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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
CYLINDRICAL CAVITY METHOD TO MEASURE 

THE COMPLEX PERMITTIVITY OF LOW-LOSS DIELECTRIC RODS 
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commission  ( I EC)  i s  a  worl dwide  organ i zation  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ica l  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  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC 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 ci pate  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 i zation  ( 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 agreements  of I EC on  techn ical  matters  express,  as  nearl y  as  poss ible,  an  i n ternati ona l  
consensus  of opi n ion  on  the  re l evant subjects  s i nce  each  techn ical  comm i ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

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

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

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I 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,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  National  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or rel i ance  upon ,  th i s  I EC  Publ i cation  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  pub l 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  patent  ri gh ts.  

I n ternational  Standard  I EC  6281 0  has  been  prepared  by subcommittee  46F:  R. F.  and  
m icrowave  pass ive  componen ts,  of I EC  techn ical  committee  46:  Cables,  wires,  wavegu ides,  
R.F .  connectors ,  R.F .  and  m icrowave  passive  components  and  accessories.  

The  text of th is  s tandard  i s  based  on  the  fol lowing  documents:  

CDV Report  on  voti ng  

46F/242/CDV 46F/260/RVC 

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  s tandard  can  be  found  i n  the  report on  
voting  ind icated  in  the  above  table.  

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

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  unti 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  publ ication .  At  th is  date,  the  publ ication  wi l l  be   
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•  reconfi rmed ,  

•  wi thdrawn ,  

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

•  amended .  

 

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

 

IMPORTANT – The 'colour inside'  l ogo on  the  cover page of th is  publ ication  i nd icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct  
understand ing  of i ts  contents.  Users  shou ld  therefore print  th is  document using  a  
colour printer.  
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CYLINDRICAL CAVITY METHOD TO MEASURE 
THE COMPLEX PERMITTIVITY OF LOW-LOSS DIELECTRIC RODS 

 
 
 

1  Scope 

This  I n ternational  Standard  re lates  to  a  measurement method  for complex perm itti vi ty of a  
d ie lectric rod  at  m icrowave  frequency.  Th is  method  has  been  developed  to  evaluate  the  
d ie lectric properties  of l ow-loss  materia ls  i n  coaxial  cables  and  e lectron ic devices  used  i n  
m icrowave systems.  I t  uses  the  TM01 0  mode  i n  a  ci rcu lar cyl i ndrical  cavi ty and  presents  
accurate  measurement resu l ts  of a  d ie lectric rod  sample,  where  the  effect of sample  i nsertion  
holes  i s  taken  in to  account accurate l y on  the  bas is  of the  ri gorous  e lectromagnetic anal ys is .    

I n  comparison  wi th  the  conventional  method  described  i n  I EC 60556  [2] 1 ,  th is  method  has  the  
fol l owing  characteristics :  

•  the  values  of the  re lative  perm i tti vi ty ε '  and  l oss  tangent tand  of a  d ie lectric rod  sample  
can  be  measured  accurate l y and  non-destructi vel y;  

•  the  measurement accuracy is  wi th in  1 , 0  %  for ε '  and  wi th in  20  %  for tand ;  

•  the  effect of sample  i nsertion  holes  i s  corrected  us ing  correction  charts  presen ted ;  

•  th is  method  i s  appl icable  for the  measurements  on  the  fol lowing  cond i ti on :  

– frequency:   1  GHz ≦f ≦1 0  GHz;   

– re lative  perm i tti vi ty:   1  ≦ε '  ≦1 00;  

– l oss  tangent:   1 0–4  ≦ tand  ≦1 0–1 .  

2  Normative references  

Void .  

3 Measurement parameters  

The measurement parameters  are  defined  as  fo l lows:  

 εr  =  ε ' -jε"  (1 )  

 tand  =  ε" /ε '   (2)  

where  ε '  and  ε"  are  the  real  and  imag inary parts  of the  complex re lative  perm i ttivi ty ε r.  

4 Theory and  calculation  equations  

A resonator structure  used  i n  these  measurements  i s  shown  i n  F igure  1 .  A cavi ty,  made wi th  
copper,  wi th  d iameter D  and  he ight H has  sample  i nsertion  holes  wi th  d iameter d2  and  depth  g  

orien ted  coaxia l l y.  A d ielectric rod  sample  of d iameter d1  h aving  ε '  and  tand  i s  i nserted  i n to  
the  holes .  

