for the  U–I characteristic curve  measurement i s  shown  i n  
F igu re  1 .  The  J osephson  j unction  i nd icated  by I EC  6061 7-S01 926: 201 7-1 0  and  the  surround ing  
wiri ng  are  i n  a  superconducting  s tate.  The  normal -superconducting  boundaries  i nd icated  by 
I EC 6061 7-S01 925:201 7-1 0  d isti ngu ish  the  superconducting  ci rcu i t  and  the  normal -conducting  
one.  The  waveform  generator,  shun t res istor and  data  acqu is i tion  system  may be  p laced  at  
room  temperature.  The  waveform  generator and  the  d i g i ta l  osci l loscope may be  replaced  by  
equ ivalent instruments .  

 

 

Figure 1  – Typical  ci rcu i try for vol tage-current (U–I)  characteristic  curve  measurement  
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The  data  acqu is i ti on  system  records  the  vol tage  (Uy)  between  two  e lectrodes  of the  Josephson  

j unction  and  the  vol tage  (Ux)  across  the  shunt res istor of res istance  Rs .  The  curren t values  

shou ld  be  obtained  by d i vi d ing  the  Ux  va l ues  by Rs .  The  Rs  shou ld  be  more  than  1  000  times  

smal ler than  the  i npu t resistance  of the  osci l loscope or the  d i fferentia l  ampl i fier.  The  to lerance 
of the  shun t res istor shou ld  be  better than  ±0,05  % .  When  the  osci l l oscope i s  set at  X-Y  mode,  
U–I characteristic  curves  can  be  seen  on-screen  to  check the  exten t of the  noise-round ing  and  
se l f-heating  effects ,  and  the  ori g in  offset.  U–I curve  data  sets  wi th  considerably  l arge  effects  of 
noise-round ing  and  sel f-heating  cannot be  used  to  estimate  Rn  and  Ici .  I n  th is  case,  the  

measurement apparatus  or the  j unction  structu re  shal l  be  improved .  

7 Estimation  of normal  state  resistance (Rn)  and  intrinsic cri tical  current (Ici )  

7. 1  Calcu lation  method  

The Rn  and  Ici  va l ues  shal l  be  estimated  by optim izing  the  variables  Rn  and  Ici  wi th  the  least-

squares  fi tting  method  so  that  the  hyperbol ic  function  expressed  by Formu la  (1 )  [1 ]  fi ts  best to  
a  U–I characteristic  data  set  as  shown  in  F igure  2  after se lecting  a  data  set range  i n  accordance  
wi th  the  geometric  mean  cri terion  mentioned  i n  7 . 2 .  

 ,2 2
n ci ci ci  for   0   for U R I I I I U I I= − > = <  (1 ) 

 

 

Figure 2  – Ideal  U–I characteristic  curve  (red  l i ne)  and  
hyperbol ic function  (RSJ)  model  curve (dotted  l ine)  

I n  order to  avoid  the  effects  of the  noise-round ing  and  sel f-heating ,  a  data  set range  for fi tti ng  
shal l  be  determ ined  by the  geometric mean  cri terion ,  taking  in to  account three  curves  of dU/dI,  
U/I and  (dU/dI ×  U/I)0, 5  p l otted  against I.  The  appropriate  data  set range  shal l  be  such  that  the  
geometric mean  curve  (dU/dI·U/I)0, 5  against I h as  a  p l ateau  wi th in  5  %  deviation  and  dU/dI 
decreases  monotonous ly.  The  geometric mean  of Rn  i s  expressed  by Formu la  (2 ).  

 ( ) ( )n  d dR U I U I= × ,  (2) 

where  
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  2 2
n cid dU I IR I I= −   (3) 

and  

 ( )  2 2
n ciU I R I I I= × − ,  (4) 

thus  

 ( ) ( ) 2
nd dU I U I R× = .  (5) 

The  dU/dI and  U/I va lues  can  be  calcu lated  by us ing  a  measured  U–I d ata  set.  By selecti ng  a  
data  set appropriate  for the  least-squares  fi tti ng  from  the  whole  U–I characteristic  curve,  the  
effects  of noise-round ing  and  sel f-heating  are  m in im ized.  

