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1)

9)

INTERNATIONAL ELECTROTECHNICAL COMMISION

CAVITY RESONATOR METHOD TO MEASURE THE COMPLEX
PERMITTIVITY OF LOW-LOSS DIELECTRIC PLATES

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this eng—eanrd—r—eadaitieon—to—ether—aetivities: c—publishes—trternational—Standards —Feehnteal—Spgcifications,
Technidal Publicly Available Specifications (PAS) and Guides (hereafter referred™\tp as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committeg interested

governthental organizations liaising with the IEC also participate in this preparation. IEC, ‘collaborgtes closely
with the International Organization for Standardization (ISO) in accordance with conditions detérmined by
agreemlent between the two organizations.

The forfnal decisions or agreements of IEC on technical matters express, as nearly-as/possible, an ijternational
consengus of opinion on the relevant subjects since each technical committee has representatipn from all
interested IEC National Committees.

IEC Puplications have the form of recommendations for international use and are accepted by IHC National
Commiftees in that sense. While all reasonable efforts are made to ensure that the technical confent of IEC
Publications is accurate, IEC cannot be held responsible for the<way in which they are used |or for any
misintefpretation by any end user.

In order to promote international uniformity, IEC National Cemmittees undertake to apply IEC Hublications
transparently to the maximum extent possible in their natienal and regional publications. Any [divergence
betweep any IEC Publication and the corresponding nationalh\ot regional publication shall be clearly |ndicated in
the lattegr.

=

IEC its¢lf does not provide any attestation of conformity. Independent certification bodies provide|conformity
assessinent services and, in some areas, access t0°IEC marks of conformity. IEC is not responsiple for any
service$ carried out by independent certification bodies.

All userns should ensure that they have the latest edition of this publication.

No liabllity shall attach to IEC or its directors, employees, servants or agents including individual gxperts and
membefs of its technical committees andJIEC National Committees for any personal injury, property|damage or
other damage of any nature whatgoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any| other IEC
Publications.

Attentign is drawn to the Normative references cited in this publication. Use of the referenced pulflications is
indispefpsable for the correct application of this publication.

Attentign is drawn to«the ‘possibility that some of the elements of this IEC Publication may be thg subject of
patent flights. IEC shall'not be held responsible for identifying any or all such patent rights.

Internatignal Standard IEC 62562 has been prepared by subcommittee 46F: R.F. and
microwaye passive components, of IEC technical committee 46: Cables, wires, wayeguides,

R.F. conpectors, R.F. and microwave passive components and accessories.

This first edition cancels and replaces the PAS published in 2008.

This bilingual version, published in 2010-02, corresponds to the English version.

The text of this standard is based on the following documents:

CDV Report on voting
46F/118/CDV 46F/143/RVC

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

The French version of this standard has not been voted upon.


https://iecnorm.com/api/?name=47e04bb2a075337611a2de03f562bfbc

-4 - 62562 © IEC:2010
This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, 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 fory‘the |correct
understgnding of its contents. Users should therefore print this document using a
colour printer.
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CAVITY RESONATOR METHOD TO MEASURE THE COMPLEX

PERMITTIVITY OF LOW-LOSS DIELECTRIC PLATES

1 Scope

The object of this International Standard is to describe a measurement method of dielectric
properties in the planar direction of dielectric plate at microwave frequency. This method is
called a cavity resonator method. It has been created in order to develop new materials and to
design microwave active and passive devices for which standardization of measurement

methods

This met

e there
meas

e temp

e the mleasurement accuracy is within 0,3 % for &' and within 6x40-6 for tanJ;

e fringing effect is corrected using correction charts caleulated on the basis of|
analypis.

This method is applicable for the measurements on the-following condition:

— frequeéncy :2GHz< f < 40 GHgz;

— relatiye permittivity: 2 < ¢ < 100;

— loss thngent 1106 < tand < 1072,

2 Meapurement parameters

The mea

of material properties is more and more important.

nod has the following characteristics:

ured accurately and non-destructively;

surement parameters_are defined as follows:

& =&'-je"=DI(eyE)

ative permittivity &' and loss tangent tan¢d values of a dielectric/plate samp

rature dependence of complex permittivity can be measured;

e can be

rigorous

(1)

tand ="/ &' (2)
TCe=—1 Er Cref (406 (1x10-8/K) (3)
€ ref 1= Tref
where
D is the electric flux density;
E is the electric field strength;
& is the permittivity in a vacuum;
g and &" are the real and imaginary components of the complex relative permittivity & ;
TCe is the temperature coefficient of relative permittivity;
&y and g are the real parts of the complex relative permittivity at temperature 7 and

reference temperature 7o (= 20 °C to 25 °C), respectively.
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3 Theory and calculation equations

3.1 Relative permittivity and loss tangent

A resonator structure used in the nondestructive measurement of the complex permittivity is
shown in Figure 1a.