                                                      
1   F i gures  i n  square  brackets  refer to  the  B i bl i ography.  
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The  TM01 0  mode,  where  the  e lectric  fie ld  componen t in  the  cavi ty i s  paral le l  to  the  sample  
rod ,  i s  used  for the  measurement.  Taking  account of the  effect of sample  i nsertion  holes  

calcu lated  on  the  bas is  of the  rigorous  electromagnetic fie l d  anal ys is,  ε '  and  tand  are  
determ ined  from  the  measured  values  of the  resonan t frequency f0  and  the  un loaded  Q-factor 
Qu .  To  avoid  the  ted ious  numerical  calcu lation  and  make the  measurements  easy,  the  
fol lowing  process  i s  taken  i n  th is  measurement:  

 

Figure 1  – Structure of a  cyl indrical  cavi ty resonator 

The fol lowing  steps  shal l  be  taken :  

1 )  At  the  fi rst  step,  obta in  approximate  values  εp  and  tandp  from  the  f0  and  Qu  va l ues  by 
us ing  the  s imple  perturbation  formu las,  where  the  effect of sample  i nsertion  holes  i s  
neg lected .  The  subscript  p  denotes  the  ca lcu lated  values  us ing  the  fol lowing  perturbation  
formu las:  

 1
1

2
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where  855,11 2
011 == )(xJα .  

)(xJn  i s  the  Bessel  function  of order n  of fi rst  kind  and  405,201 =x  i s  the  fi rst root of 

00 =)(xJ .  f0  and  Qu0  are  the  resonant frequency and  un loaded  Q-factor measured  for the 

cavi ty wi thou t a  sample,  respectivel y.  f1  and  Qu1  are  ones  measured  for the  cavi ty wi th  a  
sample.  

2)  I n  the  second  s tep,  obtain  accurate  values  ε '  and  tand  from  εp  and  tandp  va lues  by us ing  
the  fol l owing  equations  wi th  correction  factors  calcu lated  based  on  the  ri gorous  anal ys is :  

 p1 εε C=′  (5)  

 p2 tantan dd C=  (6)  

IEC 

Dielectri c  rod  (sample)  

Sample  i nsertion  hole  

Cyl i nd rical  cavi ty 

Coaxia l  cable  
wi th  smal l  l oop  

Ød2  

Ød1  

ØD  

g
 

H
 

g
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where  correction  factors  C1  and  C2 ,  due  to  the  sample  i nsertion  holes  and  errors  i ncluded  
i n  the  perturbation  formu las,  are  calcu lated  numerical l y by us ing  the  Ri tz-Galerkin  method  
[3 ] [5] ,  as  shown  i n  F igure  2  and  F igure  3 ,  and  the  correspond ing  data  are  l i sted  i n  detai l  i n  
Table  1 ,  2 ,  and  3 .  The  m issing  data  of C1  and  C2  can  be  obtained  by i n terpolation  or 
extrapolation  from  the  tab les.  The  correction  factors  shown  i n  these  fi gures  are  calcu lated  
for the  cavi ty wi th  D  =  76, 5  mm ,  H =  20, 0  mm,  d2  =  3 , 0  mm,  and  g  =  1 0 , 0  mm,  where  the  
resonant frequency i s  abou t 3  GHz.  C1  i s  a lso  used  for a  cavi ty having  the  same aspect 
ratios  as  H/D,  d2 /D  and  g/D.  

I t  i s  found  from  the  analys is  for a  cavi ty wi th  i nsertion  holes  wh ich  consti tu te  a  cu t-off TM01  

mode  cyl i ndrica l  wavegu ide  that f0  converges  to  a  constan t value  for g>1 0  mm  and  d2  =  3  mm.  
Therefore,  the  correction  factors  shown  i n  F igure  2  and  F igure  3  are  appl icable  to  a  d ie lectric 

sample  rod  wi th  d1 <3  mm  and  ε ’  below the  value  calcu lated  by the  fol l owing  equation  for the  
measured  value  of the  resonant frequency:   

 

2

02

01









π
≤

fd

cx
'ε  (7)  

where  c  i s  the  veloci ty of l igh t i n  a  vacuum  (c  =  2 , 9  979  ×  1 08  m /s).  

