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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MEASUREMENT METHODS OF THE COMPLEX RELATIVE
RMEABILITY AND PERMITTIVITY OF NOISE SUPPRESSION SHEET

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising

all ng
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: national
eration on all questions concerning standardization in the electrical and electronic fields. To.this|end and
Hition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
cly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)[). Their
hration is entrusted to technical committees; any IEC National Committee interested in the‘subject dealt with
barticipate in this preparatory work. International, governmental and non-governmental(organizationf liaising
he IEC also participate in this preparation. IEC collaborates closely with the International Organigation for
fardization (ISO) in accordance with conditions determined by agreement betwegen the two organizptions.

ormal decisions or agreements of IEC on technical matters express, as nearlyJas possible, an intefnational
ensus of opinion on the relevant subjects since each technical committee“has representation|from all
bsted IEC National Committees.

Publications have the form of recommendations for international use”and are accepted by IEC |National
mittees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
cations is accurate, IEC cannot be held responsible for the way in which they are used or|for any
terpretation by any end user.

der to promote international uniformity, IEC National Committees undertake to apply IEC Pullications
parently to the maximum extent possible in their national.and regional publications. Any divergence petween
EC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

tself does not provide any attestation of conformity. Independent certification bodies provide cqnformity
Esment services and, in some areas, access toNEC marks of conformity. IEC is not responsiblg for any
Ces carried out by independent certification bodies.

ers should ensure that they have the latest’edition of this publication.

bbility shall attach to IEC or its directors; employees, servants or agents including individual experts and
bers of its technical committees and</[EC National Committees for any personal injury, property dgmage or

damage of any nature whatsoever, whether direct or indirect, or for costs (including legal f¢es) and
hses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
cations.

tion is drawn to the Normative references cited in this publication. Use of the referenced publicptions is
bensable for the correct.application of this publication.

tion is drawn to the-passibility that some of the elements of this IEC Publication may be the subject pf patent
. IEC shall not be‘held responsible for identifying any or all such patent rights.

The main task of dEC technical committees is to prepare International Standards. Howpver, a

technig
data of
examp

al committee may propose the publication of a technical report when it has cqllected
a different kind from that which is normally published as an International Standard, for
e !'state of the art".

IEC TR 63307, which is a technical report, has been prepared by IEC technical committee 51:
Magnetic components, ferrite and magnetic powder materials.

The text of this Technical Specification is based on the following documents:

Draft TR Report on voting
51/1349/DTR 51/1356/RVDTR

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

The language used for the development of this Technical Report is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

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

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this pUblication indicates
that if contains colours which are considered to be useful for thecorrect understapding
of its|contents. Users should therefore print this document using a colour printef.
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INTRODUCTION

Noise suppression sheet (NSS) is used near the source of high frequency electromagnetic noise,
path of noise propagation and source of emission. It is used like a patch and is different from
an electromagnetic wave absorber in free space. |IEC 62333-2 specifies five measurement
methods in order to estimate the effect of NSS. To evaluate the effect by computer simulation,
it is indispensable to know the frequency characteristics of both permeability and permittivity.
And to make a rough estimate of the noise suppression effect of NSS, it is useful to understand
effective permeability and effective permittivity, which are the permeability and permittivity of
an actually used shape.

As mostNSSs—are—flexible—and—both—complex—relative—permeabHity—and—ecomplex—elative
permittivity have anisotropy, careful study and understanding of the principles are indispgnsable
for the /measurement of the frequency characteristics of permeability and permittivity:

There @re various methods to measure permeability and permittivity under the frequency range
where [NSS is used. This document is intended to be used for the proper selection| of the
measufement method and the preparation of the test sample to achieve the above purpose
when measuring permeability and permittivity, the two parameters which largely influepce the
noise guppression effect of the NSS.
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MEASUREMENT METHODS OF THE COMPLEX RELATIVE

PERMEABILITY AND PERMITTIVITY OF NOISE SUPPRESSION SHEET

1 Scope

This document provides guidelines on the methods for measuring the frequency characteristics
of permeability and permittivity in the frequency range of 1 MHz to 6 GHz for a noise
suppression sheet for each electromagnetic noise countermeasure.

2 Nagrmative references

There are no normative references in this document.

3 Terms, definitions and symbols

3.1

For thg purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for “‘use in standardization at the fo
addrespes:

e |E( Electropedia: available at http://www.eleétropedia.org/

e |SQ Online browsing platform: availablesat http://www.iso.org/obp

3.1.1

noise suppression
suppre

transm

Note 1 t

3.1.2
noise
NSS

sheet which enables noise suppression and is composed of magnetic, dielectric or con
material with“electromagnetic losses

EXAMPI

Terms and definitions

sion which consists of sighal decoupling, radiation suppression and attenuatior
ssion power of noise by-an“electronic product

entry: Each function.above is achieved by absorption and/or shielding.

suppression'sheet

lowing

of the

Huctive

E Sheet made of soft magnetic metal powder and resin or rubber

3.1.3

suppression ratio
ratio of the noise level with and without suppression sheets

Note 1 t
attenuat

3.2
Hy
o

Hy

er

o entry:
ion power ratio and radiation suppression ratio. It is expressed in dB.

Symbols
complex relative permeability

real part of complex relative permeability
imaginary part of complex relative permeability

complex relative permittivity

The suppression ratio is classified into intra-decoupling ratio, inter-decoupling ratio, transmission
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4

Compgsite materials made by embedding magnetic metal flakes in asplastic sheet are
used i PCs or mobile phone handsets. This sheet is well known as“a noise suppressio
(NSS) fand is used to reduce unwanted signals in transmission (ines or unwanted co
betwegn circuit elements in the devices described above.

Electrdgmagnetic compatibility (EMC) designers recently have been using simulations
design|of the circuit boards for PCs and mobile phone _handsets. In these simulation
important to know the complex relative permeability.u,<and the complex relative permittivity e,
of NS$. This document shows the six measurement methods of u, and & of NS

measufement frequency range is from 1 MHz to.6°GHz, as shown in Table 1. Figure 1 illu
the in-plane and perpendicular measurement ‘direction of Table 1.

General

-10 - IEC TR 63307:2020 © IEC 2020

real part of complex relative permittivity
imaginary part of complex relative permittivity

impedance (Q)

2nf angular frequency (rad/s)

current (A)

VA
w
I
B = uou H magnetic flux density (T)
H

magnetic field strength (A/m)

permeability of vacuum (4 x 10~7 H/m)

frequency

Table 1 — Measurement method and frequency

widely
h sheet
Liplings

for the
s, it is

5. The
strates

Frequency

Method Name

5.1

5.2 Nicolson

Ross Weir \:
53 sho O
circuited @)

strip line

5.4 Short-
circuited coaxial O @)

line

5.5 Shielded
loop coil o

5.6 Harmonic
resonance cavity
perturbation

1 MHz to
. &
@ M v 10 MHz 100 MHz 1 GHz 10 GHz 100]

nductance &0 : 1 MHz to 1 GHz I

500 MI-Iz to
1

10 MHz to 10 GHz

GHz

1 MHz to 18 GHz

1 MHz to 10 GHz

250 MHz tof18 GHz

1,8 MHz
1

Range of frequency (1 MHz to 6 GHz)


https://iecnorm.com/api/?name=67a665fa3cca441ecb43b5c46b9a5cb6

IEC TR 63307:2020 © IEC 2020 -1 -

In-plane

Perpendicular
(normal to plane)

I NSS

IEC

Figure 1 — In-plane and perpendicular measurement direction of NSS sample

5 Mdasurement methods

5.1 Inductance method

5.1.1

The mgasurement parameters of a magnetic material are defined as follows:

pr = 1=l
where
4 and g are the real part and the imaginary partsof the complex relative perme
respectively.
5.1.2 Measurement frequency and accuracy
The oljective of this method is to evaldate the in-plane permeability of toroidal-shap
NSS samples shown in Figure 2 andqs applicable for the measurements under the fo
conditipns:
frequency : A(MHz < f<1 GHz
relatiye permeability 1< 4 <1000
0< x4 <1000
accuracy . value error £20 % for

Measurement parameters

value error £20 % for u/

(1)

ability,

ed thin
[lowing

The measurement frequency range is affected by the dimensions and the permeability values
of the NSS sample. The higher the permittivity, the lower the upper limit of the frequency range
will be.
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Toroidal-shaped sample Magnetic field

IEC

Figure Z2 — loroidal-shaped sample cut from the NoS

5.1.3 Measurement principle

The tegt fixture shown in Figure 3 forms the ideal one-turn inductor. The self-inductance is given
by
zZ 1
—~=-| Bd 2
jo I -[S y @)
where
Z is the impedance (Q);
w =21 is the angular frequency (rad/s);
1 is the current (A);
B = uopH is the magnetic flux density (T);
H is the Magnetic field strength (A7m);
) is the permeability of vacuum (4n x 107 H/m);
S is the surface shown:in-Figure 3.
Therefpre, the complex relative permeability is
Zon—2 Z
ﬂr:@ m sm+1:2l -NSS_|_1 3)
o JoF Ho joF
or
g =20 I = om g 2T s g (@)
Hy @F Hy OF
,,:2_1Tl’m—7"sm 2_TrrNSS (5)
" 4, oF Uy oF
where
Zy =¥t iy is the measured impedance with a sample;
Zgm = Tsm T Xsm is the measured impedance without a sample (in short state);
Zyss = Tnss T iXyss IS the impedance of a NSS sample;


https://iecnorm.com/api/?name=67a665fa3cca441ecb43b5c46b9a5cb6

IEC TR 63307:2020 © IEC 2020 -13 -

F:“n(éj is the shape factor of a sample, inner diameter a, outer diameter b, and
a

thickness .
Zgm is used to minimize errors due to residual impedance by compensation. The equivalent

circuit model of the test fixture is shown in Figure 4. gpt jbID is the admittance of the test fixture
and its effect can be neglected in a simplified case. Therefore, the impedance Zygg of a NSS
sample is Z,, = Zg, -

The derivation procedure is shown in detail in Annex A.