A cavity having diameter D and length H =2M is cut into two halves in the middle of its
length.

A dielectric plate sample having &', tand and thickness ¢ is placed between these two halves.

The TEgk4 mode, having only the electric field component tangential to the plane of the
sample, |s used for the measurement, since air gaps at the plate-cavity interfacds do not
affect thg electromagnetic field. Taking account of the fringing field in the platé)regioh outside
diameter|of the cavity on the basis of the rigorous mode matching analysis,|we detg¢rmine &'

and tand from the measured values of the resonant frequency f, and the-unloaded Q-factor
0O, - This[numerical calculation, however, is rather tedious.

Thereforg,

a) apprdximated values &', and tand, from the f; and Q,Values by using simple formula for

a respnator structure shown in Figure 1b, where a fringing effect for Figure 1a is peglected,
will be determined;

b) then,|accurate values ¢' and tand from &', and tand, using charts calculated |from the
rigordqus analysis will be obtained.

A, Dielectric plate

. , y
! /W|th £
:l¢ e E- '
. - _ ,’I C<
i U [ SONNOUIEY G5 i SRy i o SRS / X
| A T O
: Q
NIRS!!
!
ML | M M M
3 E 3 g
t t
IEC 127/10 IEC 128/10
Figure 1a — Resonator used Figure 1b — Resonator to
in measurement ealettate S’a and-ten—o;

Figure 1 — Resonator structures of two types

The value of ¢', is given by

2 2
o= c y2 _YZ(LJ 41 (4)
&\ nr sy 2M

where c¢ is the velocity of light in a vacuum (¢ =2997 9 x108m/s ) and the first root X is
calculated from a given value Y, using the following simultaneous equations:

XtanX=LYcotY (5)
2M
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Y = Myko? - k2 = 1" (6)

with kg =2nfg/c, kr = j'01/R, and j'g1=383173 for the TEy;4 mode. When ko —k, <0, Y is
replaced by jY'.

The value of tand, is given by

tan o, :QA—RSB’ (7)

u

where R. is the surface resistance of the conductor of cavity, given by

Rg =,/"{%“ (1S), o =0g0, (S/m) (8)

Here, i jand o are the permeability and conductivity of the conductor.. Furthermore, |o, is the

relative qonductivity and o =58x10"S/m is the conductivity of standard copper. Conlstants 4
and B arfe given by

We
4=1+—2 (9)
W1
P4+ Poyo P
B= cy1 cy2 end (10)

RV

In the ablove, W4 and W, are electric field energies stored in the dielectric plate of| region 1
and air df region 2 shown in Figure.1a. Furthermore, Fyq, Foyo and Fgnq are the gonductor

loss at the cylindrical wall in the-region 1, 2 and at the end wall. These parameters are given
by

T ' t 2,2, sin2X
Wf =§£0£a,u§a)2101 Jo (]01)t(1+ ] 11)
' in2Y ) cos? X
Wy = couf’s 2J2(fo1)M[1—s'” j (12)
2 4 0 010 oy sin2Y
Po =%R, ]Gz(i'n1)ter4(1+ S'anj (13)
- 2
T 2/, 4 sin2Y ) cos“ X
P.o=—R.J ! Rk, " | 1— 14
cy2 o 'S Q(JO1W r ( 21 j sin2Y (14)
2 2
I a2 22/, Y cos“ X
Pend =— RsJ'91 /| (1'01{—] (15)
end g 7ss 0o M) sin?y

Then, accurate values of ¢' and tand are given by
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tan5=i(1+£]—RsB(1+£j (17)
0 A B

u

where correction terms due to the fringing field Ae'/e',, A4/4 and AB/B are calculated

numerically on the basis of rigorous mode matching analysis using the Ritz-Galerkin method,
as shown in Figures 2 and 3. It is found from the analysis for a circular dielectric plate with
diameter d that f, converges to a constant value for d/D>12. The correction terms shown

in Figures 2 and 3 were calculated for d/D>15 . Therefore, the correction terms are
applicable to dielectric plates with any shape if d/D >12.

Measurement uncertainties of & and tand, Ag' and Atand are estimated as the mean

square efrorsandygivenrespectivety by

(Ae')? =(Ae'f )? + (A, )2 +(Ae'p ) +(Ae'y )P (18)
(Atand)? = (Atandpy)? +(Atan 5, )2 (19)

where Af',, A¢',, A¢', and Ae'y, are the uncertainties of &' due to standard deviatipns of f,
t, D, and H, respectively. Also, Atand is mainly attributed to/measurement errqrs of Q,
and o, [and Atandy and Atand, are uncertainties of tand due to standard deviations of
them, regdpectively.