 
Assumptions  

D  76 , 5  mm  d
2  

3, 0  mm  

H  20 , 0  mm  g  1 0 , 0  mm  

Figure 2  – Correction  factor C1  for ε ’  
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Table  1  – Numerical  values  of correction  factor C1  

 

 

a)   D iel ectric  sample  rod  wi th  d
1
 =  2 , 0  mm  

0, 5 1 , 0 1 , 5 2, 0 2, 5 3, 0

1 1 , 000 1 , 000 1 , 000 1 , 000 1 , 000 1 , 000

1 , 5 1 , 023 1 , 022 1 , 021 1 , 019 1 , 016 1 , 010

2 1 , 035 1 , 034 1 , 033 1 , 030 1 , 024 1 , 013

3 1 , 047 1 , 047 1 , 046 1 , 041 1 , 032 1 , 012

4 1 , 054 1 , 055 1 , 053 1 , 047 1 , 035 1 , 007

5 1 , 058 1 , 060 1 , 059 1 , 051 1 , 037 1 , 001

6 1 , 061 1 , 064 1 , 063 1 , 054 1 , 037 0, 995

7 1 , 064 1 , 068 1 , 066 1 , 056 1 , 037 0, 988

8 1 , 066 1 , 071 1 , 069 1 , 058 1 , 036 0, 981

9 1 , 068 1 , 073 1 , 071 1 , 059 1 , 035 0, 975

10 1 , 070 1 , 076 1 , 073 1 , 060 1 , 033 0, 968

15 1 , 077 1 , 085 1 , 080 1 , 061 1 , 024 0, 936

20 1 , 082 1 , 091 1 , 084 1 , 060 1 , 013 0, 907

30 1 , 090 1 , 101 1 , 088 1 , 052 0, 992 0, 859

40 1 , 097 1 , 107 1 , 088 1 , 043 0, 971 0, 820

50 1 , 102 1 , 112 1 , 086 1 , 032 0, 953 0, 789

60 1 , 107 1 , 115 1 , 082 1 , 021 0, 938 0, 764

70 1 , 112 1 , 117 1 , 077 1 , 011 0, 924 0, 743

80 1 , 116 1 , 118 1 , 071 1 , 001 0, 912 0, 726

90 1 , 119 1 , 118 1 , 065 0, 991 0, 903 0, 712

100 1 , 123 1 , 117 1 , 058 0, 982 0, 894 0, 700

d 1(mm)
εp

IEC 

1  
2  3  4  5  6  

1 0  
2  3  4  5  6  1 00  

εp  

σr  =  1 , 0  

tandp  =  

2 , 0  
76, 5  

=  
d1  
D 

0, 9  

F
a
c
to
r 
C
2
 

7  7  

1 , 0  

1 , 1  

1 , 2  

1 , 3  

1 , 4  

σr  =  0 , 9  

6× 1 0 -5  

1 × 1 0 -4  

2×1 0 -4  

4×1 0 -4  

1 × 1 0 -3  
1 × 1 0 -2  

1 × 1 0 -1  
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b)   D ielectric  sample  rod  wi th  d
1
 =  2 , 5  mm  

Assumptions  

D  76 , 5  mm  d
2  

3, 0  mm  

H  20 , 0  mm  g  1 0 , 0  mm  

Figure 3  – Correction  factor C2  for tand  wi th  the  d i fferent values  of d1  
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Table  2  – Numerical  values  of correction  factor C2  

(Die lectric  sample  rod  wi th  d1  =  2 , 0  mm) 

 

 

 

