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INTERNATIONAL ELECTROTECHNICAL COMMISSION

METALLIC COMMUNICATION CABLE TEST METHODS -

1)

9)

Part 4-1: Electromagnetic compatibility (EMC) —
Introduction to electromagnetic screening measurements

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 electfenic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical\Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National {€ommittee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation,\]EC collaborates closely
with the International Organization for Standardization (ISO) in accordance wijth conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as-nearly as possible, an international
consensus of opinion on the relevant subjects since each technical cammittee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international,'dise and are accepted by IEC National
Committees in that sense. While all reasonable efforts are madg_ to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible fof\theé way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC Natiofal Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation ofrgonformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

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

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature. whatsoever, 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.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the(correct application of this publication.

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

This consolidated version of the official IEC Standard and its amendment(s) has been
prepared._for user convenience.

IEC,TS 62153-4-1 edition 1.1 contains the first edition (2014-01) [documents 46/465/DTS
and 46/492/RVC] and its amendment 1 (2020-05) [documents 46/726/DTS and
46/748/RVDTS].

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions are in green text, deletions are in strikethrough
red text. A separate Final version with all changes accepted is available in this
publication.
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The main task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical committee may propose the publication of a technical
specification when

» the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

2 tha cithicet ic ctill tindar tachnical dAavalanmant ar whaora far anyvy Athar raacnan thara ic tha
Tt oot raer—t e oot o PO eTre T oty ot e T eSOt eTre—TothHe

TC—ooioye A\~ A~ o~ 154 T Yy oS

future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62153-4-1, which is a technical specification, has been prepared by IEC technical
committee 46: Cables, wires, waveguides, R.F. connectors, R.F. and microwave passive
components and accessories.

This first edition of technical specification IEC TS 62153-4-1 constitutes astechnical revision.
This edition includes the following significant technical changes with\respect to IEC TR
62153-4-1:

a) comparison of the frequency response of different triaxial test set-ups to measure the
transfer impedance of cable screens;
b) background of the shielded screening attenuation test method (IEC 62153-4-4);

c) background of the shielded screening attenuation test-method for measuring the screening
effectiveness of feed-throughs and electromagnetic gaskets (IEC 62153-4-10);

d) background of the shielded screening attenuationtest method for measuring the screening
effectiveness of RF connectors and assemblies (IEC 62153-4-7).

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 62153 series, under the general title: Metallic communication
cable test methods, can be found on‘the IEC website.

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

e reconfirmed,
e withdrawn,
e replacedsby a revised edition, or

e amended.

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

Part 4-1: Electromagnetic compatibility (EMC) —
Introduction to electromagnetic (EMC) screening measurements

1 Scope

This part of IEC 62153 deals with screening measurements. Screening (or shielding)(is-one
basic way of achieving electromagnetic compatibility (EMC). However, a confusingly large
number of methods and concepts is available to test for the screening quality oficables and
related components, and for defining their quality. This technical specification_gives a brief
introduction to basic concepts and terms trying to reveal the common features'of apparently
different test methods. It is intended to assist in correct interpretation of test‘data, and in the
better understanding of screening (or shielding) and related specifications. and standards.

2 Normative references

The following documents, in whole or in part, are normativelyjreferenced in this document and
are indispensable for its application. For dated references,lonly the edition cited applies. For
undated references, the latest edition of the reféerenced document (including any
amendments) applies.

IEC 60096-1:1986, Radio-frequency cables — Rart 1. General requirements and measuring
methods1

IEC 60096-4-1, Radio-frequency cables(>“Part 4: Specification for superscreened cables —
Section 1: General requirements and test methods'

IEC 60169-1-3, Radio-frequency connectors - Part 1: General requirements and measuring
methods - Section Three: Electrical tests and measuring procedures: Screening effectiveness

IEC 61196-1:2005, Coaxial communication cables - Part 1: Generic specification - General,
definitions and requirements

IEC 61726, Cablerassemblies, cables, connectors and passive microwave components -
Screening attenuation measurement by the reverberation chamber method