0,05 ————1——7——
A o= 1
0,04 | ]
_1 L
10 —
3 ~0.20___#7D =0.18 ] 0,03 |- _
_ 3
S 0,140) | 3 [
0,127 1 3 0,02 | > ]
010 ] —
008 ) 0'01 p— =
] I 5
10 0,06 0 —
0,6
. ®©
% 015 »
<
04 F
= 03}
[ =
L TEog11 mode 02 |
D/H=14 !
0’1 | TE011 mode |
1074 P R D/H=1,4
1 10 100
s 0 P I RS R R
€a 0 004 008 0,12 0,16 020
t/D
IEC 129/10 IEC 130/10

Figure 3 — Correction terms

Figure 2 — Correction term Ag'/e' 5 AAIA and ABIB
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mperature dependence of & and tand

Temperature dependence of & and tand also can be measured using this method.
Temperature coefficient of relative permittivity TCe is calculated by equation (3).

When the temperature dependences of & is linear, particularly, e'(T) is given by

e(T)=¢'(1y )1+ TCe(T - )

(20)

where T and T, are the temperatures in measurement and the reference temperature,

respectiv
measure

The ther
cavity «
coefficier
measure
H(T), an

3.3 Cgqvity parameters

Cavity p

measure
in advan

measure

ely. In this case, TCe can be determined by the least squares method
ment points against 7.

mal linear expansion coefficient of the dielectric plate @ and that |of the ¢

t of resistivity TCp should be considered in the temperature dej
ment of tand . Using these parameters, temperature depehdent values of t(
d p(T) are given by

(1) =1(1o)[1+ AT =T
D(T)=D(Ty )1+-&(T - Tp)]

H(T)= H{fg )1+ ae(T - Tp)]

”(T)=m = p(To )1+ TCp(T - T)]

arameters_such as D, H=2M , o, , o, and TCp are determined

ments forthe TEy.4 and TEy4, resonance modes of an empty cavity without
e of camplex permittivity measurements. At first, D and H are determined

I resonant frequencies, f; for the TEy4,1 mode and f;, for the TEy4, mode, &

or many

onductor

should be considered in the TCe measurement. Furthermore, the temperature

endence
r), D(T),
(21)
(22)

(23)

(24)

from the

A sample,
from two

y using

_9g'o1 / 3
D= T \4£2_ 52
ST =12

c 3
H=< |2
2\ f2 - 14

which can be derived easily from the resonance condition of the cavity.

(25)

(26)

Secondly, ¢ is determined from the measurement of temperature dependence of f;, by

using
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Thirdly, o, is determined from the measured values D, H, f4,
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oo 1M
f1 AT

O-factor for the TEj44 mode, by the following equation:

Finally, 1

by using

4 Meapurement equipment and apparatus

4.1 Measurement equipment

Figure 4
measure

transmitt

measurement shown in Figure 4a. Howeéver, a vector network analyzer, as shown in

has an a

2 2 2( D 3)°
47t 01" +2
10uc 1/ 01~ +21 (ZH]

RE
2. 2 (mD
OoHoc 01 H
J

o, =

(

pr AT

shows a schematic diagram of two equipment systems required for millimg

bd power is not required. Therefare, a scalar network analyzer can be usg

lvantage in precision of thesmeasurement data.

Scalar
Sweeper network
analyzer Vector
q Q Q network
analyzer

(27)

Oyc» Which is the unloaded

(28)

[Cp is determined from the measurement of temperature dependence’ of g, =oqy/o

(29)

tre wave

ment. For the measurement of dielectric properties, only the informatioh on the

amplitude of transmitted power is needed; “that is, the information on the phade of the

d for the

Figure 4b

] @]

Figure 4 — Schematic diagram of measurement equipments

Power Measurement
— o O ) Detector Measurement ~
L appdaratas 7
apparatus
Reference line Reference line
IEC 131/10 IEC 132/10
Figure 4a — Scalar network Figure 4b — Vector network
analyzer system analyzer system


https://iecnorm.com/api/?name=47e04bb2a075337611a2de03f562bfbc

62562 © IEC:2010 -1 -

4.2 Measurement apparatus for complex permittivity

The structure of the cavity resonator used in the complex permittivity measurement is shown
in Figure 5. A cylindrical cavity containing two cup-shaped parts is machined from a copper

block. The cavity resonator has D =35 mm, H =25 mm and a flange diameter D; >15 mm

for the measurement around 10 GHz. A specimen with diameter d >12x D is placed between

the two parts and clamped with clips to fix this structure. This cavity resonator is excited by
the two semi-rigid coaxial cables, each of which has a small loop at the top. The transmission-
type resonator is constituted and under-coupled equally to the input and output loops with

setting Sqy1 = So5. The photograph is shown in Figure 6.