σ r=0,9

6× 10
-5

1× 10
-4

2× 10
-4

4× 10
-4

1× 10
-3

1× 10
-2

1× 10
-1

1 1 , 045 1 , 058 1 , 057 1 , 057 1 , 057 1 , 056 1 , 056

1 , 5 1 , 081 1 , 070 1 , 055 1 , 048 1 , 043 1 , 040 1 , 040

2 1 , 099 1 , 077 1 , 055 1 , 044 1 , 037 1 , 033 1 , 033

3 1 , 119 1 , 085 1 , 055 1 , 041 1 , 032 1 , 026 1 , 026

4 1 , 130 1 , 090 1 , 056 1 , 040 1 , 030 1 , 024 1 , 023

5 1 , 137 1 , 093 1 , 057 1 , 039 1 , 029 1 , 022 1 , 021

6 1 , 143 1 , 096 1 , 058 1 , 039 1 , 028 1 , 021 1 , 020

7 1 , 147 1 , 098 1 , 059 1 , 039 1 , 028 1 , 020 1 , 020

8 1 , 151 1 , 100 1 , 060 1 , 039 1 , 027 1 , 020 1 , 019

9 1 , 154 1 , 102 1 , 060 1 , 039 1 , 027 1 , 019 1 , 019

10 1 , 157 1 , 103 1 , 061 1 , 039 1 , 027 1 , 019 1 , 018

15 1 , 167 1 , 108 1 , 062 1 , 039 1 , 025 1 , 017 1 , 016

20 1 , 173 1 , 111 1 , 063 1 , 038 1 , 024 1 , 015 1 , 014

30 1 , 179 1 , 113 1 , 062 1 , 036 1 , 021 1 , 012 1 , 011

40 1 , 181 1 , 114 1 , 061 1 , 034 1 , 019 1 , 009 1 , 008

50 1 , 180 1 , 113 1 , 060 1 , 033 1 , 018 1 , 008 1 , 007

60 1 , 177 1 , 111 1 , 059 1 , 033 1 , 018 1 , 009 1 , 008

70 1 , 172 1 , 109 1 , 059 1 , 034 1 , 019 1 , 011 1 , 010

80 1 , 165 1 , 106 1 , 060 1 , 036 1 , 022 1 , 014 1 , 013

90 1 , 158 1 , 104 1 , 061 1 , 040 1 , 027 1 , 019 1 , 018

100 1 , 150 1 , 102 1 , 063 1 , 044 1 , 032 1 , 025 1 , 025

tand p
εp

σ r=1 ,0

6× 10
-5

1× 10
-4

2× 10
-4

4× 10
-4

1× 10
-3

1× 10
-2

1× 10
-1

1 0, 932 0, 990 1 , 023 1 , 040 1 , 050 1 , 056 1 , 056

1 , 5 1 , 004 1 , 024 1 , 032 1 , 036 1 , 038 1 , 040 1 , 040

2 1 , 040 1 , 042 1 , 037 1 , 035 1 , 033 1 , 033 1 , 032

3 1 , 077 1 , 060 1 , 043 1 , 034 1 , 029 1 , 026 1 , 026

4 1 , 097 1 , 070 1 , 046 1 , 035 1 , 028 1 , 023 1 , 023

5 1 , 110 1 , 077 1 , 049 1 , 035 1 , 027 1 , 022 1 , 021

6 1 , 118 1 , 081 1 , 051 1 , 036 1 , 026 1 , 021 1 , 020

7 1 , 125 1 , 085 1 , 052 1 , 036 1 , 026 1 , 020 1 , 020

8 1 , 131 1 , 088 1 , 053 1 , 036 1 , 026 1 , 020 1 , 019

9 1 , 135 1 , 090 1 , 054 1 , 037 1 , 026 1 , 019 1 , 019

10 1 , 139 1 , 092 1 , 055 1 , 037 1 , 026 1 , 019 1 , 018

15 1 , 152 1 , 099 1 , 058 1 , 037 1 , 024 1 , 017 1 , 016

20 1 , 159 1 , 103 1 , 058 1 , 036 1 , 023 1 , 015 1 , 014

30 1 , 167 1 , 106 1 , 058 1 , 034 1 , 020 1 , 012 1 , 011

40 1 , 170 1 , 107 1 , 057 1 , 033 1 , 018 1 , 009 1 , 008

50 1 , 169 1 , 106 1 , 056 1 , 032 1 , 017 1 , 008 1 , 007

60 1 , 166 1 , 104 1 , 056 1 , 032 1 , 017 1 , 008 1 , 008

70 1 , 162 1 , 103 1 , 056 1 , 033 1 , 019 1 , 010 1 , 010

80 1 , 156 1 , 101 1 , 057 1 , 035 1 , 022 1 , 014 1 , 013

90 1 , 150 1 , 099 1 , 059 1 , 038 1 , 026 1 , 019 1 , 018

100 1 , 142 1 , 097 1 , 061 1 , 043 1 , 032 1 , 025 1 , 025

tand p
εp
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Table  3  – Numerical  values  of correction  factor C2  