IEC 62158-4:2, Metallic communication cable test methods - Part 4-2: Electromagnetic
compatibility (EMC) - Screening and coupling attenuation - Injection clamp method

IE€<62153-4-3, Metallic communication cable test methods - Part 4-3: Electromagnetic
compatibility (EMC) - Surface transfer impedance - Triaxial method

IEC 62153-4-4, Metallic communication cable test methods - Part 4-4: Electromagnetic

compatibility (EMC) - Shielded screening attenuation, test method for measuring of the
screening attenuation as up to and above 3 GHz

IEC 62153-4-5, Metallic communication cables test methods - Part 4-5: Electromagnetic
compatibility (EMC) - Coupling or screening attenuation - Absorbing clamp method

1 This publication has been withdrawn.
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IEC 62153-4-6, Metallic communication cable test methods - Part 4-6: Electromagnetic
compatibility (EMC) - Surface transfer impedance - Line injection method

IEC 62153-4-7, Metallic communication cable test methods - Part 4-7: Electromagnetic
compatibility (EMC) - Test method for measuring the transfer impedance and the screening -
or the coupling attenuation - Tube in tube method

IEC 62153-4-9, Metallic communication cable test methods — Part 4-9: Electromagnetic
compatibility (EMC) — Coupling attenuation of screened balanced cables, triaxial method

IEC 62153-4-10, Metallic communication cable test methods - Part 4-10: Electromagnetic
compatibility (EMC) - Shielded screening attenuation test method for measuring the screening
effectiveness of feed-throughs and electromagnetic gaskets double coaxial method

IEC/TR 62152:2009, Transmission properties of cascaded two-ports or \qQuadripols -
Background of terms and definitions

EN 50289-1-6: 2002, Communication cables — Specifications for test methods Part 1-6:
Electrical test methods — Electromagnetic performance

CISPR 25, Vehicles, boats and internal combustion engjines — Radio disturbance
characteristics — Limits and methods of measurement for the protection of on-board receivers

3 Symbols interpretation

This clause gives the interpretation of the symbaols*used throughout this specification.

aq, a, attenuation constants of primary andsecondary circuit

ag screening attenuation

agn normalized screening attenuation with phase velocity difference not greater than
10 % and 150 Q characteristic impedance of the injection line
(Z5=150 Q and |AV/v44=10 % or &4/5,,=1,21)

Co velocity of light in free space
Co = 3 x 108um/s

Cr through'capacitance of the braided cable

CuT cableor component under test

E e.m.f.

f frequency

f far end

fo cut-off frequency

fes far end cut-off frequency

fen near end cut-off frequency

D, the total flux of the magnetic field induced by the disturbing current /,

D’y the direct leaking magnetic flux
D75 complete magnetic flux in the braid
1, Uy current and voltage in the primary circuit (feeding system)

Ie current coupled by the feed through capacitance to the secondary system (measuring
system)
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Er1 relative permittivity of the injection line (feeding system)

& relative permittivity of the cable (measuring system)

L cable length, coupling length

Ly (external) inductance of the outer circuit

L texternabtrductance-ofthetrrercirout

M ‘>  mutual inductance related to direct leakage of the magnetic flux @7,

M7,  mutual inductance related to the magnetic flux @ 7, (or 2 @ ”;,) in the braid
Mo = % and wmy, :%%

M+ effective mutual inductance per unit length for braided screens
My =M13_M45
where M, relates to the direct leakage of the magnetic flux and M|y relates to the
magnetic flux in the braid [24]

n near end

P, sending power

Po¢ far end measured power

P, near end measured power

P, radiated power in the environment of the cable,\which is comparable to P,,+P, of
the absorbing clamp method of 12.4 of IEC/61196-1:1995

Py radiated power in the normalised enyironment of the cable under test
(Z5=150 Q and |Av/vy [=10 % or gi4/E0,=1,21)

R load resistance of secondary_circuit (input resistance of receiver)