R amaae T LNV

Toroidal-shaped
sample

To impedance analyzer Inner conduictor

IEC IEC

a) Structure b) Parameters

Figure 3 — Test fixture with a toroidal-shaped NSS sample

rShcrl LShorl

Without a:sample | |

rShon f NSS L.\ISS LShol‘l

— AM— AN — T

With a sample

Xfixture

Fixture

v

To impedance analyzer

(coaxial port)
IEC

Figure 4 — Equivalent circuit model of the test fixture
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5.1.4 Test sample

The sample shall be fabricated in the shape of a toroidal ring. A good round sample can be
obtained by a punching tool. The preferable sample size is as follows:

For the fixture of 24 mm diameter in 5.1.5:

inner diameter : a=23,1Tmm
outer diameter b8 mm
thickness : <3 mm

For thefixtureof 30-mm-diameter

inner diameter T az25mm
outer diameter : b<20 mm
thigkness : t<8,5mm

Each pprameter should be measured with a precision of less than 1/100.mm using a micr¢gmeter.

5.1.5 Test fixture

The stfucture of the test fixture is shown in Figure 3. The tést fixture is a conductive shield
surroumding the central conductor and terminates in a shert-eircuit. The connector of the test
fixture |is connected through the coaxial connector to\the measurement equipment. The
alignment error of the NSS sample from the centre affécts’the measurement results, so fthe use
of a sample holder is recommended to place a sample.coaxially. Examples of features of a test
fixture pre as follows:

diameter by =24 mm
height : to = 30 mm
res|stance : rsm = 100 mQ
indictance : Xgmlew = 1,07 nH
or
diajneter bg ¥ 30 mm
height : to = 35 mm
res|stance ( rsm = 300 mQ
indyictance Xgml/ew = 5,5 nH
The diameterof-acentreconduectorisuy=3-mm-forboth-fixtures

5.1.6 Measurement environment

The fixture and the samples shall be kept in a clean and dry state. The room temperature and
the relative humidity shall preferably be 23 °C + 5 °C and less than 60 %.

5.1.7 Measurement uncertainty

Measurement uncertainties of u, and z, u(4) and u(y'), are estimated as the combined

r

standard uncertainty and given respectively by
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» (oY » (ouY > (ouY > (ouY : (ouY 2
et Bt (2] oot

where J(xy,), ulxgy), u(rm), u(rgm), u(a), u(b) and u(z) are standard uncertainties of x xlsm, Py
rsmy @, |p @nd ¢, respectively. The sensitivity coefficients in Formulae (6) and (7) are~as fpllows:
ou 2m 1
H_T 1 (8)
Ox, M, OF
oy 2m 1
i:_(__] 9)
axsm ;“0 COF
a,ur _2_1Txm_xsm ! (10)
da u, @D aF’
a/urZZ_Trxm_xsm _ tz (11)
ob_“u, o bF
aﬂr :2_1Txm_xsm _i (12)
oh  u, o tF
Opp _2m 1. (13)
or, Y, oF
8 "
pr_2m( 1) (14)
6rsm ﬂo\ O)FJ
a'u:lzz_nrm_rsm 4 (15)
da uy, @ aF?
a " _
Mo 2T 1y =l | t2 (16)
by o bF

6,u;'_2_1'rrm—rsm 1 (17)
oh u, o tF
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5.1.8 Measurement system

Figure 5 shows a schematic diagram of the measurement system. For the measurement of the
magnetic properties, the information on the ratio of the current and voltage values and the
phase difference between current and voltage are needed. An impedance analyzer, LCR meter
or vector network analyzer (VNA) can be used for the measurement.

Impedance analyzer,
LCR meter
or VNA

O O

Test fixture

IEC
Figure 5 — Schematic diagram of measurement system

51.9 Measurement procedure
1) Caljbrate the measurement equipment

WhEn the measurement equipment is turned ON;’the calibration shall be performed with the
proper calibration kit to measure withinSits specified measurement accuracy. The
measurement system shall be warmed up sufficiently before starting the calibration.

2) Co:[nect the test fixture

Connect the connector of the test fixture to the coaxial connector of the previously caljbrated
measurement equipment.

3) Plape the sample holder and\measure the impedance Z,

Plage only the sample_holder in the test fixture. Enter the measurement parammeters,
frequency range and-gsecillator output voltage level and other values, into the measurement
eqyipment and measure the impedance Zg, of the test fixture.

4) Plape the NSSssample and measure the impedance Z,

Plare the toroidal-shaped NSS sample with the sample holder in the test fixture cgaxially
and meaSure the impedance Z,, of the test fixture with a sample.

5) Calgulate the relative permeability 4 and 4" and uncertainties (/') and wu/( )

Calculate the values of 4 and u" by using Formula (4) and Formula (5), respectively. The
measurement uncertainties are also calculated by using Formula (6) to Formula (17).

5.1.10 Example of measurement results

The measurement results of 4’ and u" for a NSS (sample A and B) are shown in Figure 6. The

parameters of the sample are a = 3,00 mm, » =7,00 mm and = 0,20 mm (sample A) or 0,25 mm
(sample B), and the oscillator output voltage level, about 0,1 V, is selected in order not to affect
the results.
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60 T —7

—_ H.

50 — —

40

"
T

’
re

30

20 e

Permeability

10

10 : - - S
1 10 100 1000

Frequency MHz

IEC

b) Sample B (¢ = 0,25mm)

Figure 6 — Measurement results of NSS samples

5.1.11 Remarks

Subclause 5.1 provides some helpful information on measuring the magnetic properties of
toroidal-shaped NSS samples using the inductance method.

1) The test sample should be made correctly in a toroidal shape and placed in the test fixture
coaxially.

2) The measurement accuracy depends on the measured impedance values and gets worse in
low frequencies because the measurement error increases with a decrease in the frequency.
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3) The use of an impedance analyzer is recommended to measure the impedance because the
impedance analyzer has the advantages of higher accuracy and wider impedance
measurement range than a network analyzer.

4) The measurement results of x4 and ' may be obtained after measuring the impedance
Zsm and Z, if the material analyzer is used. The measurement results of the impedance Zg,
and Z,, are not displayed because the software installed on the analyzer calculates and
compensates the measurement results.

5) A sample with a low permeability or a thin thickness leads to measurement error. It is difficult
to measure its permeability accurately due to the low impedance Zygg of a NSS sample.

Sta

6) Wh
the
cap
thig
diff

5.2

5.2.1

The objective of this method is to evaluate the broadband properties of the complex
permeability and permittivity of a noise suppression sheet(by using a transmission

coaxia
fixture
methog
are to

cking some samples is a better way to get the results needed.

space between the NSS sample and the test fixture. This introduces anfegt

parallel LC circuit occurs at around 1 GHz or below and precise measurements
cult.

Nicolson Ross Weir method

Principle

n the permittivity of a NSS sample is high (more than about 10), current flows.through

ivalent

acitance connected in parallel to the impedance of the sample Z\gg. The'tesonance of

will be

elative
ine as

line and waveguide. Measurement frequency ranges and accuracy depend on

be derived from the reflection and transmission coefficient of a sample inserte

he test

and electromagnetic properties of a sample. This.document describes a measufement
using a 7 mm coaxial transmission line. Complex relative permittivity and permgability

into a

transmjssion line. Reflection and transmission coefficients are calculated from S-parameters

S44 ang
test fix

ure with a sample and signal flow graph.

Port1 Port2

Test fixture

So4 measured by a vector network analyzer. Figure 7 shows a schematic diagram of a

I~

Yy

R, 1+ T

IEC

Figure 7 — Schematic diagram of a test fixture with a sample and signal flow graph

A signal is inserted from Port1. L and ¢ are the length of a test fixture and sample L, and L, are

the len

gth from the respective reference plane to the sample faces.
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From a signal flow graph, the S-parameters on a transmission line with sample are given by

F(1—T2)
S11:R12W (18)
. _RR T(1—F2)
= — 19
217 e o (19)
R =exp(-y,L) (i=1.2) (20)

where

I is the reflection coefficient at sample faces;
T is the transmission coefficient of a sample;

7o is the propagation constant of air;

R, is the transmission coefficient from the reference plane to the'sample face at the respective
ports.

Reflection coefficient I is defined by

Z 2
=" (21)
L +Z,
z =27, % (22)
r
where
Z, and|Z, are the.characteristic impedance of a sample and air in the transmission|line.

The trgnsmission{coefficient and propagation constant of a sample on a transmission ljne are
given Qy

I =exp(=yd) (23)

7/ = 70 \/ lurgr (24)

where
y is the propagation constant of a sample.

From Formula (18) to Formula (24), the complex relative permeability and permittivity of a
sample are calculated by
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{3l
(el

(25)

(26)

It shall be noted that the calculated value is divergent at integral multiples of half wavelength
in a sample.

5.2.2
The ol

samplg.

electro
measu
excitat
case o
18 GH:

5.2.3
The oAb

permeability and permittivity by using a transmission.life. However, the magnetic and di

perpen
cross g

5.2.4

Figure
test fix

Measurement frequency and accuracy

Measurement frequency ranges and accuracy depend on thectest fixtu
magnetic properties of a test sample. The lower frequency is limited by the s
able phase shift through a sample. The upper frequency limit (is-determined
on of higher order modes that invalidates the dominant-mode, tfansmission line.
f a 7 mm coaxial transmission line, the frequency range can\be set from 500

r.)
Measurement parameters
jective of this method is to measure the in-plane properties of the complex

dicular properties of a noise suppression sheet are not measured. Figure 8 shq
ection of coaxial line with NSS.