The  hyperbol ic  function  non l i near fi tting  method  shal l  be  appl i ed  to  a  data  set  se lected  by the  
geometric mean  method .  The  convergence  cond i ti on  of fi tting  rou tine  shou ld  be  that  the  Rn  and  

Ici  parameters  are  stationary at a  d i g i t  pos i ti on  that corresponds  to  the  ri gh tmost d i g i t  of 

standard  uncertain ty  values  (standard  deviation  values)  wi th  two  s ign i fican t  fi gures  (see  
Table  A. 1  and  Table  B. 1 ).  For practical  ca lcu lation ,  software  packages  wi th  a  function  of 
non l inear l east-squares  fi tting  can  be  used  to  estimate  Rn  and  Ici  and  correspond ing  s tandard  

deviation  of these  mean  quanti ti es .  The  software  packages  make no  mean ingfu l  d i fference i n  
estimation  resu l ts .  Actual  estimation  examples  are  found  i n  8 . 3 . 2  and  Annex A.  

7.2  Geometric  mean  cri terion  for hyperbol ic  function  fi tting  

A data  set range  appropriate  for the  hyperbol ic function  fi tti ng  method  shal l  be  such  that the  
geometric mean  curve  (dU/dI·U/I)0, 5  against I h as  a  p l ateau  wi th in  5  %  deviation  and  dU/dI 

decreases  monotonous ly  as  I i ncreases.  

8 Standard  uncertainty 

8. 1  General  

Type A uncertain ty,  wh ich  i s  the  evaluation  of a  component of measurement uncerta in ty by a  
statistical  analys is,  i s  estimated  by the  s tandard  deviations  of Rn  and  Ici  when  Formu la  (1 )  i s  

fi tted  to  the  U–I characteristic data  set se lected  by the  geometric mean  cri terion  [2]  [3 ] .  The  
Type A uncertain ty of th is  document i s  estimated  by us ing  the  typ ical  U–I curve  of JL350  i n  
Annex A.  Type  B  uncertain ty,  wh ich  is  the  evaluation  of uncertain ty by means  other than  the  
statistical  analysis ,  i ncludes  uncertain ty aris i ng  from  variation  i n  temperature  and  measurement 
of vo l tage  and  cu rrent  [2 ]  [3] .  

The  tota l  standard  uncerta in ty of th is  measurement method  i s  the  sum  of the  Type A uncertain ty 
and  Type  B  uncertain ty  accord ing  to  the  propagation  l aw.  Actual  appl ication  of th is  document 
requ ires  the  Type  A uncertain ty estimation  from  experimen ta l  data  on ly.  Taking  i n to  account  
the  Type B  uncertain ty values  tabu lated  i n  Table  2  and  Table  3 ,  the  Type A uncerta in ty  values  
shal l  be  kept  less  than  the  va lues  i n  8 . 5 .  

8.2  Type A uncertain ty 

The mean  quanti ti es  Rn  and  Ici  and  thei r s tandard  deviation  va lues  of uA,R  and  uA, I are  obtained  

by m in im izing  the  sum  of 
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 ( )
2

2 2
n ci

1

m

j j

j

J U R I I

=

 = − −  ∑  ,  (6) 

where,  Ij  and  Uj  (j  =  1 ,  … ,  m )  are  the  data  set se lected  by the  geometrica l  mean  cri terion .  

For uncertain ty estimation ,  the  sens i tivi ty matrix  X  i s  expressed  by Formu la  (7) :  

  
j j

j m j m

U U

R I

U U

R I

= =

= =

   ∂ ∂
   

∂ ∂    
 =  
   ∂ ∂   

∂ ∂     

X  

n ci1 1

n ci

 (7) 

where  

 2 2
ci

n
j

U
I I

R

∂
= −

∂
 (8) 

and  

 n ci

2 2
ci cij

R IU

I I I

∂
=

∂ −
 (9) 

Therefore,  the  uncertain ty matrix  of the  parameter i s  expressed  by Formu la  (1 0) :  

 ( ) ( ) ( )
( ) ( )