(Die lectric  sample  rod  wi th  d1  =  2 , 5  mm) 

 

 

 

σ r=0,9

6× 10
-5

1× 10
-4

2× 10
-4

4× 10
-4

1× 10
-3

1× 10
-2

1× 10
-1

1 1 , 042 1 , 049 1 , 049 1 , 048 1 , 048 1 , 048 1 , 048

1 , 5 1 , 077 1 , 063 1 , 048 1 , 040 1 , 036 1 , 033 1 , 033

2 1 , 095 1 , 070 1 , 048 1 , 037 1 , 030 1 , 026 1 , 026

3 1 , 113 1 , 078 1 , 048 1 , 033 1 , 024 1 , 019 1 , 018

4 1 , 123 1 , 081 1 , 048 1 , 031 1 , 021 1 , 015 1 , 014

5 1 , 129 1 , 084 1 , 048 1 , 030 1 , 019 1 , 012 1 , 012

6 1 , 133 1 , 086 1 , 047 1 , 028 1 , 017 1 , 010 1 , 009

7 1 , 136 1 , 087 1 , 047 1 , 027 1 , 015 1 , 008 1 , 008

8 1 , 139 1 , 087 1 , 047 1 , 026 1 , 014 1 , 007 1 , 006

9 1 , 141 1 , 088 1 , 046 1 , 025 1 , 013 1 , 005 1 , 004

10 1 , 142 1 , 088 1 , 046 1 , 024 1 , 011 1 , 004 1 , 003

15 1 , 146 1 , 088 1 , 043 1 , 020 1 , 006 0, 998 0, 997

20 1 , 148 1 , 088 1 , 040 1 , 017 1 , 002 0, 994 0, 993

30 1 , 150 1 , 088 1 , 039 1 , 014 0, 999 0, 991 0, 990

40 1 , 150 1 , 089 1 , 041 1 , 016 1 , 002 0, 993 0, 992

50 1 , 152 1 , 094 1 , 047 1 , 023 1 , 009 1 , 001 1 , 000

60 1 , 154 1 , 100 1 , 056 1 , 034 1 , 021 1 , 013 1 , 012

70 1 , 157 1 , 108 1 , 068 1 , 048 1 , 036 1 , 029 1 , 028

80 1 , 161 1 , 118 1 , 083 1 , 065 1 , 055 1 , 048 1 , 048

90 1 , 165 1 , 130 1 , 100 1 , 084 1 , 075 1 , 070 1 , 069

100 1 , 170 1 , 142 1 , 118 1 , 106 1 , 098 1 , 094 1 , 094

tand p
εp

σ r=1 ,0

6× 10
-5

1× 10
-4

2× 10
-4

4× 10
-4

1× 10
-3

1× 10
-2

1× 10
-1

1 0, 970 1 , 006 1 , 027 1 , 037 1 , 044 1 , 048 1 , 048

1 , 5 1 , 027 1 , 033 1 , 033 1 , 033 1 , 033 1 , 033 1 , 033

2 1 , 056 1 , 046 1 , 036 1 , 031 1 , 028 1 , 026 1 , 026

3 1 , 085 1 , 060 1 , 039 1 , 029 1 , 022 1 , 019 1 , 018

4 1 , 100 1 , 068 1 , 041 1 , 028 1 , 020 1 , 015 1 , 014

5 1 , 109 1 , 072 1 , 042 1 , 027 1 , 018 1 , 012 1 , 012

6 1 , 115 1 , 075 1 , 042 1 , 026 1 , 016 1 , 010 1 , 009

7 1 , 120 1 , 077 1 , 042 1 , 025 1 , 014 1 , 008 1 , 008

8 1 , 123 1 , 078 1 , 042 1 , 024 1 , 013 1 , 007 1 , 006

9 1 , 126 1 , 079 1 , 042 1 , 023 1 , 012 1 , 005 1 , 004

10 1 , 128 1 , 080 1 , 041 1 , 022 1 , 011 1 , 004 1 , 003

15 1 , 134 1 , 081 1 , 039 1 , 018 1 , 006 0, 998 0, 997

20 1 , 137 1 , 081 1 , 037 1 , 015 1 , 002 0, 994 0, 993

30 1 , 139 1 , 081 1 , 035 1 , 012 0, 999 0, 990 0, 990

40 1 , 141 1 , 083 1 , 038 1 , 015 1 , 001 0, 993 0, 992

50 1 , 143 1 , 088 1 , 044 1 , 022 1 , 009 1 , 001 1 , 000

60 1 , 146 1 , 095 1 , 054 1 , 033 1 , 021 1 , 013 1 , 012

70 1 , 150 1 , 104 1 , 066 1 , 047 1 , 036 1 , 029 1 , 028

80 1 , 154 1 , 114 1 , 081 1 , 064 1 , 054 1 , 048 1 , 048

90 1 , 159 1 , 126 1 , 098 1 , 084 1 , 075 1 , 070 1 , 069