IEC
Figure 8 — Cross section of coaxial line with NSS

Test sample

9 shows the dimensions of a test sample. The dimensions of a sample depend

jective of this method is to measure the broadband electromagnetic ,properti¢s of a

‘e and
mallest
by the
(In the
MHz to

elative
Blectric
ws the

on the
case of

ures The sample shall fully fill the cross section of the transmission line. In the

a 7 mm coaxial transmission line, the sample shall be fabricated in the shape of a toroidal ring.
The preferable sample size is shown in Figure 9:
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Inner diameter of test sample: a = 3,04 mm

Outer diameter of test sample: 5 =7,00 mm

Length df test sample: t = length of test fixture L.

Figure 9 — Dimensions of test sample
Each pprameter should be measured with a precision of less than 1/100 mm_@sing a micrgmeter.
For mpasurement of a high complex relative permittivity material,-a’ sample shall be
manufgctured more precisely because complex relative permittivity is/zinfluenced highly| by the

air gap| between the sample and test fixture. The length of the sample should be such that the
phase pf S,, is less than half the wavelength.

5.2.5 Measurement environment

The test fixture and the samples shall be kept in a clean.and dry state. The room tempgrature
and the relative humidity shall preferably be 23 °C £.5*%C and less than 60 %.

5.2.6 Measurement uncertainly

In the |measurement uncertainties of &', &%, ', and u",, u(e',), u(e",), u(y',) and u(uf,), are
estimated as the combined standard uncertainty and given respectively by

u(,ur')zz Ok, j u(S”)ZnL[aﬂ',J u(911)2+( Ok, J u(521)2+(6/4j u(921)2+(6'u"j2u(d)2+(6ﬂ"j2u(3)2 (27)

a‘Sﬂ‘ 60’11 6‘S21‘ 6021 6d aG

a " 2 a " 2 a " 2 a " 2 a " 2 a " 2

"2 M 2 2 2 K 2 K, 2 H, 2 H, 2

= == | u(ls ‘ 0 ' S ' 6 Cou(d) +] 2| u(f) (28)
u(’uf) aSﬂJ u(‘ 11‘) +(59 j u( 11) +{6S21] u(‘ 21‘) +(6H21] u( 21) +(5d) u( ) +(6Gj u(J)

1"

oc’ ’ 2 [ O¢ ’ oe' ’ 2 [ o ’ oe' V oe' V
"2 _ r r 2 r ¢ 2 . 2 e 5 2 (29
u(é,) 8‘S”1 u(‘Sﬂ‘) +(‘39.} ”(911) +(8S } u(‘SmD +(09.\] ”(921) +(6d] “(d) +(6G) u( ) (29)

a " 2 a n 2 a n 2 a " 2 a n 2 a " 2

2 & 2 & 2 & 2 & 2 & 2 & 2

i S i 0 r S i 0 | u(d | u(G)* (30)
u(gr") (asﬂj u(‘ 11‘) "{aeﬂj u( 11) +[8S21] u(‘ 21‘) +(5921j u( 21) +(6dj “( ) +(5GJ u( )

where

044 and 0,4, are the phases of the S-parameter;

G is the air gap between the sample and test fixture.
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The uncertainties used for the S-parameters depend on the vector network analyzer used for
the measurements. This type of uncertainty analysis assumes that changes in independent
variables are sufficiently small so that a Taylor series expansion is valid. There are many other
uncertainty sources of lesser magnitude such as repeatability of connections and torqueing of
connectors. Estimates for these uncertainties could be added to the uncertainty budget sheet.

5.2.7

Measurement system

Figure 10 shows a schematic diagram of the equipment system for the measurement. For the
measurement of the S-parameter, the vector network analyzer is connected to a test fixture.

5.2.8

Variou
specifi

Vector network analyzer

Coaxial cable

B N s e

ya

— ./
Y

Test fixture

IEC
Figure 10 — Schematic diagram’of equipment system for measurement

Test fixture

5 transmission lines can,be used as a test fixture. For example, Figure 11 s
cation for a test fixture in the case of a 7 mm coaxial transmission line. The test

consisfs of an inner conduetor and outer conductor. The length of the test fixture shall be

than on
are cof

equal to the length of the sample. A test fixture shall be connected to connectors
nected to the vector network analyzer.

hows a
fixture
longer
which

040

(
\

/RN
ald (L))
= 7/

IEC

Figure 11 — Specification for test fixture of a 7 mm coaxial transmission line

5.2.9

Measurement procedure

1) When the network analyzer is turned ON, the calibration shall be performed with the proper
calibration kit to measure within its specified measurement accuracy. The measurement
system shall be warmed up sufficiently before starting the calibration.

2) The sample is inserted into the test fixture. Connect the connector of the test fixture to the

con

nector of the previously calibrated network analyzer.
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3) The S-parameters S;4and S,4 of the test fixture with a sample are measured by using the
network analyzer.

4) The values of the complex permeability and permittivity are calculated by using Formula
(18), Formula (19), Formula (25) and Formula (26), respectively. The measurement
uncertainties are estimated by using Formula (27) to Formula (30).

5.2.10 Example of measurement results

Figure 12 shows the measurement results of &', &",, ', and u", for a noise suppression sheet
with a thickness of 0,5 mm. A 7 mm coaxial transmission line is used for the measurement.
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Figure 12 — Measurement results of noise suppression sheet

5.2.11 Remarks

Subclause 5.2 provides some helpful information on measuring the complex relative permittivity
and permeability using the Nicolson Ross Weir method.

1) Coaxial transmission lines cover a broad frequency range, but a toroid-shaped sample is
more difficult to manufacture. It shall be noted that complex relative permittivity is very much
influenced by the air gap between a sample and test fixture.
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2) When measuring a sample with a thickness of more than half the wavelength using the
Nicolson Ross Weir model, discontinuities can appear in the trace.

3) A guided jig made of low dielectric and loss tangent material such as styrene foam is
effective to hold a sample inside the test fixture. When using the guided jig, measure a
standard sample with known material constants such as polytetrafluoroethylene (PTFE) with
the guided jig and confirm that the guided jig does not affect the measurement results.

4) It shall be noted that the complex relative permittivity of NSS can be affected by self-
resonance of the sample or test fixture. Another size of sample or test fixture should be
measured to confirm the effect of the self-resonance.

5.3  Short-circuited microstrip line method

5.3.1

The mg
shape
The re
measu

externd

sample
methog

Principle

sample of a noise suppression sheet (NSS) using a short circuit microstrip line (M
ctangular shaped NSS sample is placed at the MSL short-circuited end.

ement method, two Sy, values of the MSL jig with sample arg'measured w
| static strong magnetic field is applied to the sample and when_it'is not applied

, respectively; the permeability is then calculated. This method is denoted as
in this measurement.

The reference plane is denoted on the source side plane of therectangular sample. The

elemen

t parallel LC equivalent circuits are assumed as shown in Figure 13. The Sy, par

asurement method evaluates the in-plane complex relative permeability of a‘rectangular

SL) jig.
In this
hen an
to the
a field

umped
ameter

is measured and analyzed to derive the permeability,"of the sample based on the |lumped

elemer
test fix
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when t
L, and
circuit
“sampl
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t approximation. Figure 13a) and Figure 13 b) are the equivalent circuits for th
ture and for the sample loaded test fixture, respectively. Figure 13 c) sho
ent circuit for the test fixture with sampleunder the external static strong magne
ne (as-measured) complex relative permeability of the sample is assumed to be

7 are the input admittance, capacitance, inductance, and conductance for the eqy
n the MSL jig, respectively; the subscripts SHT, SMP, and SOM indicate the

b” and “sample on magnet”; the subscripts "o" and "s" indicate the blank state (
) in the MSL jig and the presence of a sample in the MSL jig; &', and ¢", are the r

hry parts of complex relative permittivity; 4'. and u", are the real and imaginary {
x relative permeability;_and o (= 2nf) is the measurement frequency. The ob

permeability of the sample essentially includes the demagnetization effect that originate

rectang
should
the cal

ular shape of the-sample. Consequently, the as-measured complex relative perm

culation are described in Annex B.
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5.3.2

The objective of this method is to.evaluate NSS samples and is applicable for the measur
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an external static strong magnetic field
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Figure 13 — Equivalent circuits for the MSL

Measurement frequency and accuracy

under fhe following conditions:

fred

relgtive permeability: x', <1 000,

uency: 10 MHz <10 GHz
0<u", <1000

acduracy (repetitive): value error £+ 5 %

5.3.3

The in{plahe complex relative permeability u', — ju", of the NSS sample is measured.

Measurement parameters

bments

5.3.4

A rectangular shape is prepared from the NSS sample as shown in Figure 14.

Test sample
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=§t§ 0,34 mm

18 mm = 0,5 mm

5mm = 0,5 mm
IEC

Long axis: 18 mm £ 0,5 mm

Short axis: 5 mm = 0,1 mm

Thickness: ¢t < 0,34 mm

It is nelcessary that the rectangular shape sample be uniform (homogeneous) without

cuts, a
depeng

5.3.5

The fix
the rel
desiral
where
temper
becaug

5.3.6

The ap
conneg

through a personal computer (PC). The:glectric signal from the VNA is analyzed by

Eigure 14 — Rectangular shape of NSS sample

d rupture surface irregularities. The accurate value of the permeability-of’ the
s on its accurate thickness.

Measurement environment

fure and the samples shall be kept in a clean and dry state. The room temperaty
htive humidity shall preferably be 23 °C + 5 °C and less/than 60 %, respective
le to secure a place where the temperature and the humidity are constant, orin &
equipment (including the jig) and cables are deployed in a housing with ¢
ature and humidity. Introduced variables such as temperature changes or jig deta
e of handling should be minimized.