ˆ
,

,

2
1 n n ci2

2
n ci ci

u R u R I
σ

u R I u I

−  
= × =  

  

T
U X X  (1 0) 

where  

 ˆ 2

1

J
σ

m
=

−
 (1 1 ) 

For typica l  Type  A uncerta in ty  estimation ,  the  U–I d ata  set wi th  the  l argest re lative  standard  
uncertain ty (s tandard  deviation  d ivided  by average)  va lues  is  se lected  from  the  HTS  j unctions  
i n  Annex A.  The  data  of the  j unction  TUT in  Table  1  are  excluded ,  s ince  the  s i nusoidal  curren t 
scan  does  not meet th is  document.  The  largest re lative  uncerta in ty values  are  0 , 029  %  for Rn  

and  0, 33  %  for Ici  for the  j unction  JL350,  and  the  correspond ing  s tandard  deviation  values  are  

0, 003  8  Ω and  0 , 21  µA i n  Table  1 .  
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Table  1  – Typical  relative standard  Type  A uncertainty 
for h igh-Tc  Josephson  j unctions  

Junction  (type)  

Estimation  by combined  method  

Rn  uA,R   Relati ve  
s tandard  

uncertain ty  

Ici   uA, I  Relati ve  
standard  

uncertain ty  

Ω  Ω  %  µA µA %  

JL350  (YBCO step-edge)  1 2 , 934  0  0 , 003  8  0 , 029  63, 33  0 , 21  0 , 33  

J L351  (YBCO step-edge)  9, 304  2  0 , 001  8  0 , 01 9  32 , 651  0 , 045  0 , 1 4  

TUT (YBCO step-edge)  0 , 81 0  0  0 , 005  0  0 , 62  358, 2  3 , 5  0 , 98  

 

8.3  Type B  uncertain ty 

8.3. 1  General  

The Type  B  uncertain ty of the  measurement of Rn  and  Ici  i n  th is  document i s  expressed  by 

Formu la  (1 2)  and  Formu la  (1 3):  

 

2 2 2
2 2 2 2n n n
B,  R T U I

R R R
u u u u

T U I

∂ ∂ ∂     
= × + × + ×     ∂ ∂ ∂     

 (1 2) 

and  

  I T U I

I I I
u u u u

T U I

∂ ∂ ∂     
= × + × + ×     ∂ ∂ ∂     

2 2 2
2 2 2 2ci ci ci
B,   (1 3) 

where   

∂Rn /∂T  i s  a  sens i tivi ty  of Rn  to  a  variation  of temperature  T;   

∂Rn /∂U  i s  a  sens i tivi ty  of Rn  to  a  variation  of vol tage  U;   

∂Rn /∂I  i s  a  sens i tivi ty  of Rn  to  a  variation  of curren t I;   

uT,  uU and  uI  are  the  standard  deviation  va lues  for the  measurement of temperature,  vol tage  

and  current,  respective ly.   

The  notation  for Ici  i s  the  same  as  that  for Rn .   

8.3.2  Temperature  

U–I curve  measurement shal l  be  carried  ou t i n  a  l i qu id  n i trogen  bath .  The  temperature  variation  
between  76 , 8  K and  77, 7  K i s  expected  from  the  variation  of atmospheric  pressure  on  earth .  
The  ∂Rn /∂T was  approximated  by obtain ing  Rn  va lues  at T1  and  T2  by applying  th is  document to  

experimenta l  U–I curves,  and  then  calcu lati ng  [Rn (T2)  −  Rn(T1 ) ]  /  [T2  −  T1 ] .  The  same method  

was  appl ied  to  Ici .  U–I curves  of a  b icrysta l  YBCO j unction  tagged  as  "TUT-JJ05"  were  