Rt screen resistance per unitdlength

T coupling transfer function

T; far end transfer fungtion

T, near end transfer function

U, the disturbing-voltage induced by @74,

U’ the disturbing voltage induced by 2 @ 7, of the right hand lay contribution

U”n the disturbing voltage induced by 2 @ 74, of the left hand lay contribution

u7, is\equal to U 7, and U 7}, (= the disturbing voltage induced by 2 @”,,)

% phase velocity

Vy phase velocity of the "primary" system (feeding system)

V5 phase velocity of the "secondary” system (measuring system)

Vi relative phase velocity of the "primary" system (feeding system)

Vo relative phase velocity of the "secondary” system (measuring system)

Z, characteristic impedance of the "primary" system (feeding system or line (1))

Z, characteristic impedance of the cable under test (CUT) (measuring system or line
(2))

Zys terminating impedance of the line (1) in the far end

terminating impedance of the line (2) in the near end
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Zy¢ terminating impedance of the line (2) in the far end (in a matched set-up
Zy=2Zyand Z,, = Zy = Z5)
Zy, = \/ﬁ
Zy surface impedance of the braided cable
Z capacitive coupling impedance per unit length
Z; capacitive coupling impedance
Z7 surface transfer impedance per unit length
Z1h transfer impedance of a tubular homogeneous screen per unit length
Z; surface transfer impedance
Z1en effective transfer impedance (= | Zg + Z¢ |) per unit length in the near end
Z1gs effective transfer impedance (= | Zg — Z1 |) per unit length in the far end
Z1gnf  effective transfer impedance (= | Zg + Z1 |) per unit length in the néar'end or in the
far end
Z1E effective transfer impedance (= max | Zrg,, Z1gs |) per unit length
Zio effective transfer impedance (= max | Z; = Z; |)
Zien normalized effective transfer impedance of a cable

(Z4,=180Q and | v4 — v, |/ v5 < 10 % velocity difference in relation to velocity of CUT

4 Electromagnetic phenomena

It is assumed that if an electromagnetic field is incident on a screened cable, there is only
weak coupling between the external field and that inside, and that the cable diameter is very
small compared with both the cable lehbgth and the wavelength of the incident field. The
superposition of the external incident field and the field scattered by the cable yields the total
electromagnetic field (Et,/—?t) in Figure 1. The total field at the screen's surface may be
considered as the source of thé-tCoupling: electric field penetrates through apertures by
electric or capacitive coupling;\also magnetic fields penetrate through apertures by inductive
or magnetic coupling. In addifion, the induced current in the screen results in conductive or
resistive coupling.
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Key

(ai,Fli incident electromagnetic
field

( s’Hs) scattered electromaghetic
field

(at,FIt) total electromagnetic field

X positive axialcable direction
o induced surface charge
density? (C/m?)
it unit vector normal to the
"""" IEC 3105/13 surface
&y & permittivity, free space and
relative

Figure 1 — Total electromagnetic field (Et,ﬁt)

E.A,)=E A, )+ E,F) 1)
J=n-H, (2)
o= ﬁ-Etgogr (3)

where the symbols are describeddn-the key of Figure 1.

As the field at the surface:of’the screen is directly related to density of surface current and
surface charge, the coupling may be assigned either to the total field (Et,lflt) or to the surface

current- and charge-.densities (J and o). Consequently, the coupling into the cable may be
simulated by repraducing, through any suitable means, the surface currents and charges on
the screen. Because the cable diameter is assumed to be small, the higher modes may be

neglected and it-is possible to use an additional coaxial conductor as the injection structure,
as shown inEigure 2.
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L
- -
D1
IEC 3106/13
Key (for Figures 2,3,4,5)
(1), (2) outer circuit (1), tube, respectively inner circuit (2), cable
Zy, characteristic impedance of the outer circuit (1), tube, respectively inner bircuit (2), cable
€1 dielectric permittivity of the outer circuit (1), tube, respectively inner ciréuit (2), cable
B2 phase constant of the outer circuit (1), tube, respectively inner cifeuit (2), cable
/11’2 wave length of the outer circuit (1), tube, respectively inner circuit (2), cable
L coupling length
D, diameter of injection cylinder-tube
\Y voltmeter
A ammeter
Zi Zis load resistance at the near end, respectively far end of the outer circuit (1), tube
Zy Zos load resistance at the near end, respectively far end of the inner circuit (2), cable
E, EMF of the generator
1, 1y current in the outer circuit (1), tdbe) respectively inner circuit (2), cable
Ui Uss voltage at the near end, respégctively far end of the outer circuit (1), tube
Uy Uy voltage at the near end, respectively far end of the inner circuit (2), cable