Measurement system

paratus of the permeability measurement system is shown in Figure 15. The MS
ted to a vector network analyzer (VNA) via a coaxial cable, and the VNA commu

cracks,
sample

re and
y. Itis
space
bnstant
chment

L jig is
hicates
he PC

installgd software for permeability. Whenthe permeability of samples is measured, a pernanent
magnef is used.
Vector/network analyzer
(VNA)
Personal
computer Permanent
(PC) magnet
l 1 (external strong
— magnet)
IEC
Figure 15 — Measurement system
5.3.7 Test fixture (MSL jig)

Figure 16 shows a short-circuited test fixture (MSL jig) and sample installation. The MSL jig
consists of a short-circuited microstrip line, and another end of the microstrip line is connected
to the SMA connector. The rectangular shape sample is uniformly and tightly placed at the
corner of the short end. When a gap between the ground conductor of the short-circuited end
and the sample is too large, the correct result cannot be obtained. A table that supports the
MSL jig and a permanent magnet are also prepared (see Figure 16).
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Figure 16 — Short-circuited microstripdine test fixture (MSL jig)

Measurement procedure

up the VNA, frequency range (10 MHz < f < 10 GHz). For example: VNA
ameters, measurement points: 401, IF bandwidth: 1 kHz, power: =17 dBm, averd

the measurement parameter of VINA to 5.

Co

nect a coaxial cable and the VNA.

Caljbrate the connected coaxial cable using calibration kits (open, short, and load).

Co
Me

Me
ext

Me
ext

nect the coaxial cable end and the test fixture (MSL jig).
hsure Sq4 of the blank state of the MSL jig and store as S{4 gyT-

hsure Sq4 of the NSS rectangular shape sample placed in the MSL jig by apply
prnal static.strong magnetic field and store as S11 som-

hsure Sq4_0f the NSS rectangular shape sample placed in the test fixture by remov
ernalstatic strong magnetic field and store as Sy4 gup-

5.3.9

aalal
_ReS'U'I't‘s_('e*alllplc’

set up
ge: 5.

ing an

ing the

Figure 17 shows the measurement and corrected results of the complex relative permeability
for a NSS sample C with 0,236 mm thickness. The measurement results are corrected by
demagnetization factor N and coupling coefficient n.
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17 — Complex relative permeability of a NSS sample'C with 0,236 mm thick
measured at N =0 (and n = 0,135 2) and corrected-by demagnetization fact
N =0,037 (and n = 0,135.2)

Remarks

5 method belongs to the field method which compares S, parameters with the
ic magnetic field and without it, with the result that the influence of permittivity
meability measurement is small.

saturated magnetization of NSSisamples depends on the magnetic metal matg
NSS. The magnetic metal materials sometimes show ferromagnetic resonance
irating magnetization at 5000 Oe, with the result that the imaginary part (u",)

meability becomes a pegative value at around 10 GHz. In this case, to d
sonable results, further strong magnetic field will be required to saturate the NSS g

magnetization ofsthe NSS (or magnetic) sample is necessary to saturate mo
% at the applied strong static magnetic field (approximately 5 000 Oe).

Short-circuited coaxial line method
Principle
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the lumped element approximation is employed for the data analysis. This method is called a
"remove" method, in which two §44 values corresponding to the blank (without sample) and to
the NSS sample are compared. The demagnetization in toroidal shape samples is not
considered (i.e., zero) because the sample with shape is endless and fully occupied for the
magnetic material.
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In general, the permittivity of the NSS sample affects the permeability of the sample. The
influence of the permittivity on the permeability becomes pronounced when increasing the
thickness of the sample. Experimentally in this method, when the sample thickness is 0,3 mm
or less, the influence can be almost ignored. In contrast, when it is more than 0,3 mm, the
permittivity shall be corrected by the permeability. The complex relative permittivity e of the
NSS sample can be measured by the open-circuited coaxial line as indicated in Annex C, and
then the permeability can be corrected by the obtained permittivity. However, if the sample
thickness exceeds the above acceptable value, the permeability cannot be corrected
appropriately. This is because the lumped element approximation in this method cannot be
described. To describe the lumped element approximation, the phase shift ¢ is calculated and
required to be less than 0,8 rad, where f is the phase constant (= (2n(e.x,)V/2f)/c), t is the sample
thickness, fis the frequency, and ¢ is the light speed in a vacuum, The ¢, is measured by the

open-cjrcuited coaxial line (see Annex C). That is, if the gt is less than 0,8 rad|in the
measufement frequency band, the permeability is appropriately corrected by thel’obtained
permittjvity.

The reference plane for the measurement is the source side plane of toroidal sample. The
lumped element parallel LC equivalent circuit is assumed as shown in Kigure 18. Figufe 18a)
and Figure 18b) are the equivalent circuits for the blank state (without sample) and the prgsence
of the 4ample in the coax jig, respectively. Y, C, L, and G are the input'admittance, capaditance,
inductgnce, and conductance for the equivalent circuit in the coax.jig; the subscripts SHT and
SMP indicate the “short” and “sample”; subscripts "o" and 's'\ndicate the blank stdte and
presenge of sample in the coax jig; ¢, and ¢”, are the real apd-imaginary parts of the cpmplex

relativg permittivity, ', and x”, are the real and imaginary parts of the complex felative

permeability; and o (= 2nf) is the measurement frequency. The details for the calculatjon are
descrifjed in Annex C.
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Figure 18 — Equivalent circuits for the coax jig

5.4.2 Measurement frequency and accuracy

The objective of this method is to evaluate NSS samples and is applicable for the measurements
under the following conditions:

frequency: 1 MHz £ /< 10 GHz
relative permeability: 4, <1 000, 0 < 4", < 1 000

accuracy (repetitive): value error £ 5 %
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The lowest frequency can be expanded with a thicker sample. If the permittivity effect is
negligible with a thinner sample, the highest frequency could be expanded up to 18 GHz.

5.4.3 Measurement parameters

The in-plane complex relative permeability 4’ — ju”, of NSS samples is measured.

5.4.4 Test sample
A toroidal shape prepared from a NSS sample is shown in Figure 19.

0,05 .\

Inner diameter—3

o 9+

Outer diameter: 795 mm

Thickngess: To be determined to describe the lumped element approximation, depending on the
maximym frequency (typically, ¢t < 0,3 mm).

3:°% mm

IEC
Figure 19 — Toroidal shape of NSS sample

5.4.5 Measurement environments

The fixfure and the samples shall be kept in a clean and dry state. The room temperatyre and
the relative humidity shallipreferably be 23 °C £+ 5 °C and less than 60 %, respectivel]y. The
temperature slightly affeets the measurement results. Especially, the effect is provabl!,/ large
below I GHz. Therefore, it is desirable to secure the place where the temperature gnd the
humidify are constant, or the space where equipment (including the jig) and cables are dgployed
in a hopsing withyeonstant temperature and humidity. Introduced variables such as tempgrature
changgs or jigidetachment because of handling should be minimized.

5.4.6 Measurement system

The apparatus of the permeability measurement system is shown in Figure 20. The coax jig is
connected to a vector network analyzer (VNA) via a coaxial cable, and the VNA communicates
through a personal computer (PC). The electric signal from the VNA is analyzed by software on
the PC to determine permeability.
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5.4.7
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5.4.8
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Figure 20 — Measurement system

Test fixture (coax jig)

21 shows the cross-sectional diagram of the practical test fixture ceax jig in detail. The
j is connected to an APC-7 adapter and then the other side of {the APC-7 adqpter is

par

ted to the SMA connector. The toroidal shape sample having the same diameter
ions as APC-7 is tightly inserted at the end of the short-circuited coaxial line. Measure
r and Sy gup corresponding to the blank and to the loaded.test fixture, respectiyely.
APC-7 Coaxial
connector line\jig
Outer
SMA — conductor
connector
X'Z = — - Inner
conductor

Reference plane for | 1o mm NSS

the equivalent toroidal

circuit$ / sample

VNA-reference
plane
IEC
Figure21 — Short-circuited coaxial line test fixture (coax jig)
Measurement procedure
up the VNA, frequency range (1 MHz < f < 10 GHz). For example, VNA [set up

ameters, measurement points: 401, IF bandwidth: 1 kHz, power: =17 dBm, averdge: 5.

2) Set
3)

4) Cal

the measurement parameter of VNA to 5.

Connect a coaxial cable and VNA.

ibrate the connected coaxial cable including APC-7 using calibration kits (open, short,

and load).

5)
6)
7)

Connect the coaxial cable end (APC-7) and the test fixture (coax jig).
Measure Sy, of the blank state of the coax jig and store as 11 gyr.

Measure Sy4 of the NSS toroidal shape sample placed in the coax jig and store as Sy gyp-
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5.4.9 Results (example)

Figure 22 and Figure 23 show the measurement corrected results of the complex relative
permeability for NSS sample A with 0,29 mm thickness and sample B with 0,25 mm thickness.
The measurement results (as measured u', and u",) are corrected by the permittivity. The

corrected results are almost the same as the measured results. In these samples with thickness,
the permittivity almost does not affect the complex permeability. In the low frequency region
between 0,001 GHz and 0,005 GHz, the measurement spectra (¢, and x",) are distorted and/or
noisy. The distortion degree depends on the sample and the size precision (dimension accuracy)
of the toroidal shape (see 5.4.4). However, this region approaches the measurement limit for
this method using the coax jig.
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Figurle 22 — Complex relative.permeability of a NSS sample A with 0,29 mm thickhess,
as measured and corrected by the permittivity
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Figune 23 — Complex relative permeability of a NSS sample B with 0,25 mm thick
as measured and corrected by the effective permittivity
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Remarks

bmplex relative permeability of samples™js measured. As mentioned befo
ement spectra are distorted and/or nojsy’in the low frequency region. This dis
depends on the sample and the size precision of the toroidal shape. This sugge
ement limit for this method. The influence of the permittivity on the permeability
is also investigated (see Annex C)."In fact, when a sample with a thickness < 0,3
ed, the effect is very small at(the measurement frequency region less than 1

ffect is seen around 1 GHz or more. This effect is smaller for thinner NSS samp
nental confirmation is necéssary for the upper limit thickness of NSS below wh

Bhielded loop coil'method
Measurement principle
General description

eldéd)toop coil is a one-turn coil that will enclose the NSS in the coil window a
voltage as a signal from the NSS driven by an external AC magnetic field Hj

e, the
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source of the AC magnetic field is a Transverse Electromagnetic (TEM) cell that encloses the
shielded loop and the NSS near the surface of the ground conductor. By applying an RF signal
to the TEM cell, the AC magnetic field H5 is generated to the right angle of the strip conductor.