measured  at 75,8  K and  76, 3  K.  The  data  set range  determined  wi th  the  geometric mean  
cri terion  and  the  U–I curves  wi th  the  hyperbol ic  function  fi tting  resu l ts  (RSJ  model )  are  shown  
i n  F igu re  3  and  F igure  4  for 75, 8  K and  76, 3  K,  respective ly.  
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For 75, 8  K a  data  set between  35  µA and  1 07  µA  i nd icated  by the  arrow was  selected  for 
hyperbol ic  function  fi tting  as  shown  i n  F igure  3  (a) .  The  l east-squares  fi tting  wi th  Formu la  (1 )  
g ives  Rn  =  1 , 540  0  (0, 001  8)  Ω and  Ici  =  29, 1 6  (0 , 1 3)  μA  at  75, 8  K.  F i gure  3  (b)  shows  a  

hyperbol ic  curve  of U =  Rn  ×  (I
2  −  Ici

2)0, 5  wi th  the  estimated  values  i n  red  and  an  ohmic l i ne  

(normal  s tate  res istance)  of U =  Rn  ×  I i n  b l ue.  

  

(a)  (b)  

 

Figure 3  – Geometric mean  cri terion  and  RSJ  model  fi tting  for TUT-JJ05 at 75,8  K 

For 76 ,3  K a  data  set  between  31  µA and  98  µA  i nd icated  by the  arrow was  selected  for 
hyperbol ic  function  fi tting  as  shown  i n  F igure  4  (a).  The  l east-squares  fi tting  wi th  Formu la  (1 )  
g ives  Rn  =  1 , 539  6  (0, 001  8)  Ω and  Ici  =  26, 32  (0 , 1 1 )  μA  at  76, 3  K.  F i gure  4  (b)  shows  a  

hyperbol ic  curve  of U =  Rn  ×  (I
2  −  Ici

2)0, 5  wi th  the  estimated  va lues  and  an  ohm ic l i ne  of 

U =  Rn  ×  I.  
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(a)  (b)  

 

Figure 4 – Geometric mean  cri terion  and  RSJ  model  fi tting  for TUT-JJ05 at 76,3  K 

Consequen tly,  the  temperature  sensi tivi ty  coefficien ts  are  estimated  at  ΔRn /ΔT =  −0, 000  8  Ω/K 

and  ΔIci /ΔT =  −5, 68  µA/K.  uT i s  estimated  by a  s tandard  deviation  of (77, 7  K −  76, 8  K)  /  2 3  

=  0 , 26  K,  provid ing  a  un i form  probabi l i ty dens i ty  function  for T.  

8.3.3  Vol tage  measurement 

For a  vol tage  measurement us ing  the  data  acqu is i ti on  system,  the  s i gnal  shou ld  be  measured  
wi th  a  re lative  standard  uncertain ty of 0 , 3  %  that  i s  typica l  i n  data  acqu is i ti on  systems  wi th  an  
ampl i fi er,  an  ADC wi th  a  resolu tion  of ei gh t b i ts ,  and  other necessary ci rcu i ts.  

The  ∂Rn /∂U and  ∂Ici /∂U a re  estimated  by using  the  combined  method  wi th  a  1  µV b ias  added  to  

the  measured  U–I curve.  Accord ing ly,  the  typica l  sens i tivi ty  coefficien ts  of ΔRn /ΔU and  ΔIci /ΔU 

are  calcu lated  by us ing  the  U–I d ata  set of TUT-J J05  at  76, 3  K.  

The  orig inal  normal  state  res istance  i s  1 , 539  6  Ω,  and  the  1  µV b ias  resu l ts  i n  1 , 549  8  Ω.  
Therefore,  the  ΔRn /ΔU sens i tivi ty  i s  0 , 01 0  2  Ω/µV.  

The  ori g inal  i n trinsic cri tical  current Ici  i s  26, 32  µA,  and  the  1  µV b ias  resu l ts  in  25, 85  µA.  

Therefore,  the  ΔIci /ΔU sens i tivi ty  i s  −0, 47  µA/µV.  

uU i s  estimated  by taking  i n to  account a  fu l l -scale  range  of 1  mV for an  ADC system,  wh ich  

makes  the  standard  deviation  of 3  µV at the  maximum.  

8.3.4  Current  measurement  

For the  current measurement us ing  the  data  acqu is i tion  system,  the  vol tage  across  a  shunt 
resistance  shou ld  be  measured  by an  ADC wi th  a  relative  standard  uncerta in ty not  exceed ing  
0, 3  %.  