100 1 , 165 1 , 139 1 , 116 1 , 105 1 , 098 1 , 094 1 , 094

tand p
εp
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The  value  of re lative  conductivi ty σr  i s  determ ined  from  the  measured  un loaded  Q-factor Qu0  
at  f0  for the  TM 01 0  mode  by the  fol lowing  equation :  
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where  λ0  =  c/f0  i s  the  wave l eng th ,  and  the  skin  depth  ds0  at  f0  i s  defined  as  fo l l ows:  

 
000

σ σµ
d

fπ
=

1
0  (9)  

where  µ0  i s  the  permeabi l i ty of vacuum  and  σ0  =  5 , 8  ×  1 0
7  S/m  is  the  conductivi ty of s tandard  

copper.  

Measurement uncertain ties  of ε '  and  tand ,  u(ε ')  and  u(tand) ,  are  estimated  as  the  mean  square  

uncertain ty and  g iven  respectivel y by 
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where  u(f0) ,  u(f1 ) ,  u(d1 ) ,  u(D) ,  and  u(C1 )  are  the  standard  uncertain ties  of f0 ,  f1 ,  d1 ,  D ,  and  C1 ,  

respective l y.  Also,  u(tand)  i s  main l y attribu ted  to  measurement uncertain ty of εp ,  d1 ,  D ,  Qu0 ,  

Qu1 ,  and  C2 .  u(εp) ,  u(d1 ) ,  u(D) ,  u(Qu0) ,  u(Qu1 ) ,  and  u(C2)  are  the  s tandard  uncerta in ties  of 

them ,  respectivel y.  

5 Measurement system  

Figure  4  shows  a  schematic d iagram  of two equ ipment systems requ i red  for m icrowave  
measurement.  For the  measurement of d ie lectric properties ,  on l y the  i n formation  on  the  
ampl i tude  of transm i tted  power i s  needed ,  that  i s ,  the  i n formation  on  the  phase  of the  
transm itted  power is  not  requ i red .  Therefore,  a  scalar network anal yser can  be  used  for the  
measurement shown  i n  F igure  4a.  However,  a  vector network anal yser,  as  shown  in   
F i gu re  4b,  has  an  advantage  i n  precis ion  of the  measurement.  
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a)  Scal ar network anal yzer system  b)  Vector network anal yzer system  

Figure  4 – Schematic  d iagram  of measurement systems  

The  structure  of the  TM01 0  mode  cyl i ndrical  cavi ty resonator used  i n  the  complex perm itti vi ty 
measurement i s  shown  i n  F igure  1 .  The  cavi ty has  D =  76,5  mm,  H =  20, 0  mm,  d2  =  3 , 0  mm,  

and  g =  1 0 , 0  mm  for the  measurement around  3  GHz.  A sample  wi th  d iameter d1 <d2  i s  
coaxia l l y i nserted  i n to  the  holes  and  exci ted  magnetica l l y by a  pa ir of sem i -rig i d  coaxia l  
cables  wi th  a  smal l  l oop  at the  top.  The  transm ission- type  resonator i s  consti tu ted  and  under-
coupled  equal l y to  the  inpu t and  ou tpu t l oops  wi th  setting  S1 1  =  S22 .   