Th nnnnn froouanoy, £ half - noavaor band aaudih and th
€ resopanee mToqUTTICy— o, o powoT—oara—widatT Jgyy,; arra t

Henyation 14,
(dB) at f, are measured using a network analyzer by means of the swept-frequency method.

The value of Q, is given by

_ o _Jo
Qu = 1—10~0(dB)/20 ’ A = faw (30)
_ 2M 4+t
t H=2M Coaxial cable
> € /
/ | /
Q| q /
x| x - - CE g
v o~
non ? 7 =
SIS % />E
I/ e, /V\

T

. N Al
Dielectric Conductor PTFE ring
plate
IEC 133/10 IEC 134/10
Figure 5a —“Resonator clamping Figure 5b — Empty cavity resonator

diélectric specimen

Figure 5 — Cavity resonator used for measurement

Thermal sensor

IEC 135/10

Figure 6 — Photograph of cavity resonator for measurement around 10 GHz
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5 Measurement procedure

5.1 Preparation of measurement apparatus

Set up the measurement equipment and apparatus as shown in Figure 4. The cavity resonator
and dielectric specimens shall be kept in a clean and dry state, as high humidity degrades
unloaded Q. The relative humidity shall preferable be less than 60 %.

5.2 Measurement of reference level

The reference level, level of full transmission power, is measured first. Connect the reference
line to the measurement equipment and measure the full transmission power level over the
entire measurement frequency range

5.3 Measurement of cavity parameters: D, H, o,, o., TCp

Rough values of f; of the TEy44 resonance mode and f, of the TEy,, resenance mpdes can
be estimated from the mode chart shown in Figure 7. Resonance peaks-of cavity fesonator
with D =85 mm and H =25 mm are shown in Figure 8.

RV B
L AL
20 D) §
N \\\\\
£ [0S
NQ:N 19 [ 10 Te2!
= o
? @”\ ol
S 10 | “
» . T8l
Nﬁ '
Q .
= : ™010
e 5
AT
=
O 1 1 P |
0 0,5 1,0 1,5 2,0 2,5
(DIH)’

IEC 136/10

Figure 7 — Mode chart of cavity resonator
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Figure 8 — Resonance peaks of cavity resonator

Attach PTFE rings to the end plates of the cavity to separate the degenerate TM, 4} (£=1, 2)
modes frlom the TEj,, modes, as shown in Figure 5.{Set the empty cavity and adjust the

insertion |attenuation 14, to be around 30 dB by changing the distance between two 4emi-rigid
cables, as shown in Figure 9.

-28
Jo
%, =30 | JI 4o
c 3dB
2 32 k
®©
=}
c
2
© 34 |}
S
£ Jfaw !
o]
2 -36 |
—38 L L 1
12,0427 12,0426 12,0423 12,0450 12,0452
f (GHz)

IEC 138/10

Figure 9 — Resonance frequency f;, insertion
attenuation 74, and half-power band width fgyy

Measure f; and Q. of the TEy,4 resonance mode and measure f, of the TEy,, resonance
modes. Calculate Q 4 by using equation (30). Calculate the dimensions D, H, and o, of

cavity resonator from equations (25), (26) and (28). Since the value of o, degrades due to
oxidation of the metal surface, it shall be measured periodically. Next, measure temperature
dependence of f; and Q. using the cavity placed in a temperature-stabilized oven. Calculate

o, and TCp from equations (27) and (29).
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5.4 Measurement of complex permittivity of test specimen: ¢', tand

Place the test specimen between two cylinders and clamp them by clips, as shown in Figure 6.
Estimate a rough value of f; of the TEy4 resonance mode from Figure 10. Then, measure

fo and Q, values. Calculate ¢' and tan¢d values using equations (4) to (17).

13 F
T 9 4
o 6
IS} 8
~ 7 r 10
15
5 20
30
40
3 1 1 1
0,0 0,5 1,0 1,5 240

t (mm
( ) IEC 139/10

Figure 10 — Resonance frequency f, of TEg i mode of cavity resonator
with dielectric plate (D = 35.mm, H = 25 mm)

5.5 Temperature dependence of £ and tand

Place a tavity resonator clamping the dielectric plate in a temperature-stabilized dven, and
measure| f, and Q, as a function of temperature T . Calculate and tan¢ values as g function

T, taking account of ¢, ., and T€p. Then, calculate TCe by using equation (3) pr by the
least squjares method for many measurement points against 7.
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Annex A
(informative)

Example of measured result and accuracy

A.1  Cavity parameters

Table A.1 shows measured results of cavity parameters. As shown in this table, D and H can

be determined accurately to g m order using f; and f,. The value of o, depends on the
surface ||ghnncc and the oxidation of the internal wall of the nn\/ify and-is—desited to be

higher th

Measure
shown in
depende
temperat
Ap; |AT
with nom
value TQ

an 80 % to keep high accuracy in the tand measurement.