Full document details: IEC 61788-22-2-2021

http://avadocuments2026.com/doc/iec-61788-22-2-2021
http://avadocuments2026.com/doc/iec-61788-22-2-2021


I EC 61 788-22-2 :2021  © I EC  2021  – 1 7  –  

The  ∂Rn /∂I  and  ∂Ici /∂I  are  estimated  by us ing  the  combined  method  wi th  a  1  µA b ias  added  to  

the  measured  U–I cu rve.  Accord ing ly,  the  typical  sens i tivi ty coefficients  of ΔRn /ΔI and  ΔIci /ΔI 

are  calcu lated  by us ing  the  U–I d ata  set of TUT-J J05  at  76, 3  K.  

The  ori g inal  normal  state  res istance  i s  1 , 539  6  Ω,  and  the  1  µA b ias  resu l ts  i n  1 , 526  5  Ω.  
Therefore,  the  ΔRn /ΔI sens i tivi ty  i s  −0, 01 3  Ω/µA.  

The  ori g ina l  i n tri ns ic cri tical  current Ici  i s  26, 32  µA,  and  the  1  µA b ias  resu l ts  in  27, 50  µA.  

Therefore,  the  ΔIci /ΔI sens i tivi ty  i s  1 , 1 8  µA/µA.  

uI i s  estimated  by taking  i n to  account a  fu l l -scale  range  of 1 0  mV for an  ADC system  d ivided  by  

a  shun t res istance  Rs .  The  fu l l -scale  range  is  set  at 1 0  times  l arger than  that  for the  vol tage  

measurement of Josephson  j unctions.  The  standard  deviation  of an  ADC system  at the  1 0  mV 
fu l l  sca le  i s  assumed  to  be  30  µV at  the  maximum.  The  Rs  va l ue  i s  assumed  to  be  1 00  Ω ,  of 

wh ich  to lerance shal l  be  better than  ±0, 05  % ,  wh ich  makes  a  standard  deviation  value  of 1 00  Ω  
×  0 , 000  5  / 3  =  0 , 029  Ω i n  a  un i form  probabi l i ty  dens i ty  function .  The  variance  of U/Rs  i s  

maximum  at the  fu l l  scale  of 1 0  000  µV of the  ADC:  (30  µV /  1 00  Ω)2  +  (1 0  000  µV / 1 00  Ω2  ×  
0 , 029  Ω)2  =  0 , 090  8  i n  a  un i t  of (µA)2 .  Th is  maximum  standard  deviation  of 0 , 30  µA is  used  in  
the  fol lowing  estimation .  

8.4  Budget table  

Typical  estimation  of standard  uncertain ty in  th is  document i s  summarized  in  Table  2  and  
Table  3 .  The  tota l  s tandard  uncertainty  value  of u tota l ,R  i s  ca lcu lated  by summing  the  Type A 

uncertain ty uA,R  and  the  Type B  uncerta in ty uB,R  accord ing  to  the  propagation  law.  

Table  2  – Budget table  for Rn  

Factor Parameter 
symbol  

Symbol  of 
standard  

deviation  and  
type  

Sensi tivi ty 
coefficient  

Standard  
deviation  of 
parameter 

Contribu tion  to  

u total ,R  

U–I measu rement  −  uA,R ,  A  −  −  0 , 001  8  Ω  

Temperatu re  T u
T
,  B  −0, 000  8  Ω/K 0 , 26  K 0 , 000  2  Ω  

Vol tage  U u
U
,  B  0, 01 0  Ω/µV  3 , 0  µV 0 , 030  Ω  

Curren t  I u
I
,  B  −0, 01 3  Ω/µA  0 , 30  µA 0 , 003  9  Ω  

Combi ned  s tandard  uncertai n ty  u tota l ,R  0, 030  Ω  

Relati ve  standard  uncertai n ty 1 , 9  %  

Rn  ±  expanded  uncertai n ty 

(coverage  factor k  =  2 )  
1 , 540  Ω  ±  0 , 060  Ω  

 

The tota l  standard  uncerta in ty value  of u total , I i s  ca lcu lated  by summing  the  Type A uncerta in ty 

uA, I and  the  Type  B  uncerta in ty  uB, I accord ing  to  the  propagation  l aw.  