Figure 2 — Defining\and measuring screening parameters — A triaxial set-up

Figure 2 shows the cgoncept of a triaxial set-up. The outer circuit (1) is formed by an injection
cylinder-tube and_the’screen under test, with an characteristic impedance Z,. The inner circuit
(2) is formed byJ)the screen under test, and centre conductor, with an characteristic
impedance Zs. The screening at the ends of circuit (2) is not shown. Observe the conditions
Zys, Zon, Zyp@nd A in Figure 3 and Figure 4. Also note that diameter of the injection cylinder
tube (D1) shall be much smaller than the coupling length (L).

5~ The intrinsic screening parameters of short cables

5.1 General

The intrinsic parameters refer to an infinitesimal length of cable, like the inductance or
capacitance per unit length of transmission lines. Assuming electrically short cables, with
L << A which will always apply at low frequencies, the intrinsic screening parameters are
defined and can be measured as indicated in the subclauses 5.2 and 5.3.

5.2  Surface transfer impedance, Z;

As shown in Figure 3, where Z,; and Z,; are zero, the surface transfer impedance (Z1 in Q/m)
is given:
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Z; = ,Llj " (4)
where
Zt is the transfer impedance, U,, is the voltage at the near end of the
inner circuit (2),
L is the coupling length 1 is the current in the outer circuit (1).

The dependence of Z; on frequency is not simple and is often shown by plotting log Z¢
against log frequency. Note that the phase of Z; may have any value, depending on braid
construction and frequency range.

NOTE In circuit (2) of Figure 3, the voltmeter and short circuit may also be interchanged.
5.3 Capacitive coupling admittance, Y.

As shown in Figure 4, where Z; and Z,; are open circuit, the capacitive coupling admittance
(Yc in S/m) is given by:

YC:J"CUCT:UI:ZL ()
where
Yc is the coupling admittance Ct is.the’through capacitance;
w is the radian frequency; j is the imaginary operator
L is the coupling length Iy is the current in the inner circuit (2).

The through capacitance Ct is a real capaeitance and has usually a constant value up to
1 GHz and higher (with aperture a << 1).

While Z; is independent of the characteristics of the coaxial circuits (1) and (2), Cy is
dependent on those characteristicsZiThere are two ways of overcoming this dependence:

a) The normalized through elastance Ky (with units of m/F) derived from C; is independent
of the size of the outer coaxial circuit (2), but it depends on its permittivity:

K, =C;I(C,-C,) (6)

K, ~1/(s, +¢,) (7)

where Cjand C, are the capacitance per unit length of the two coaxial circuits.

b) The, capacitive coupling impedance Zg (with units of Q/m) again derived from C; is also
independent of the size of the outer coaxial circuit (2) and, for practical values of ¢4, is
only slightly dependent on its permittivity:

Z.=22ZY,=227,joC, (8)

ZF ~ \/(ng ’ grz)/(grl + 5r2) (9)

Compared with Z;, Z¢ is usually negligible, except for open weave braids. It may, however, be
significant when Z,, and Z,; >> Z, (audio circuits).
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Injection cylinder-tube

+
E C) ircuit (1)
circui
U1n
]
li shield Zrek
1 1
-
circuit (2) U- -
@ o T
Zyp =0 Centre conductor
L<<2 IEC 3107/13
Key
See Figure 2.
Figure 3 — Equivalent circuit for the testing of Z;
Injection cylinder-tube
+
E, () circuit (1)
U
[] " Zyg= o0
Shield with apertures
circuit (2)
- _—=C;-L
A) Z,,=0 T sz =0
I
Centre conductor Yo L=jaCr-L
L<<M IEC 3108/13
Key
See Figure 2.
Figure'4 — Equivalent circuit for the testing of Y, = j oCt
Z1 Wwvbg,]
+
E, Ui, U, (x) Z,, 5, Uy Z, circuit (1)
v 4. v
b oo AW A
V4 JoRseoN [T
2 Uy, 5 () 2,5, Uy Z, circuit (2)
I—X> L
Uy, s L: arbitrary AN
IEC 3109/13
Key
See Figure 2.