Table A.1 — Measured results of cavity parameters

f1(GHz) | f,(GHz) 0, D H a, o, PCp
for TEy,, | for TEy,, | for TEy,, mm mm ppm/K % 1/K
12,0456 | 15,936 24 256 35,053 | 24,884 | 15,5 84,4 | 0,003 4
+0,000 2 | +0,001 +145 +0,001 | £0,002 | £0,3, +1,0 | £0,000 3

i results of temperature dependence of f; andQ,. for an empty cavity reso

hce of fy using equation (27). Furthermore, TCp was determined

ire dependence of Q. using equation (29). In these calculations, Afj

inal value of 16,5 ppm/K1) &t-copper. The values of TCp are around the
[0 = 0,003 9 (1/K) of copper-at DC.

nator are

Figure A.1. The value of ¢, in Table Axl)was determined from the temperature

rom the
/AT and

vere determined by the least squares method. The values of ¢ are nearly equal

nominal

1) ppm = parts per million
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Figure A
Table A.
0,002 mn
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equation
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blative permittivity ¢ and tano

Figure A.1 — Measured temperature dependence of f; and Q.

2 shows measured resonance peaks of cavity resonator clamping sapphire
P shows measured values of & and tand for the sapphire plate with ¢ 5
N at room temperature. The yvalues of &' are the perpendicular component df relative
ty against c-axis. Measufement errors A¢' and Atand were calculated
5 (18) and (19). A main'‘cause of Ag' is uncertainty of the sample thickness.

plate and
0,958 +

by using

Q
-10 _
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-20 = _ E g
bt [
(]
E |
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I
Y 1 1
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f (GHz)

IEC 141/10

Figure A.2 — Resonance peaks of cavity resonator clamping sapphire plate
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Table A.2 — Measured results of of ¢ and tanJd for sapphire plate

Jo (GHz) [ Q4 g tand (1078) | Or (%)
8,754 6 |24 043 (9,404 |0,91 84,4
+0,000 1 | +165 |+0,017 | 0,06 +1,0

Figure A.3 shows measured results of temperature dependence of 7, Q,, ¢ and tan¢d for

the sapphire plate. The value of &' decreases linearly and tand increases approximately
linearly, with increasing 7. Value of TCe was determined to be 92 ppm/K using by the least

squares method-from—=—vatues aya;llot v an

8J760 9,45
-
8frsst " 9,44 1 .
- | ]
§ sfrs0 | . 9431 7"
e ] L 942f ]
L [] kY N
o 8745 . o1 | g
| ] -
8J740 . 044 | o "
8 735 1 1 1 1 1 ! 9’39 1 1 1 1 1 1
24000 1,6
- L] -
[}
a
23 000f " 4T .
N 0 [] n
- 9 -
S 24000r — 12t -
L L | !’é
L] 8 L] a "
21000} 10 =
- []
201000 0,8 ' ' ' ' ' '
20 30 40,.'50 60 70 80 20 30 40 50 60 70 80
7 (°C) T (°C)
IEC 142/1p
Eigure A.3 — Measured results of temperature dependence
of fy, O, € and tan o for sapphire plate

A.3 Measurement accuracy

By a round robin test [3]2) for the cavity resonance method, the accuracy of this method was
estimated to be within 0,3 % for &', within 4 % for tand of 10~4 and 20 % for that of 10-6. The
measurement resolution of TCe¢ is estimated to be 1 ppm/K for TCe of —10 ppm/K, and to be

3 ppm/K for TCe of 90 ppm/K. This high measurement accuracy and resolution are acceptable
for most practical applications for microwave planar circuits.

2) Figures in square brackets refer to the Bibliography.
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METHODE DE LA CAVITE RESONANTE
POUR MESURER LA PERMITTIVITE COMPLEXE
DES PLAQUES DIELECTRIQUES A FAIBLES PERTES

1 Domaine d'application

L'objet de la présente Norme internationale est de décrire une méthode de mesure des
propnetes dlelectrlques en hyperfrequence dans la dlrectlon du plan dune plaque
>té créée
actifs et
natériaux

e on pgut mesurer de fagon précise et non destructive les valeurs de la permittivitg relative
&' etde la tangente de I'angle de perte tand d'un échantillon. @€ -plaque diélectrique;

e on peut mesurer la dépendance de la permittivité complexe vis-a-vis de la tempérgture;

e la précision de mesure est inférieure ou égale a 0,3(%“pour &' et inférieure oy égale a