The magnetic relative permeability is derived from the change in the transmission parameter
Sy4 from the TEM cell to the shielded loop in the state where the ferromagnetic nature of the
NSS is killed by applying a strong DC magnetic field, and in the state where no DC magnetic
field is applied.

5.5.1.2 Shielded loop coil

Figure 24 shows the structure of the shielded loop coil. The shielded loop coil consists of three
metal layers that allow protection of unnecessary voltage injection from the stray AC electric
field component E5¢ around the coil. Accordingly the shielded loop coil is sensitive only to the

magnetic component out of the electromagnetic signal.
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Figure 24 — Structure of shielded loop coil

P5a) explains the shielded loop coil and NSS sample arrangement. The NSS is su

- H
Strip line | AC
L,
IEC
a)s Direction of H, b) Direction of H,. and Hy.
(main measurement) (reference measurement)

bjected

iform AC magnetic field Hp¢ in the direction parallel to/the NSS sample surfagce and

dicularly to the coil plane. Accordingly the shielded«oep coil will measure c
permeability along the in-plane direction of the NSS.

bmplex

IEC

5.5.1.3

Figure 25 — Shielded loop coil and NSS sample arrangement

AC and DC magnetic field application

Figure 26 shows the whole structure of the measuring unit of the equipment. The shielded loop
coil and NSS sample are placed near the surface of the ground conductor of an RF cavity having
an open TEM cell structure on the side. A terminal of the TEM cell is connected to Port 1 of a
vector network analyzer that generates the RF signal. The other terminal of the TEM cell is
connected to a 50 Q load resistor.

Accordingly a traveling electromagnetic field is generated in the RF cavity, and the magnetic
component Hyq of the field is used to measure the complex relative permeability. The electric

component E5¢ of the field will not disturb the relative permeability measurement thanks to the
physical nature of the shielded loop coil to suppress electric-field induced voltage, as illustrated
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in Figure 24. The TEM cell is matched to the characteristic impedance of Z; = 50 Q and applies

a uniform magnetic field to the NSS over the entire measurement frequency range. The
reflection signal 44 from the TEM cell is negligible because the TEM cell is matched to Z; = 50

Q.

For calibration purposes, the DC magnetic field Hp is applied to the in-plane direction at the
right angle to the AC magnetic field Hpc, as illustrated in Figure 25b). A DC magnetic field
generator (e.g. solenoid coil) applies the DC magnetic field Hp from outside the TEM cell, as
shown in Figure 26.

at the relative directions of LL and L are the same throuahout Eiqur
Note t Vi H H e e e ug Ll igure 24 to

Figure |26, with respect to the shielded loop coil and NSS sample directions.

External DC magnetic field. ~ff— Solenoid cail
H-
e I I

AN

RF signal N 50'@hm Load
Port 1 —» (|} ) ]
JOL)
Y A
AN "Fac
S e | W — Port 2
DC Current for each bias
and saturation.
—_— —/
-

IEC
Figure 26 — Whole structure of the measuring unit of the equipment

5.5.1.4 Theory of complex relative permeability measurement
5.5.1.4.1 General

The complex relative permeability x, = u', — 1", can be obtained in principle from the frefjluency
dependent transmission coefficient S, of the S-parameter as it corresponds to the time|rate of

the mggnetie-flux linkage through the window of the shielded loop coil (flux voltagg). The
magnetic flux consists of air core flux and ferromagnetic flux. Two types of measuremgnt are
performed.in order to separate the two kinds of fluxes.

5.5.1.4.2 Reference measurement

Transmission coefficient S, is measured under the application of the frequency dependent
AC magnetic field Hyc where the NSS is saturated with a strong external DC magnetic field
Hpc = Hgyy- This measurement extracts the signal from the air core flux and the stray signal

from the dielectric and resistive materials associated with the measurement unit. Reflection
coefficient S5, of the shielded loop coil is also measured to calibrate the impedance of the coil

with the NSS sample having a non-magnetic nature.

5.5.1.4.3 Main measurement

Transmission coefficient S,y is measured under the application of the frequency dependent
AC magnetic field Hyc where Hpc = 0. This measurement extracts the ferromagnetic signal of
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interest and all signals given by the reference measurement. Therefore the difference between
the main and reference measurements corresponds to the ferromagnetic signal of interest.
Reflection coefficient S,,y of the shielded loop coil is also measured to calibrate the impedance

of the coil with the NSS sample having a ferromagnetic nature.

Accordingly, the complex relative permeability, u, = u', — 4", is given by the Formula (31).

m =&|:S21N, 1 'Szzs _ 1} +1 (31)
Sm S21s 1- 22N
where
Sm is the cross-sectional area of the NSS sample placed at the centre of the shield¢d loop
coil;
Se is the cross-sectional area of the effective aperture window of shielded loop coil

So45  |is the transmission coefficient S,y measured when the NSS sample is saturated by an
external DC magnetic field Hpc = Hgy (for example, using(@ solenoid coil);

So4n  |is the transmission coefficient S, measured when thesexternal DC magnetic [field is
removed (Hpc = 0) and the NSS sample is unsaturated,

Soog  |is the reflection coefficient S,, measured when the/NSS sample is saturated by a strong
external DC magnetic field Hpc = Hgy (for example, using a solenoid coil);

Soon  |is the reflection coefficient S,, measured- when the external DC magnetic field is
removed (Hpc = 0) and the NSS sampléis unsaturated.

5.5.1.4[4 RF calibration

Accuracy of measurement can be improved by taking account of the self-resonance ngture of
the shiglded loop coil especially when the frequency approaches the self-resonance frefjuency
of the dhielded loop coil. Measurethe impedance of the shielded loop coil without NSS tq obtain
inductgnce L, capacitance Cy'ahd self-resonance angular frequency wg. The relation wp, =1/

Ly Cy stands. Then the camplex relative permeability is calculated using Formula (32).

N

1 =£ S21N. 1 'Szzs 'S21s 1 -1 +1 (32)
S| Sais 1= Soon = S 1+ 1= 85 = Sars 1%

N

F)
L

1 (\ (A
C [+ P2N P2IN

where,

w is the angular frequency o = 2xf;

wq it the self-resonance angular frequency of shielded loop coil: wg2 = 1/ LyCo;
Ly is the inductance of the shielded loop coil;

Cy is the capacitance of the shielded loop coil.

5.5.1.4.5 Magnetic calibration (absolute value calibration)

Following the RF calibration in 5.5.1.4.4, 5.5.1.4.5 describes the magnetic calibration (absolute
value calibration) of the complex relative permeability of the NSS sample. This calibration allows
magnetic leakage flux compensation that returns outside the NSS but inside the shielded loop
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coil window. A frequency-independent scalar calibration constant is derived and used in the
calibration procedure.

Figure 27 shows the DC magnetization curve of a NSS sample. Magnetization M is saturated
to the saturation magnetic moment Mg when the DC magnetic field Hpc becomes more than the

anisotropy field Hy. There is a known ferromagnetic theory applicable to the magnetic saturation
range (Hpc » Hy).

Ms:(Hk+HDC),U0,Ur

(33)
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on Formula (33), the absolute value of the complex relative permeability
ed by the following procedure.

pined, the relative real and imaginary part relative permeability arealled 1/, an
pectively, in 5.5.1.4.5.

hely (Hypias; ¥ Hy) ' rop- This product should be equal to the”saturated magnetiza
he Hy,,; strengthens because of Formula (33). However, the product will be le
Mg however strong the Hy,;,o; can be, because ofithe leakage flux that returns
NSS but inside the shielded loop coil window.

w the M versus the 1/(Hy;,s; + Hy) plot as shown in Figure 28.

rapolate the plot to cross the vertical axi§’to find A’ as the estimate of the sa
hnetization when an infinitely high Hy;¢is applied.

I the calibration coefficient Mg [\M'. The calibrated complex relative permea
hined by multiplying this calibration coefficient Mg / M’ to the real part 4, and im
u"op Of the complex relative-permeability.

pr = (Mg I M's) - ('rop = J4"rob)

can be

asure relative permeability using Formula (32) with DC magnetic field Hy,g; (0 = 1.2,3",
5 = Hpjas; << Hgyy), instead of Hpc = 0. Hy,q; is usually set several 'times the H|. Thus

d 1" o

culate the product of the real part of complex relative permeability u',o, and (Hypiad + Hy)s
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5s than
putside

turated
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(34)
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Figure 27 — DC magnetization curve
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Figure 28 — Estimation of absolute value correction coefficient M’

5.5.2 Measurement frequency and accuracy

This method is useful to evaluate the relative permeability of a thin-film and sheet-like magnetic
material. The measurement frequency range is as follows. Highly accurate data can be obtained
along the hard axis of magnetization if a NSS sample has magnetic anisotropy in the plane.