Table  3  – Budget  table  for Ici  

Factor Parameter 
symbol  

Symbol  of 
standard  

deviation  and  
type  

Sensi tivi ty 
coefficient  

Standard  
deviation  of 
parameter 

Contribu tion  
to  u tota l , I 

U–I measu rement  −  uA , I,  A  −  −  0 , 1 1  µA 
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Temperatu re  T u
T
,  B  −5, 7  µA/K 0, 26  K 1 , 5  µA 

Vol tage  U u
U
,  B  −0, 47  µA/µV 3 , 0  µV 1 , 4  µA 

Curren t  I u
I
,  B  1 , 2  µA/µA 0, 30  µA 0, 36  µA 

Combined  s tandard  uncertai n ty  u tota l , I  2, 1  µA 

Relati ve  s tandard  uncertai n ty  8, 0  %  

Ici  ±  expanded  uncertai n ty 

(coverage  factor k  =  2 )  
26, 3  µA ±  4 , 2  µA 

 

8.5  Uncertainty requ irement 

As shown  i n  the  typ ical  u ncertain ty i n  Table  2  and  Table  3 ,  the  vol tage  measurement uncertain ty 
cons iderably i n fl uences  the  tota l  uncerta in ty  u total ,R  and  u total , I.  I n  add i tion ,  the  u tota l , I i s  

dom inated  by the  temperature  variation ,  wh ich  i s  physical l y reasonable.  I n  order not  to  
s i gn i ficantly exceed  the  l evel  of the  s tandard  uncertain ty i n  Table  2  and  Table  3 ,  the  va lues  of 
uA,R  and  uA, I,  wh ich  are  the  s tandard  deviation  values  of the  l east-squares  fi tting ,  shal l  be  l ess  

than  2  ×  uA,R  or 2  ×  uA, I.  The  correspond ing  relative  s tandard  uncerta in ty of uA,R/Rn  and  uA, I/Ici  

shal l  be  less  than  0 , 2  %  and  0 , 8  % ,  respectively.  When  e i ther uA,R/Rn  or uA, I/Ici  exceeds  these  

va lues,  the  measurement apparatus  shal l  be  improved .  

9  Test report 

9. 1  Identi fication  of test  device  

The test device  shal l  be  i den ti fied  by  the  fo l l owing :  

•  name of the  manufacturer;  

•  device  seria l  number or equ ivalen t i denti fication ;  

•  Type  of Josephson  j unction .  

9.2  Rn  value  

Rn  va lue  obtained  by th is  document 

9.3  Ici  value  

Ici  va l ue  obta ined  by th is  document 

9.4 Standard  uncertain ty 

Relative  s tandard  uncertain ty values  of uA,R/Rn  and  uA, I/Ici  i n  Type  A uncerta in ty  

9.5  Atmospheric  pressure  

Atmospheric pressure  value  obta ined  from  the  nearest meteorolog ical  station  or l ocal  
measurement.  

9.6  Miscel laneous  optional  report  

The fol l owing  data  may be  reported  optional ly:  

•  Rn  va lue  by geometric mean  method ;  

•  Rn  va lue  i n  each  measurement run ;  

Full document details: IEC 61788-22-2-2021

http://avadocuments2026.com/doc/iec-61788-22-2-2021
http://avadocuments2026.com/doc/iec-61788-22-2-2021


I EC 61 788-22-2 :2021  © I EC  2021  – 1 9  –  

•  Ici  va l ue  in  each  measurement run ;  

•  raw  U–I curve;  

•  temperature  converted  from  an  atmospheric  pressure  value;  

•  temperature  measured  by a  sensor;  

•  s tructu re  of cryostat,  magnetic  sh ie l d  and  RF  sh ie ld ;  

•  con figuration  of e l ectric  measurement system;  

•  chemical  composi ti on  of the  th i n  fi lm  and  the  substrate  material .  
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Annex A 
(informative)  

 
Calculation  technique and  practical  appl ication  

to  h igh-Tc  J osephson  junctions  

A.1  General  

Annex A g ives  i n formative  reference  on  calcu lation  of Rn ,  Ici  and  Type  A standard  uncerta in ty.  