Cette méthode est applicable pour effectuer des mesures dans les conditions suivantes:

— fréquence :2 GHZ< f <40 GHz
— permittivité relative 2-< € <100;
— tangente de l'angle de perte (" ;> 1078 < tand < 102

2 Pargdgmeétres de mesure

Les paranétres de mesure sont définis comme suit:

g =¢&'-je"=DI(gyE) (1)
tand =¢g"/ ¢ (2)
£,
TCe=—1 51" Cref 46 (1x10-6/K) (3)
Eref T = Tref
ou
D est l'induction électrique;
E est l'intensité de champ électrique;

& st la permittivité dans le vide;
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&' et &' sontles composantes réelle et imaginaire de la permittivité relative complexe & ;
TCe est le coefficient de température de la permittivité relative;
& et g sont respectivement les parties réelles de la permittivité relative complexe a la

température T et a la température de référence T, (= 20 °C a 25 °C).

3 Théorie et équations de calcul

3.1 Pe

rmittivité relative et tangente de I'angle de perte

Une structure de résonateur utilisée dans la mesure non destructive de la permittivité

Comp]exc estreprésentée 3 la l:lgllrn 1a

Une cavi
milieu de

Un écharn

deux moitiés.

Le modeg
I'échantil
n'ont pas
dans le ¢
rigoureus

la fréquerce de résonance f, et du facteur QO a vide Q,. Ce calcul numérique est
e

relativem

C’est pol

a) des Vv
Ou e
Figur

b) desv

abaques calculés d'aprés I'analyse rigoureuse.

[¢ ayant un diamétre D et une longueur H =2M est découpée en deux nj
sa longueur.

tillon de plaque diélectrique avec &', tand et une épaisseur £ est disposé

TEoq1, dont seule la composante du champ électrique est tangente au
d'influence sur le champ électromagnétique. Entepant compte du champ d

iameétre extérieur de la région de plaque de la)cavité et en se basant sur
e de l'adaptation de mode, on détermine &' et\tand d'aprés les valeurs mes

nt pénible.
rquoi,

aleurs approchées &', et tand; vont étre déterminées d'aprés les valeurs
a a

e 1b, ou on néglige 'effet/de frange sur la Figure 1a;
bleurs précises ¢'«et\tand de &', et tanod, vont ensuite étre obtenues en ut

oitiés au

bntre ces

plan de

on, est utilisé pour la mesure, car les espaces d'aif aux interfaces plague-cavité

b franges
I'analyse
urées de
toutefois

de f, et

N utilisant une formule simple pour une structure de résonateur représenmntée a la

lisant les
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A Plaque diélectrique

La valeur

ou c est
est calcu

avec kg
remplace

La valeur

) y
i /avec £
: AL x
4— -0 - - - *_——9‘: / X
! Q KJ
11
!
M || _M M M

3 & 3 IE
t t

IEC 127/10 JEC 128/10

Figure 1a — Résonateur utilisé Figure 1b — Résonateur pour
pour la mesure le calcul de £ 4 ettan 5a

Figure 1 — Structures de résonateur de deux types

de &', est donnée par

2 2
£a=|—— X2—Y2(Lj +1
a TleO M

la vitesse de la lumiére dans le vide («=29979 x108m/s) et la premiére inc

Xtan X :LYcotY
2M

Y = Myko? k2 = jY'

= 2710 /¢, ke =J°01/R, et j'o1=383173 pour le mode TEy4. Lorsque kg —
Y par ;¥

de (tand, est donnée par

(4)

bnnue X

ée a partir d'une valeur donnée Y ,en utilisant le systéme d'équations suivant:

(5)

(6)

r <0, on

tan &, =QA—RSB
u

ou Rq est la résistance de surface du conducteur de la cavité, donnée par

i et o

Rg =1/"{%ﬂ (1S), =040, (SIm)

(7)

(8)

sont ici la perméabilité et la conductivité du conducteur. De plus, o, est la

conductivité relative et o, =58x107S/m est la conductivité du cuivre standard. Les constantes
A et B sont données par
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We
A=1+—2 ©)

wy

P4+ Poyo + P
B= cyl cy2 end (10)
RV

Wy et W,° sont les énergies du champ électrique stockées dans la plaque diélectrique de la
région 1 et I'air de la région 2 représentée sur la Figure 1a. De plus, Fyq, Foyp €t Pepg sont
les pertes dans le conducteur sur la paroi cylindrique dans les régions 1, 2 et sur la paroi

d'extrémifé. Ces parametres sont donnes par
LS 2.2 2,2, sin2X
W1e :E‘C;O‘gaﬂow Jo1 Yo (J01)t(1+7j (11)
- 2