The  resonant frequency f0 ,  ha l f-power band  wid th  fBW ,  and  the  i nsertion  attenuation  IA0  (dB)  
at f0  are  measured  us ing  a  network anal yser by means  of the  swept-frequency method ,  as  
shown  i n  F igure  5 .  The  va lue  of Qu  i s  g i ven  by 
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1 )  At  the  fi rst s tep,  obta in  approximate  values  εp  and  tandp  from  the  f0  and  Qu  va lues  by 
us ing  the  s imple  perturbation  formu las,  where  the  effect of sample  i nsertion  holes  i s  
neg lected .  The  subscript  p  denotes  the  ca lcu lated  values  us ing  the  fol lowing  perturbation  
formu las:  
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where  α  =  1 /J1 (x01 )
2  =  1 , 855.  Jn(x)  i s  the  Bessel  function  of order n  of fi rst kind  and  

x01  =  2 , 405  i s  the  fi rst root of J0(x)  =  0 .  f0  and  Qu0  are  the  resonant  frequency and  
un loaded  Q-factor measured  for the  cavi ty wi thout a  sample,  respective l y.  f1  and  Qu1  are  
ones  measured  for the  cavi ty wi th  a  sample.  

2)  I n  the  second  step,  obta in  accurate  va lues  ε '  and  tand  from  εp  and  tandp  va lues  by us ing  
the  fol lowing  equations  wi th  correction  factors  calcu lated  based  on  the  ri gorous  anal ys is:  

 p1 εε C=′  (5)  

 p2 tantan dd C=  (6)  
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network 
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Power 
spl itter 
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IEC  

Vector 
network 
analyser 

Measurement 
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where  correction  factors  C1  and  C2  d ue  to  the  sample  i nsertion  holes  and  errors  i ncluded  
i n  the  perturbation  formu las  are  ca lcu lated  numerical l y by us ing  the  Ri tz-Galerkin  method  
[3 ] [5] ,  as  shown  i n  F igure  2  and  F igure  3 ,  and  the  correspond ing  data  are  l i sted  i n  detai l  i n  
Table  1 ,  2 ,  and  3 .  The  m issing  data  of C1  and  C2  can  be  obtained  by i n terpolation  or 
extrapolation  from  the  tables .  The  correction  factors  shown  i n  these  fi gures  are  calcu lated  
for the  cavi ty wi th  D  =  76, 5  mm ,  H =  20, 0  mm,  d2  =  3 , 0  mm,  and  g  =  1 0 , 0  mm,  where  the  
resonant frequency i s  abou t 3  GHz.  C1  i s  a lso  used  for a  cavi ty having  the  same aspect 
ratios  as  H/D,  d2 /D  and  g/D.  

I t  i s  found  from  the  analys is  for a  cavi ty wi th  i nsertion  holes  wh ich  consti tu te  a  cu t-off TM01  

mode  cyl i ndrica l  wavegu ide  that f0  converges  to  a  constan t value  for g>1 0  mm  and  d2  =  3  mm.  
Therefore,  the  correction  factors  shown  i n  F igure  2  and  F igure  3  are  appl icable  to  a  d ie lectric 

sample  rod  wi th  d1 <3  mm  and  ε ’  below the  value  calcu lated  by the  fol l owing  equation  for the  
measured  value  of the  resonant frequency:   

 

Figure 5  – Resonance  frequency f0 ,  i nsertion  attenuation  IA0   
and  half-power band  width  fBW  

6 Measurement procedure  

6.1  Preparation  of measurement apparatus  

Set up  the  measurement equ ipment and  apparatus  as  shown  in  F igure  4.  The  cavi ty resonator 
and  d ielectric samples  shal l  be  kept i n  a  cl ean  and  dry s tate,  as  h i gh  hum id i ty degrades  
un loaded  Q.  The  re lati ve  hum id i ty shal l  preferabl y be  less  than  60  % .  

6.2  Measurement of reference  l evel  

The reference level ,  l evel  of fu l l  transm ission  power,  i s  measured  fi rst.  Connect the  reference 
l i ne  to  the  measurement  equ ipment and  measure  the  fu l l  transm ission  power l evel  over the 
en ti re  measurement frequency range.  