The  combination  of the  geometric mean  method  and  the  hyperbol ic function  fi tti ng  method  is  
appl ied  to  arti ficial ly-produced  U–I curves  and  experimen tal  U–I curves  of HTS  J osephson  
j unctions.  I t  i s  poss ib le  to  evaluate  Rn  and  Ici  properly  even  when  noise-round ing  and  sel f-

heating  effects  are  non-neg l i g ib le.  

A.2  Hyperbol ic function  fi tting  method  

U–I characteristics  curves  of h igh-Tc  J osephson  j unctions  are  expla ined  by the  hyperbol ic  

function  of Formu la  (1 )  [1 ] .  F i gure  A. 1  i s  an  i deal  U–I characteristic  cu rve  of a  j unction  wi th  
Rn  =  1 0  Ω  and  Ici  =  Ic  =  30  μA,  where  the  data  sets  of Uj  and  Ij  are  arti ficia l ly  produced .  The  Uj  

and  Ij  express  j-th  data  of U and  I.  The  Rn  and  Ici  va lues  and  the  correspond ing  uncerta in ty 

(standard  deviation)  va lues  of uA,R  and  uA, I,  wh ich  are  ca l l ed  Type A uncertain ty deduced  by 

statistical  analys is,  are  estimated  by optim izing  the  Rn  and  Ici  parameters  i n  such  a  way that 

the  sum  of the  squares  of d i fference  between  the  measured  data  and  Formu la  (1 )  i s  m in im ized ,  
wh ich  is  non l i near least-squares  fi tting .  The  non l i near least-squares  fi tting  can  be  performed  
us ing  regress ion  analys is  function  of commercia l  software  packages.  I n  add i ti on ,  a  solver 
procedure  fi le  for estimating  Rn ,  Ici  and  correspond ing  standard  uncertain ty  values  is  avai lable  

at:  h ttps: //www. iec.ch/tc90/supportingdocuments .  

I n  real i ty,  deviation  from  the  hyperbol ic curve  i s  observed  i n  many cases.  Two  major causes  for 
the  deviation  are  noise-round ing  and  sel f-heating .  F i gure  A. 2  shows  a  U–I curve  of a  j unction  
that  su ffers  a  noise-round ing  deviation  i n  a  current  range  less  than  30  μA and  a  sel f-heating  
deviation  i n  a  curren t range  l arger than  1 50  μA,  where  the  data  sets  of Uj  and  Ij  are  arti ficial ly  

produced .  Hyperbol ic  cu rve  fi tti ng  us ing  the  whole  data  set  g ives  an  unrel iable  estimation .  
A practica l  so lu tion  i s  to  select a  proper data  set i n  a  range  that i s  not affected  by the  two effects .  
The  geometric mean  method  i n  C lause  A. 3  provides  a  good  cri terion  for selecti ng  the  data  set.  
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Figure A. 1  – U–I curve based  on  resistively shunted  junction  (RSJ )  model  

 

 

Figure A.2  – U–I curve  affected  by noise-round ing  and  self-heating  

A.3 Geometric mean  method  

The geometric  mean  method  i s  an  approach  to  calcu late  Rn  wi th  the  geometric mean  of a  

derivative  of vo l tage  wi th  respect to  curren t,  dU/dI,  and  a  vol tage/current ratio ,  U/I,  from  a  
measured  U–I d ata  set by us ing  Formu la  (2)  to  Formu la  (5) .  

For the  calcu lation  of dU/dI and  U/I,  (Uj+1  −  Uj)  /  (Ij+1  −  Ij)  and  Uj/Ij  are  used  i ncremental ly.  The  

va lue  of Rn  i s  ca lcu lated  by [(Uj+1  −  Uj)  /  (Ij+1  −  Ij) ]
0, 5  ×  (Uj/Ij)

0, 5 .  
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