T 2. 2.02,2(, sin2Y ) cosTX
Wy =—¢eqls® J 1- Rt S o 12
2 4 0@ Jgq Yo (J 01)M( 21 j Sin2Y (12)

T 2( 4 4 sin2X
Feyt =ZRSJ0 (J 01)ter (1"‘ Sy j (13)
Puya = % Ro 2 (jor M7 - SN2V | cos” X (14)
cy2 5 's”0 J 01 K oy sin2y
2 2
T d 2 1 2(a Y cos“ X
Popg =R J — — 15
end 3 s7J 01 0(101{M] sin2y (15)
Des valelirs précises de ¢' et tand sont alors données par
R (1-A+€J (16)
€a
tan5=i(1+£)—RsB(1+£j (17)
[0) A4 B

t

ol on calcule numériquement les termes correctifs dus au champ de franges Ae'/e',, Ad/A et

AB/B en se fondant sur I'analyse rigoureuse d'adaptation de mode en utilisant la méthode de

Ritz-Galerkin, comme représenté sur les Figures 2 et 3. D'aprés l'analyse, pour une plaque
diélectrique circulaire de diamétre d, on trouve que f;, converge vers une valeur constante

pour d/D>12. Les termes correctifs représentés sur les Figures 2 et 3 ont été calculés pour
d/D >15. Les termes correctifs sont donc applicables a des plaques diélectriques de forme
quelconque si d/D>12.

On estime les incertitudes de mesure de & et tand, A et Atand comme les erreurs
quadratiques moyennes et elles sont respectivement données par
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(Ae')? = (A )2 + (A, ) +(Ae'p )P +(Ae'y )P (18)
(Atand)? = (Atandpy)? +(Atan 5, )2 (19)

ou Ag',, Ae',, Ae', et Ag'y sontles incertitudes de &' dues respectivement aux écarts-type

de f,, t, D, et H.D'autre part, Atand est attribué principalement aux erreurs de mesure de
O, and o, et Atand, et Atand, sont respectivement les incertitudes de tand dues a leurs

écarts-type.
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Fig i 3

AAlA et ABIB

3.2 Dépendance vis-a-vis de la température de ¢ et tand

La dépendance vis-a-vis de la température de &’ et tand peut également étre mesurée en
utilisant cette méthode. Le coefficient de température de la permittivité relative TCe est
calculé par (3).

Lorsque la dépendance de & vis-a-vis de la température est linéaire, en particulier, g’(T) est
donné par

(1) =Ty )1+ TCe(T - Ty (20)
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ou T et T, sont respectivement la température durant la mesure et la température de

référence. Dans ce cas, on peut déterminer TCe par la méthode des moindres carrés pour un
grand nombre de points de mesure en fonction de T.

Dans la mesure de TCg, il convient de tenir compte du coefficient de dilatation thermique
linéaire de la plaque diélectrique o et de celui de la cavité conductrice ¢ . De plus, dans la

mesure de la dépendance de tand vis-a-vis de la température, il convient de tenir compte du
coefficient de résistivité TCp. En utilisant ces paramétres, les valeurs de la dépendance de

(1), D(T), H(T), et p(T) vis-a-vis de la température sont données par

(1) =1(1o)[1+ AT - 1) (21)
D(T)=D(Ty )1+ o (T - Tp)] (22)
H(T)=H(Ty )1+ ae(T - Tp)] (23)
p0)=;%7=pﬁwﬁ+TQXT—%ﬂ (24)

3.3 Pdramétres de la cavité
Les paraétres de la cavité tels que D, H =2Mn<é., o, et TCp sont déterminés d'aprés les

mesures [des modes de résonance TEjq4 et TEp o d'une cavité vide sans échantillpn, avant
les mesures de permittivité complexe. Premierement, on détermine D et H a partil de deux

fréquences de résonance mesurées, f3 pour le mode TEyqq et f, pour le mode TEpq,, €n

utilisant
DZQM/ - (25)
T N4/ -1
c 3
H=< (26)
2 f2? = 11

qui peuant facilement étre déterminés d'aprés I'état de résonance de la cavité.