NOTE Z; and C; are distributed (not correctly shown here). The loads Z4, Z, at the ends may represent matched
receivers.

Figure 5 — Electrical quantities in a set-up that is matched at both ends
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5.4 Injecting with arbitrary cross-sections

A coaxial outer circuit (2) has been assumed so far in this report, but it is not essential
because of the invariance of Z; and Zg. Using a wire in place of the outer cylinder, the
injection circuit (2) becomes two-wire with the return via the screen of the cable under test.
Obviously the charge and current distribution become non-uniform, but the results are
equivalent to coaxial injection, especially if two injection lines are used opposite to each

other, and may be justified for worst-case testing. Note that the IEC line injection test uses a
wire.

5.5 Reciprocity and symmetry

Assuming linear shield materials, the measured Z; and Zg values will not change iwhen
interchanging the injection circuit (1) and the measuring circuit (2). Each of\the two
conductors of the two-line circuit can be interchanged, but in practice the set-up ‘Will have to
take into account possible ground loops and coupling to the environment.

5.6 Arbitrary load conditions

When the circuit ends of Figure 3 and Figure 4 are not ideally a short\or open circuit, Z; and
Zg will act simultaneously. Their superposition is noticeable in the\low frequency coupling of
the matched circuit (1) and circuit (2) (see Figure 5 and Table 1).

6 Long cables — coupled transmission lines

The coupling over the whole length of the cable is obtained by summing up (integrating) the
infinitesimal coupling contributions along the cableswhile observing the correct phase. The
analysis utilizes the following assumptions and cenventions:

— matched circuits considered with the valtage waves U4, U,,,, Uy, see Figure 5,

— representation of the coupling, using the normalized wave amplitudes U/\/E[\/Watt],

instead of voltage waves. i.e. the coupling transfer function, in the following denoted by
"coupling function", will be defined as

T_gzn/\lzz T_g2f/VZ2
T >3 P = (11)
U, 1z u,1yz

The square of the_¢oupling transfer function, |T|2, is the ratio of the power waves travelling in
circuits (2) and (1). Due to reciprocity and assuming linear screen (shield) materials, T is
reciprocal,i:e. invariant with respect to the interchange of injection and measuring circuits (1)
and (2). The'quantity |1/T|2 or in logarithmic quantities

(10)

a, =—20xlog,|T| (12)

may be considered as the "screening attenuation" of the cable, specific to the set-up.

Performing the straight forward calculations of coupled transmission line theory, the coupling
function T, given in Table 1, is obtained. The term S{L~f} is the "summing function" S, being
dependent on L and f. (The wavy bracket just indicates that the product L-f is the argument

of the function S and not a factor to S). S represents the phase effect, when summing up the
infinitesimal couplings along the line, and is:
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. fL+

Sin
. BL
2

BL+=(B,+B) L (14)
PLE=(B,£p) L (15)
BLE=2nLf-(1/v,£1/v,) (16)

BLt=2rlf (e, +\e, )c (17)

subscript + refers to near/far end respectively; i.e. + indicates the near end”and - indicates
the far end;

+ refers to both near/far ends.

Note that weak coupling, i.e. T << 1, has been assumed. This caseyincluding losses, is given
in [1]2.

Equation (18) and the representation in Table 1 illustrateéctie contributions of the different
parameters to the coupling function T:

T, =(Z +Z;) == =SS, L-fe.6,) (18)

2 Figures in square brackets refer to the bibliography.
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Table 1 — The coupling transfer function T (coupling function)?