6.3  Measurement of cavi ty parameters:  σr   

Set the  empty cavi ty and  ad just the  insertion  attenuation  IA0  to  be  around  30  dB  by chang ing  

the  d istance  between  two  sem i -rig id  cables ,  as  shown  i n  F igure  5.  
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Measure  f0 ,  fBW ,  and  IA0  of the  TM01 0  resonant  mode.  Calcu late  Qu0  by us ing  Equation  (1 2) .  

Then ,  calcu late  σr  by us ing  Equation  (8) .  S ince  the  va lue  of σr  d egrades  due  to  oxidation  of 

the  meta l  surface,  i t  shal l  be  measured  period ical l y.  σr  sha l l  preferabl y be  more  than  0 , 9.  

6.4 Measurement of complex permi ttivi ty of test sample:  ε ' ,  tan  d  

I nsert  the  test sample  i n to  the  holes .  F i gure  6  shows  the  frequency responses  of the  TM 01 0  
mode  i n  the  cavi ty wi th  and  wi thout a  sample .  Measure  the  resonant frequency f1 ,  ha l f-power 

band  wid th  fBW  and  the  i nsertion  attenuation  IA0 .  Calcu late  the  values  of εp '  and  tan  dp  by 
us ing  Equations  (3)  and  (4),  respective l y.  Then ,  ca lcu late  ε '  and  tand  val ues  by us ing  
Equations  (5)  and  (6) .  

 

Assumptions  

D  76 , 5  mm  d
2
 3 , 0  mm  

H  20 , 0  mm  g  1 0 , 0  mm  

Figure 6  – Frequency responses  of the  TM 01 0  mode  of cyl indrical  cavi ty 
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Annex A  
( in formative)  

 
Example  of measurement resul ts  and  accuracy 

A.1  Measurement of ε '  and  tand  values  

The measurement resu l ts  of ε '  and  tand  for pol yethylene  rod  sample  are  obta ined  as  fo l l owed .  

a)  The  parameters  such  as  D,  H and  d2  of the  cavi ty and  d1  of the  pol yethylene  sample  used  
i n  the  measurements  are  shown  i n  Table  A. 1 .  

Table  A. 1  – The  parameters  of the  cavi ty and  the  rod  sample  

D  H d
2
 d

1
 

mm mm  mm  mm  

76, 50  20, 00  3 , 00  2 , 52  

±0, 02  ±0, 01  ±0, 01  ±0, 01  

 

b)  The  resonant frequency f0  and  un loaded  Q-factor Qu0  of the  TM01 0  mode  i n  the  cavi ty 
wi thout a  sample  and  f1  and  Qu1  i n  the  cavi ty wi th  a  sample  are  measured  and  shown  in  
Table  A. 2.  

Table  A.2  – The  resonant frequencies  and  un loaded  Q-factors  

 

 

c)  The  approximate  va lues  εp  and  tandp  and  the  value  of re lati ve  conductivi ty σr  are  
ca lcu lated  numerica l l y by Equations  (3) ,  (4) ,  and  (8),  respective l y,  and  the  resu l ts  are  
shown  i n  Table  A. 3.  

Table  A.3  – The  approximate values  and  the relative  conductivi ty value  

 

 

d)  The  correction  factors  C1  and  C2  are  found  from  F igure  2  and  F igure  3b,  respectivel y,  

us ing  the  ca lcu lated  values  of εp ,  tandp  and  σr.  The  resu l ts  are  shown  i n  Table  A. 4.  

Table  A.4  – Correction  factors  and  the  measurement resu l ts  
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e)  The  accurate  values  ε '  and  tand  are  obtained  from  Equations  (5)  and  (6),  and  these  resu l ts  
are  also  shown  in  Table  A. 4 .  

A.2  Measurement uncertainty of ε '  and  tand  

The measurement uncerta in ty (see  I SO/I EC Gu ide  98-3)  of ε '  and  tand  i s  ca lcu lated  for the  
pol yethylene  sample  mentioned  above by Equation  (1 0)  and  (1 1 ) .  Each  sens i ti vi ty coefficients  
i n  Equations  (1 0)  and  (1 1 )  are  as  fol lows:  
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The  resu l ts  are  shown  i n  Table  A. 5  and  A. 6.  

Table  A.5  – The  measurement uncertainty of ε ’  
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Table  A.6  – The  measurement uncertainty of tand  
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