Deuxiémement, on détermine ¢, d'aprés la mesure de la dépendance de f; vis-a-vis de la
température, en utilisant

A
. __1M (27)
f1 AT
Troisiemement, on détermine o, d'aprés les valeurs mesurées D, H, fi, O, qui estle
facteur O a vide pour le mode TEj44, au moyen de I'équation suivante.


https://iecnorm.com/api/?name=47e04bb2a075337611a2de03f562bfbc

62562 ©

CEI:2010

—29_

2 2., 2( D 3
4 017 H2nC | ——
10uc” 1./ 01 ( oH j

2

Oy =

0',uc2 ! 2+LD
oo J 01 2K

(28)

Enfin, on détermine TCp d'aprés la mesure de la dépendance de p, =o0g /0 vis-a-vis de la
température, en utilisant

4 Matériel et appareil de mesure

4.1 Matériel de mesure

La Figurg
en ondes
relatives
informati
donc util
Figure 44
avantage

Dispositif
de

balayage

Analyseur
de réseau

scalaire

Diviseur de
puissance

Oy

Appareil de Détecteur
mesure

Ligne de référence

(29)

4 est un dessin schématique de deux systéemes de matéfiel requis pour ung mesure
millimétriques. Pour la mesure des propriétés diélectriques, seules les infgrmations
a l'amplitude de la puissance transmise sont nécessaires, c'est-a-dire| que les
bns relatives a la phase de la puissance transmise ne sont pas requises.| On peut
ser un analyseur de réseau scalaire pour effectuer la mesure représerntée a la
. Toutefois, un analyseur de réseau vectoriel, représenté sur la Figure 4b, a pour
la précision des données de mesure.

Analyseur
de réseau
vectoriel

®) ®)

Appareil de
mesure

Ligne de référence |~

IEC 131/10

Figure 4a — Systéme analyseur
de réseau scalaire

IEC 132/10

Figure 4b — Systéme analyseur
de réseau vectoriel

Figure 4 — Dessin schématique du matériel de mesure

4.2 Appareil de mesure de la permittivité complexe

La structure de la cavité résonante utilisée dans la mesure de la permittivité complexe est
représentée a la Figure 5. Une cavité cylindrique contenant deux parties en forme de cuvette
est usinée a partir d'un bloc de cuivre. La cavité résonante a les dimensions suivantes:

D =35 mm, H =25 mm et un diamétre de bride D; >15 pour une mesure a 10 GHz environ.
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Un spécimen de diametre d >12xD est placé entre les deux parties et il est serré au moyen
de deux attaches destinées a fixer cette structure. La cavité résonante est excitée par les
deux cables coaxiaux semi-rigides, dont chacun comporte une petite boucle au sommet. Le
résonateur de type transmission est constitué et sous-couplé de fagon égale avec les boucles

d'entrée et de sortie avec S41 = So,. La photographie est représentée a la Figure 6.

On mesure la fréquence de résonance f;,, la largeur de bande a demi-puissance fgy , et
I'affaiblissement d'insertion 14, (dB) & f, en utilisant un analyseur de réseau au moyen de la
méthode du balayage de fréquence. La valeur de Q, est donnée par

Y Jo
u = - , 0= (30)
1-10~/40(dB)/20 fBw
2M +t
! H=2M Coaxial cable
> €« /
| #
i ] /
o 14
Qf q g /
X X S | oE 41 /
NI i) (
s
S ? ’ ﬂ 2 \
i s X
va | A SN
Plaque Conducteur Bague PTFE
diélectrique
IEC 133/10 IEC 134/10
Figure 5a — Résonateur serrant'un Figure 5b — Cavité résonante vide
spécimen de diélectrique
Figure 5'— Cavité résonante utilisée pour la mesure
Capteur thermique
Cavité résonante

Cable coaxial

Etage froid

IEC 135/10
Figure 6 — Photographie d'une cavité résonante pour des mesures a 10 GHz environ

5 Mode opératoire de mesure

5.1 Préparation de l'appareil de mesure

Mettre en place le matériel et I'appareil de mesure comme indiqué a la Figure 4. La cavité
résonante et les spécimens diélectriques doivent étre maintenus dans un état propre et sec,


https://iecnorm.com/api/?name=47e04bb2a075337611a2de03f562bfbc

62562 © CEI:2010

—-31-—

car une forte humidité dégrade le Q a vide. Il est préférable que I'humidité relative soit

inférieure a 60 %.

5.2 Mesure du niveau de référence

On mesure en premier le niveau de référence, qui est le niveau de la puissance d'émission.
Connecter la ligne de référence au matériel de mesure et mesurer le niveau de la puissance
d'émission sur toute la plage de fréquences de mesure.

5.3 Mesure des paramétres de la cavité: D, H, o,, o, TCp

On peut estimer des valeurs grossiéres de f; du mode de résonance TEy 4 et de f, du

mode de

résonang
Figure 8.

" D)2 1071 ( szmz)

20
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résonance TEq,, d'aprées I'abaque de mode représenté sur la Figure 7. Les prétes de
e de la cavité résonante avec D=35 mm et H =25 mm sont représen{ées a la
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Figure 7 — Abaque des modes de la cavité résonante
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