Frequency range: 1 MHz < f< 10 GHz
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window of the shielded loop coil. The NSS sample can be attached to glass, qu
de substrate. Avoid conductive material as the substrate.

he cross-sectional area of the NSS sample S, (width x thickness, excluding the su
for Formula (31) and (32), it is necessary to measure the NSS sample wid

ss within an error of 5/100 mm or less in order to maintain ,measurement accurag

S sample is for H, <7 958 [A/m].

Shielded loop coil position

NSS

Substrate material glass;
quartz, polyimide, ete.

S LA
I*—*-I\( \

< 44 mm

IEC

ement direction: In-plane direction only. Both isotropic and anisotropic materials can be me
Perpendicular direction to the sample surface (thickness direction)
recommended.

mpleswidth: 4,4 mm or less.

29 explains the NSS sample dimension. The NSS sample should be sized tobe ipserted

artz, or

bstrate)
th and
y.

hsured.
is not

NSS sample thickness: 0,8 mm or the less including substrate thickness

(to be inserted in the measurement window).

NSS sample length: 4,0 mm or more (15 mm to 35 mm is recommended).

Figure 29 — Recommended shape of NSS sample
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Measurement environment

Measurement environment preference:

At room temperature 23 °C £+ 5 °C

Humidity at 70 % or less

Cables

and connectors:

IEC TR 63307:2020 © IEC 2020

The connecting section of APC 3,5 mm connectors used for connecting the cables of the
measurement system should be cleaned up by removing metal wastes. Tighten the
connector with the torque specified by the torque wrench. Bending of the measurement
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Measurement system

the NS

of the Isetwork analyzer is connected to the shielded lgop’coil that detects the magnetic

r calibrating the measurement system, however tiny it will be.

30 shows the measurement block diagram of this equipment. A 13;5 GHz 1
br and a DC power supply are controlled by PC via a GP-IB interface.

[ power supply feeds electric current to a solenoid coil to generate Hp.

lection port of the network analyzer is connected to a port of a TEM cell through
giving a uniform magnetic field to the NSS sample by an RF signal from the 1
br. The other port of the TEM cell is terminated by-a%0 Q resistor. The transmissi

sample. Cooling water is used to cool dowh.the solenoid coil and not to heat
NSS sample from the surrounding environment.

e cable

etwork

an RF
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on port
flux of
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DJ power GP-IB Network GP-IB Personal Monitor
supply <:> analyzer computer
Keyboard
) I ) NI |
Mouse
RF coaxial cable
Step2
\ Solenoid
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RF ﬁxture’/ IStep1 i
NSS sample Table]
Figure 30 — Block diagram of measurement system

5.5.7 Measurement procedure
5.5.7.1 Overall procedure

IEC

1) Measure Mg and H, of the NSS sample before the relative permeability measurement using
a VSM (vibrating sample magnetometer) or similar equipment.

2) Perform a full two-port calibration of the network analyzer.
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3) Insert the NSS sample in the measurement unit as shown in Figure 30 by the arrow Step1.

4) Slide the solenoid coil in the Step2 direction until the end to cover the measurement unit.

5) Start a relative permeability measurement using the application software on the PC.

6) Perform a set of reference and main measurements. Note that the only difference between
the two measurements is the presence/absence of the external DC magnetic field Hp.
Completion of this step gives complex relative permeability without magnetic calibration
(absolute value calibration) based on Formula (32).

7) Apply magnetic calibration (absolute value calibration) as described in the steps 1) to 5) in
5.5.1.4.5. Completion of this step gives complex relative permeability with magnetic

cali

bration (absolute value calibration) based on Formula (34).
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Figure

Example of detailed absolute value calibration procedure

Ke sure that Mg and H, of the NSS sample are measured before the relative,perm
hsurement using a VSM or similar equipment.

< Hbiasi << Hsat'

hsurement.
igure 27, three bias points (i = 1, 2, 3) are selected, and\thHe corresponding DC €

tive permeability u'4, ', and u’ 3, respectively.

culate the estimate of saturated magnetization /'y, at each bias point (i = 1, 2, 3

mula (33). Formula (35) is the same as Formula (33) in principle with a popular
version.

M, = (Hy + Hyus)+ 3",/ 10000 [T] (i=1,2, 3)

each M, on the graph whosechorizontal axis is 1/ (Hy + Hy;,s;) and vertical axis
Figure 25). Let M’ be the'estimate of saturated magnetization which can be fg
apolating the plot to the point where 1/ (H, + Hy,g;) = 0. If the plots do not alig
ight line, use the least squares method to estimate the zero point.

hined by multiplying this calibration coefficient Mg / M’ to the real part i’ and im
1" op Of the.complex relative permeability, as shown in Formula (34).

Measurement results

31 toFigure 35 show the measured results of the complex relative permeability. ]

eability

several DC external magnetic field intensities Hy;,¢; of the user’s choice in the range of

hsure the complex relative permeability by applying the same ‘procedure as the main

xternal

hnetic fields Hy. = Hyjas1) Hpiase aNd Hyizss are applied to the NSS sample to measure

, using
Sl unit

(39)

is M,
und by
non a

I the calibration eegfficient as M, / M’g. The calibrated complex relative permeability is

hginary

[able 2

lists th

b Qnmplp details quplp A-01 was measured in a range from 1 MHz to 13 5 GH

z. The

sample sizes are 4 mm x 4 mm and 4 mm x 35 mm, respectively.

,U'r, ,U",-, and ,u,—

NOTE The legends in each figure give the meaning of each line color.

The different relative permeability profiles of the two samples of a same material and the
different sizes of 4 mm x 4 mm and 4 mm x 35 mm provide a comparison of the influence of the
demagnetizing field due to the sample shape.

The maximum of the real part of the complex relative permeability of the 4 mm x 4 mm sample
is 44. It is 112 for the 4 mm x 35 mm sample.
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Figure 32 shows the real part of the complex relative permeability of the noise suppression
sheet Sample B-01 measured at 1 MHz to 13,5 GHz. The sample size was 4 mm x 4 mm and
4 mm x 35 mm, respectively.

The maximum of the real part of the complex relative permeability of the 4 mm x 4 mm sample
is about 25 and the relative permeability of the 4 mm x 35 mm sample is 54.

As with Sample A, two samples of a same material and different sizes are compared to see the
influence of the demagnetizing field.

Figure 33 shows the DC bias magnetic field dependence of the complex relative permeability

of the noise-suppressionsheetSampteA-02 measured-betweent+MHzto4+3;56Hz—Fhepample
size is4 mm x 15 mm.
Table 2 — Measurement sample table
Sample name Sample size Thickness Figure no.
Bample A-01 4 mmx 4 mm 100 pm Figure 31
bample A-01 4 mm x 35 mm 100 pm Figure 31/Figur¢ 34
Bample A-02 4 mm x 15 mm 200 pm Figure 33
Bample B-01 4 mmx 4 mm 100 pm Figure 32
bample B-01 4 mm x 35 mm 100’um Figure 32/Figure 35
120
— jip (L =4 mm) —up(L=4mm) —— u’(L=4mm)
100 — i (L =35mm) = (L=35mm) =—— gt (L=35mm)]]|

80

¥

|4mmx35mm|

Frequency [MHz]

. L — =\
: Mﬂkm

Figure 31 — Measured complex relative permeability as
a function of the size of a NSS sheet (Sample A-01)
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Figure 33 — Measured complex relative permeability of a NSS sheet
as a function of DC bias field intensity (Sample A-02)

Figure 34 and Figure 35 show the calibrated complex relative permeability of two types of the
Samples A-01 and B-01 obtained by applying the bias magnetic field as described in 5.5.1.4.5.

The noise on the low frequency side increases due to the sensitivity of the coil.

This system can also filter low frequency noise for removal.
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Figure 35 — Measured complex relative permeability
after absolute value calibration (Sample B-01)

5.5.9 Summary

The shielded loop coil method has a degree of freedom in the shape of a sample since it
measures a specimen of any size that can be enclosed in the window aperture at the centre of
the coil.
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The relative permeability of a sample can be sensitive to the direction of applied bias and RF
magnetic fields because of the anisotropic nature of magnetization. Accordingly there is also a
direction in which highly accurate measurement can be made, depending on the direction of
applied magnetic fields.

It is a useful nature of this method that the relative permeability corresponding to the actual
size of the magnetic materials in devices is obtained because the shape-dependent
demagnetizing field is counted in the measurements. If a user needs relative permeability
inherent in the material, a sample long enough along the measurement direction is used.

In order to calibrate measurement errors caused by leakage magnetic flux from a sample,
absolute_ value calibration is performed in this measurement

Samplg¢ A-02 should suppress electromagnetic noise most at the frequency around“3(0 MHz
where [”, in Figure 31 has the maximum value.

Sample¢ B-01 in Figure 35 should have good noise suppression effect between 50 MHz and
5 GHz where y”, is high.

5.6 Harmonic resonance cavity perturbation method
5.6.1 Theory

An exchange between magnetic and electric energies occurs after an electromagnetic stimulus
is givep from a small aperture to a metal closed cavity. This is called the natural resgnance,
and the resonance will be decreased by the cavity wall's energy loss. If the stimulus is gpplied
with the same interval as the energy exchange, ‘the energy in the cavity increases uptil the
energy| loss in the cavity becomes the same.as”the external energy supplied. This i called
electromagnetic resonance. The electric field strength in the cavity is null where the magnetic
field stfength is the maximum and vice versa.>’A material installed in the magnetic field mgximum
part shiifts the resonance characteristics\if" proportion to the magnetic characteristics. A small
|

samplg in the cavity gives a fractioanal change in the resonance frequency as shpwn in

Formulia (36)
Ao __AW (36)
20 o

where

Aw i$ the shiftin the angular resonance frequency;

oy i$ thelangular resonance frequency of the blank cavity;

Aw s the change in the stored energy;

Wy is the stored energy of the blank cavity.