Set-up parameters °

(z,) Lo

N

n
f Z1 'Z2 f
\ / \ /
""" \/7TTTTTT \/
Intrinsic Cable parameters °
screen parameters Z,.L) &
\ / \ /
\/ \/
"Low-frequency coupling”, "HF-effect",
short cables ° cut-off  (Lf) Vo

X/

Length_+ frequency effect

a8 T?is the power coupling from circuit (1)-o circuit (2).

n

The stacked subscripts ; are associated to the stacked operation symbols * in

the obvious way: upper subscript — upper operation, lower subscript — lower
operation.

&4 and ¢, contained in S as parameters.

¢ forL<< A, S{Lf}—>1*

Note especially the followingoints.

a) There may be a directional effect (T,, = T;) in the whole frequency range if Zg is not
negligible. (But, Zg'is usually negligible except with loose, single braid shields.)

b) Up to a constant factor, T is the quantity directly measured in a set-up.

c) For low frequencies, i.e. for short cables (L << 4), the trivial coupling formula is obtained
that is directly proportional to L:

7-n :(ZF iZT)

L
5 (19)

1
ZIZ
where

Z1g =212

d) The summing function S{L-f} is presented in Figure 6.

e) S{L-f} has a sin(x)/x behaviour. A cut-off point may be defined as (L-f),:

c

L.f) =
( )c? ﬂ_‘\/gi\/g (20)

f) The exact envelope of S{L-f} is
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(21)

gy T e firstmmmimum (zero) of O{L~T} occurs at
(L ) f)min = TE(L ’ f)c (22)
h) As seen from Equations (13) and (21), below the cut-off points (L~f)cn is S{L-f} yh.and
f
above them it starts to oscillate and its envelope drops asymptotically 20 dB/decade,
(L ’ f)cn (23)
Env|s, {L-f}|~~ "/
f (L ’ f)

i) S is symmetrical in L and f, i.e. L and f are interchangeableFor a fixed length a cut-off
frequency f, and vice versa, for a fixed frequency a cut-0ff length L, may be defined.
Substituting ¢/, for f, we obtain the cut-off length as

L, = o
o [+ [0 (24)
: n grl T grz

j) The effect of S in the frequency range ([% = constant) is illustrated in Figure 8. The
coupling function is proportional to Z¢, only“if f < f,. Note also the typical values indicated
for f..

k) The minima and maxima of S are not‘resonances, they are due to cancelling and additive
effects of the coupling along the line:

I) The far end cut-off frequency.ls significantly influenced by the permittivity of the outer
system (g.4). Selecting & ', we obtain (L-f)y — o, i.e. no cut-off at the far end. Due
to practical aspects (tolerances, homogeneity, etc.), an ideal phase matching(gm zgrz) is
not feasible.

m) The effects of Zy.and Zg on the coupling transfer functions T, and T; are shown in
Figure 8.

n) The total effeet of L on the coupling is not contained in S alone, but in the product

L-S{L-f}. The product L-S is presented in Figure 12 for f = constant. The coupling

function_T which can be measured in a set-up is proportional to L if L < L,. However, for
appropriately long cables (L > L;), the maximum coupling is independent of L and we
obtain a length independent shielding attenuation above the cut-off point (L-f)c. But we

should remember that (L~f)C as well as Ag are still dependent on the set-up parameters
(6r1,24)-
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SA

Log scale

N %
Sn Sf

| h\m | =

(L'f)cn (L'f)min,n (L‘f)cf log; (L.f)cn
IEC 3110/13
Key

(Lf)en.§ cut-off point at near (n) respectively far (f) end

Sn,f summing function at the (n) respectively far (f) end

NOTE S > S|, above near end cut-off, yielding a directive effect.