The electromagnetic expression of the above terms is shown as follows:

AW:j[80(5(—1)E-E*+,u0(y'r—1)H-H*]dv (37)

Av

where

E is the electric field strength;
H is the magnetic field strength;
Av is the sample volume;
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¢, is the complex relative permittivity of the material: ¢, = &', = j&";

u, is the complex relative permeability of the material: p, = 4', — ju",.

The asterisk shows the complex conjugate of the field vector and the terms in square brackets
are integrated over the volume of the sample.

w, =%I[5OE~E*+yOH-H*]dv (38)

14

where the illtcyla: ts—over-the-votumeof-the uavity.
V is the volume of the cavity.

The resonance cavity perturbation method is a classical method and it enables the permgability
evaluation over a broad frequency range using the same sample in the rangefof-different ¢avities
of diffgrent resonance frequencies. After a small sample is put into a region of the stjongest
magnefic field strength and zero electric field strength parts of ajcavity, the respnance
frequemcy shifts proportionally to the magnetic susceptibility of the material (x',) and thg cavity

loss faftor increases with the loss of the material (u",). [1]! The perturbation evaluated in the

cavity With a small coupling factor indicates that the connectedloads at the outside will|have a
small influence on the results.

5.6.2 Permeability evaluation
5.6.2.1 General

If the sample is small and located in the regions\.of a maximum of H and an electric field sfrength
E of zefo in the cavity, the energy change intthe cavity is proportional to the permeability of the
sampld. The method to characterize the material as shown above is called the resonanceg cavity
perturbation method. The permeability. of‘the sample is written as shown in Formula (39)

S PR /S
ﬂr_1+aAv( 1o j

(39)
V11
Hr 2aAv| O, 0O,

where

V is thewoélume of the cavity;

Av is the volume of the sample;
o is the factor defined by the sample position and the cavity mode;
fo is the resonance frequency of the blank cavity;

Jfs is the resonance frequency of the sample installed cavity;
0, is the Q factor of the blank cavity;

O, is the Q factor of the sample installed cavity.

T Numbers in square brackets refer to the Bibliography.
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The formula shows that the real part of the permeability is described by the resonance frequency
shift ratio and the imaginary part is described by the increase of the cavity loss. A clear one-to-
one relationship between the complex permeability and the frequency shift ratio or the loss
increase is confirmed by the formula, and the measurement accuracy of the resonance
characteristic is essential in the permeability evaluation.

The resonance cavity perturbation method has been established for a resonance cavity of a
single resonance frequency and the permeability measurement for one frequency was
considered. If a rectangular waveguide TEj¢, cavity is used as the resonance cavity, the

regions of a maximum of H and an electric field strength E of zero are found at the centre and
ends of the cavity as shown in F|gure 36 (Posmon 1 and Position 2). Therefore no magnetlc
field is applied intrinsic
permea

Figure 36 — Electromagnetic\flux to evaluate permeability
in the harmonic resonance cavity resonator

Two efamples for the resonance characteristics change are shown in Figure 37. Figufe 37a)
shows [the resonance curve change observed in the single frequency resonator. Figufe 37b)
shows the resonance frequency.change in a cavity with two resonance frequencies.

1/0s.m
Vo 1/ Ou
V9 s 1/0, m w
Sample'installed o, 3l Blank
N o 1%
' =)
: =
)
I h Jomn fomn Jimnet Jo_mn=1
Frequency Frequency
IEC IEC
a) Single resonance frequency b) Two resonance frequencies cavity

Figure 37 — Example of the resonance characteristics change
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A rectangular waveguide shorted at both ends will resonate at those frequencies for which the
length is equal to an integral multiple of a half wavelength in the waveguide. If only a single
mode such as TE,q is found in the waveguide, this can be called a harmonic resonance cavity

because the resonance will be observed at the harmonic number, n, of the waveguide mode
[22]. It is proposed here to use the resonator to evaluate the frequency characteristics of
materials by the resonance cavity perturbation method. The dimensions of the waveguide
resonator become very big at values lower than 2 GHz. A TEM-mode resonator is appropriate
in this frequency range but the magnetic field distribution of the TEM-mode resonator with a
single line is not the same as the waveguide resonator. The magnetic field distribution of a
TEM-mode resonator with two parallel plates as the centre conductor is the same as that shown
in Figure 34. This structure of the resonator was used at the frequency range from 250 MHz to
2 GHz. Examples of the structure of the resonators and the resonance frequencies are shown
in Figufe 38 and Figure 39 respectively.

|/O connector
Magnetic field strength along z axis®,

M'JL' 34 %ﬂ

%) 1
Magnetic flux at short end & Waveguide resonator

i @ sampe ¥ &

iqme parts of the resonator are cut’'away to show inside

IEC
Figure 38 — Cavity resonator for 3,6 GHz to 7,2 GHz

Inner conductor Outerconductor
E‘@_mpl_e /O connecttor AN

4 3\ ———x S‘%

Magnetic field strength along x axis\

- N 1Li

Resonance sppres SOI'/

s

)
[

Magnetic flux at short end

X
ts)ome parts of the resonator are cut away to show inside
@) z

IEC

£1 39— Cavi for-0-25-GH > GH

The numbers of the resonance frequencies in the band are defined by the length of the
resonator. A longer resonator length increases the numbers of the resonance frequencies in
the band and gives accurate frequency characteristics of the material. However, a small
difference between the resonance frequencies makes it difficult to evaluate the frequency shift
caused by the insertion of the sample. Four to eight resonance frequencies in the band are
appropriate. Examples are shown in Figure 40.
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Figure 40 — Examples of resonance frequencies

An example of the harmonic resonance curves in the C-band is shown in Figure 41
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igure 41 — Example of the resonance curves of a harmonic resonance cavity

5.6.2.2 Measurement frequency'and accuracy

Frequency : 250.MHZz < <18 GHz
Relatiyve : 55’ <50
permeability

0,1<u" <10

X, y Or z axis
Accurpcy : order of significant digits: 2

5.6.2.3'—Sample-dimensions

5.6.2.3.1 Permeability evaluation parallel to the plane
Cut out a tape.
Width: <2 mm
Thickness: <2 mm
Length: > 100 mm

5.6.2.3.2 Permeability evaluation orthogonal to the plane
Punch out small disks and stack.
Diameter: <2 mm
Length: > 50 mm


https://iecnorm.com/api/?name=67a665fa3cca441ecb43b5c46b9a5cb6

- 50 - IEC TR 63307:2020 © IEC 2020

The samples prepared as described above are shown in Figure 42 as examples.

5.6.2.4 Environment

Room

5.6.2.5 Apparatus
5.6.2.51 General

The measuring system of the permeability of the NSS is constructed by the network ar

and theg harmonic resonance cavity resonates in the defined frequency band (see Figur¢ 43).

5.6.2.5/2 Network analyzer

The frgquency range of the network analyzer_should cover the resonance frequency
harmonic resonance cavity resonator, and the_dynamic range of the analyzer should b!
than 40 dB.

5.6.2.5(3 Test fixture

The re

the regonance frequency to( evaluate the frequency characteristics of NSS; mor
bnance frequencies . in the band would be a good number. A personal computer yised to

six res

calculate the complex pérmeability from the data given by the network analyzer shg
provided.

Figure 42 — Examples of samples

{emperature: 15 °C to 35 °C.

Network analyzer

alyzer,

of the
e more

sonance frequencies of thelharmonic resonance cavity should have enough numpers of

e than

uld be

Harmonic resonance cavity resonator

Figure 43 — Measuring system

IEC
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5.6.2.6 Measurement procedure of permeability
5.6.2.6.1 Resonance characteristics (fy n, and Qg ) evaluation of the blank cavity
5.6.2.6.1.1 General

The resonance frequency, fo 1, and the Q factor, Oy, of the blank cavity are measured. The
suffix mn means n-th resonance frequency or the Q factor in the m-band cavity.

5.6.2.6.1.2 JREF mn: the n-th resonance frequency of the m-band cavity

Resonance frequency, foer .o, Of the reference sample installed cavity is measured to define
the proportional factor. The suffix mn means the n-th resonance peak in the m-band_cayity.

5.6.2.6/1.3 Calibration factor («,,,) definition of the cavity

The proportional factor o, is given by inserting a nonmagnetic good condtuctor as a reference

samplg because the permeability of the good conductor is 0 in this frequenhcy range. A [copper
rod wil| be favourable as a good conductor. The proportional factor e, is calculated|by the

obtaingd data and the following formula:

(40)

mn
AVger

V (fREan _fo_mn j
fOfmn

where

vV is the volume of the cavity;

AVREF is the volume of the reference®@ample in the cavity;

fo_mn is the n-th resonance frequency in the m-band vacant cavity;

JREF_mh is the n-th resonance.frequency in m-band cavity with the reference sample

5.6.2.6/2 Sample installation

Insert the sample into/the’sample installation hole of the cavity as shown in Figure 44.

Cavity resonator.

Magnel'g flux | .

\ \I/Q port

Short end/ \Driving loop Y V4
Details around sample I/O port/

IEC

Figure 44 — Sample installation in the cavity for the permeability measurement
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5.6.2.6.3 Resonance characteristics (f; ,, and Qg ,,) evaluation of the sample

The resonance frequency, f;, and the Q factor, Qg of the cavity installing the sample are
measured by a network analyzer. The suffix mn means the resonance characteristics of the n-th

resona

nce frequency in the m-band cavity.

5.6.2.6.4 Calculation of the permeability

The real part and the imaginary part of the relative permeability of the n-th resonance frequency
of the m-band cavity are given as shown in Formula (41) and (42), respectively.

Os i

5.6.2.7

' 4 fOfmn _fs_mn
Heon = 1+
- a. Av f;)fmn

mn

A 4 1 1
ﬂr_mn 2OtmnAV Qs_mn QO_mn

$ the volume of the cavity;
$ the volume of the sample in the cavity;

the proportional constant;

$ the resonance frequency of the empty. cavity;

the resonance frequency of the sample installed cavity;

i$ the O factor of the empty cavity;

the Q factor of the sample.installed cavity.

Expression of the\results

The otIained results are-plotted in terms of the measured frequency and the complex

perme
condud
deviati
the me

permeability perpendicular to the sheet. The subscript after the under score is the sample

bility as shown‘in Figure 45. The permeability of a good conductor is 0. If

bn of the relative permeability of the conductor from 0 corresponds to the acc
asurements Permeability_xy is the permeability in the sheet plane. Permeability__

(41)

(42)

elative
h good

tor is included in the sample, the consistency of the measurement is confirmed Tnd the
u

acy of
7 is the
name.
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Figurp 45 — Measured results of the permeability for Sample A and B and a coppér rod

5.6.3 Permittivity evaluation
5.6.3.1 General

The pdrmittivity of the NSS material is strongly frequency dependent and anisotropic, |just as
the permeability of the NSS is strongly frequency dependent and anisotropic.

If a small sample is installed at thecregion of the maximum electric field strength gnd the
magnetic field strength is zero in the“cavity as shown in Figure 46, the energy changg in the
cavity iis proportional to the permittivity of the sample. The method to characterize the material
as shown above is called the fesonance cavity perturbation method [21].

Figure 46 — Electromagnetic flux to evaluate permittivity
in the harmonic resonance cavity resonator

The evaluation of the permittivity will be carried out by the same procedure as the permeability
was evaluated. The permittivity of the sample is described as shown in Formula (43). The suffix
mn means the n-th resonance frequency or the Q factor in the m-band cavity.
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¢! el :1+L Jo mn—/s mn —jL 11
r-mn r-mn 2Av ﬁ)imn 4Av Qsimn QOimn

where

vV
Av

fo
S
o)
Os

The folmula shows that the real part of the permittivity is described by the resGnance fre
shift rafio and the imaginary part is described by the increase of the cavitydoss. A clear
one rel

is the volume of the cavity;
is the volume of the sample in the cavity;
is the resonance frequency of the empty cavity;

is the resonance frequency of the sample installed cavity;

C 2020

(43)

$ the QO factor of the empty cavity;

$ the Q factor of the sample installed cavity.

juency
bne-to-

tionship between the resonance frequency change and the loss'inCrease is coffirmed

by the formula. The formula above shows that the accuracy of the resenator characterijstics is

essentfal to evaluate the permittivity.

Formeily, the resonance cavity perturbation method has been“established for the res

cavity

cavity

bnance

bf single resonance frequency and the permittivity measurement for one frequenjcy was
conside¢red. The permittivity measurement by the harmonic resonance cavity ena
evaluate the frequency dependent permittivity of the materials. If a rectangular waveguid

led to
TEp13

is used as the resonance cavity, the region of\the maximum electric field strength £ and

the magnetic field strength H of zero is found at the*centre of the cavity if the cavity reqonates

as sho

holes

5.6.3.2 Measurement frequency and accuracy

Frequlency : 1,86GHz < f<8 GHz
Relatiyve  1=s¢,=2000
permeability

Accurpcy . order of significant digits: 2

0,001 = ¢", <300

X, Yy or z axis

wn in Figure 46. Certain electric field.disturbances will occur at the sample insertion
provided at the top and the bottom of ‘the cavity. The disturbance of the electric field
becomes the depolarization field of the sample and the adjustment of the depolarization
required after the measurement.

will be

5.6.3.3 Sample dimensions

5.6.3.3.1 Permittivity parallel to the plane

Cut out a tape.

Wi
Th

dth <2 mm

ickness < 2 mm

Length > 100 mm

5.6.3.3.2 Permittivity orthogonal to the plane

Punch out small disks and stack.

Diameter < 2 mm

Length > 50 mm
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5.6.3.4 Environment
Room temperature is 15 °C to 35 °C.

5.6.3.5 Apparatus
Network analyzer
Test fixture

5.6.3.6 Measurement procedure of the permittivity

5.6.3.6.1 Resonance characteristics (fy ,,n and Qg ,,,) evaluation of the blank test
fixture

Measufe the resonance frequency f; ,, and the Q factor Oy ., of the cavity where nll is the
measufement band, S or C, and » is the order of the resonance peak in the band-

5.6.3.6/2 Sample installation

Insert the sample into the sample installation hole of the cavity as shown*in Figure 47.

-

igure 47 — Sample installation in the cavity for the permittivity measurement

5.6.3.63 Resonancge\characteristics (f5 n, and Qg ) evaluation of the sampl¢
Measufe the resonance frequency f ,, and the Q factor Og ,, of the sample installed|cavity.

The suffix m is the'measurement band, S or C, and n is the order of the resonance pealk in the
band.

5.6.3.6/4 Calculation of the permeability

The relative permeability of the n-th resonance frequency of the m band cavity is given as
follows

V [fo_mn_fs_mn] (44)

& =1+_——
r-mn 2Av fOimn

V 1 1
oV _ (45)
r-mn 4AV(Qsmn QOmn]
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is the volume of the cavity;
is the volume of the sample in the cavity;
is the resonance frequency of the m-band blank cavity;

is the resonance frequency of the m-band sample installed cavity;

is the n-th Q factor of the m-band vacant cavity;

is the n-th Q factor of the m-band sample installed cavity.

by the
rement

EC

s been

(46)

The measurements of the permittivity are carried out by the resonators constructed
rectangular waveguide resonators for the S-band and C-band. Examples of the‘measu
and the¢ adjusted results are shown in Figure 48a) and Figure 48b), respectively.
700 700
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= fs3| |15 & \Mirm
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Frequency (GHz) K Frequency (GHz)
IEC
a) Adjustment procedure b) Adjusted results
Figure 48 — Adjustment procedure and adjusted results
Adjustment of the permittivity by using the results of two cavities with different heights hg
carried|out as follows.
1) Calculate the pelarizability y’=¢-1.
2) Estimate the polarizability x'ss meas atfc1 by extrapolating x's3 meas @4 x's4 meas
/ , €54 meas ~€S3_meas
XS5 = &gh mpna_1: — — (f(‘1_f‘3.".)+8§’2 mnne_1
- Js4 = Js3 -

3) Xx's5_meas Would be the polarizability if measured at /4 in the S-band cavity.

4) The polarizability of the material measured at the S-band cavity with the cavity height, ig,

is x

'S_meas and at the C-band cavity with the cavity height, /¢, is x'c meas:

5) Suppose that the electrical length of the stick sample equals the cavity height, ig or 4z, and

the depolarization factor of the sample is inversely proportional to the length of the stick.
The depolarization factors of the samples can be described as follows:

NS Zi and NC :i
hs hc

(47)
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where
k is the proportional constant.

The proportional constant, k, is given by the formula shown below by using the measured
polarizability y’'c4 and the supposed polarizability x'g5:

1 3 1
k= Xé1_mea1$ X1'S5_meas (48)
he hg

6) Theg real part of the adjusted dielectric constants at the measured frequencies _fan be
calgulated by using Formula (48) and the measured results as follows:

!
XSn_meas
géniadjust = Xén_adjust +1= 1-N ~ +1 (49)
~ VS XSn_meas
Xén_meas
— == 41

' (50)
1- NCXCn_meas

S,Cn_adjust = X’Cn_adjust +1=
where

suffix Sor C is the name of the band;

suffixes adjust and meas are the adjusted valueiand measured value;

n is the resonance frequency number in the bands.

7) Theg imaginary part of the adjusted dielectric constants at the measured frequencies|can be
cal¢ulated by using Formula (50) and the*measured results are as follows:

" " 2
€Sn adjust = (1+ Nsxsn_meas ) (31)

n n 2
€Cn_adjust = (14 NcXCn_meas) (52)

5.6.3.8 Expression jof the results

The adjusted results are shown in Figure 49. The suffixes in Figure 49 mean the dire¢tion of
the eleftric field_ and the sample name, respectively.
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Figure 49 — Measured results of the permittivity for the two samples, A and B

The sg@amless connections of the adjusted results are confirmed from the results [above.
Althou%;h no adjustment for the imaginary part has been carriéd out in the procedufre, the

seamlgss connection shown in the above results confirméd that the adjustment wquld be
consisfent.
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Annex A
(informative)

Derivation of the complex relative permeability of the inductance method
The self-inductance L of the one-turn coil in Figure 3 is expressed by:

where

LShort'

L:_£:1 Bds =
jo 178

L, 3\ L

7 U

2r

(a—TF 7R,

T

Hoo N F—ito g tor =
27r('ur ) J27z#r 27 °
Tuss _ Jmﬁ + Lgpon

@

F:hln(éj

Q
)

d xygg are the real part andjimaginary part of the self-inductance with the NSS g
5 the self-inductance without the NSS sample. They are given as follows, respec

Ho
Fyea = O—-
NSS

2

W'F

(A1)

(A.2)

(A.3)

ample.
ively:

(A.4)

(A.5)

(A.6)

The impedance Zygg is due to the effect of the fixture and is expressed by the impedance of
the fixture with and without the NSS sample, Z, and Z,, as follows:

ZNSS :Zm_Zsm :rm_rsm_'_j(xm_xsm):

Tuss +JXnss = Tuss + 1@ Lyss

(A7)
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where

Z, =r,+jx, =

rfixture + foixture + rShort + JC()L =

Tixture Xxure F 7snort + (Tuss + 1@ Lnss + i@ Lgpon ) (A.8)
Zsm = rsm +stm =
Tixture T jxfixture + Tshort T jCULShort (Ag)
Then, the complex permeability is given by:
27 ZnZan g 27 Zrss g (A.10)
Uy JoF Hy JOF
that is,
=27 X = a4 28D ss | 4 (A11)
Hy  OF Hy oF
(A12)
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