Figure 6 — The summing function S{L-f}\for near and far end coupling

A

log,, ‘ZT‘

(slope is 20dB per decade)

-
!

f, f log,, (f)
IEC 3111/13
Key.
log;,lZ;| magnitude of the transfer impedance drawn on a logarithmic scale
log,,(f) frequency drawn on a logarithmic scale

fAv frequency of the intersection of the DC resistance of the screen and the 20dB slope at higher

frequencies

Figure 7 — Transfer impedance of a typical single braid screen

Figure 8 gives the result of adding (on a log scale) the frequency responses from Figure 6 and
Figure 7. It is assumed the cable has a negligible capacitive coupling impedance Zg (Zg<<Z7).
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A og,, ]

Env (T))

Env (T,)
Tn

| | | -

\ | | -

fr fcn fcf Iog10 (f)

IEC N3112/13

Key
Tot coupling transfer function at the (n) respectively far (f) end

Env(T, ;) envelope of the coupling transfer function at the (n) respectively far {(f) end

f

on.f cut-off frequency at the (n) respectively far (f) end

Example: ¢, = 1 (set-up), &, = 2,2 (cable), L =1 m; results in f = 40-MHz; f =200 MHz

Figure 8 — The effect of the summing-function on the coupling
transfer function of a typical single braid screen cable

-40 i I
T [dB]
-60
-80|—=
ThztdBk
| | |
110°  1.10° 110’ 110P 1
fi

IEC 3113/13

In-calcuiations the 1olfowing parameters are used.

Z71 (d.c.) =15 mQ/m and Zt (10 MHz) = 20 mQ/m increasing 20 dB/decade (see Figure 7), cable length 1 m, and
velocities of the outer and inner line: v4 = 200 Mm/s and v, = 280 Mm/s corresponding to a velocity difference of
40 %.

Figure 9 — Calculated coupling transfer functions
T, and T; for a single braid - Z =0
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T [dB]
TtztdBk
L
“'M'M
\\\ I '
TndBk ~, ’ “ |‘
-80 . —
TnztdBk
1.10° 1.1lo6 1 1|o7 1 12)B 1 1|05‘} “ 110"
f[Hz]

IEC 3114/13

T, is 3,5 dB higher and T, is 6 dB lower than in reference Figure 9 because

T ~Ze+ 2, | =15xZ; and

T ~Z-Z; 1 =05x2Z;
Figure 10 — Calculated coupling transfer functions T,, and T; for a single braid -
Im(Z;) is positive and Zg = +0,5 x\Im(Z;) at high frequencies
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TidBk

TfztdBk
-60|—

110° 1.10° 1107 1.1p8 1-1m9
fk

ThztdBk U
ThdBk

-80 —]
| | | ‘

1EC 3115/13

T is 3,5 dB higher and T_is 6 dB lower than in reference Figure 9 because
T~z -2, 1=15x 12, | and
T ~lz.+2,1=05x% |2 |

Figure 11 — Calculated coupling transfer functions T,, and T; for a single braid — Im(Z;)
is negative and Zy = -0,5 x'Im(Zy) at high frequencies

In Figure 9, Z¢ = 0 and Zy is positive:
In Figure 10 and Figure 11, Z is significant ( Zg = (1/2) xZ7).
In Figure 11, the imaginary part of Z; is negative at high frequencies.

The following notes-apply to Figure 9 to Figure 11.

NOTE 1 T, for hear-end, T, for far-end and dB means that T ; are calculated in dB (20 x log,, | T, ¢ |).

NOTE 2 7, dB: near-end when Z_=(1/2)xZ_ and T,

nzt dB: near-end when Z_ = 0.

NOTE'8" T,dB: far-end when Z_=(1/2)xZ_ and T, dB: far-end when Z = 0.
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A

logy, |L- S|

/r\ mm Env(L-Sf)

- Env (L-Sn )
f = constant

| | -
! 1 o

Len Y log,, (f)
IEC 3116/13

NOTE 1 For L > L, the maximum value of T is attained, i.e. the maximum coupling. (or the screening attenuation)
is not dependent on L.

NOTE 2 L strongly depends on £ ;.

NOTE 3 See also Table 1 and list item n)

Figure 12 — [ -S: the complete length dependeéent factor in the coupling function T

7 Transfer impedance of a braided wire-outer conductor or screen

Typical transfer impedances of cables with braided wire screens are shown in Figure 13. The
constant Z; value at the low-frequency-end is equal to the DC resistance of the screen, the
20 dB per decade rise at the high-frequency end is due to the inductive coupling through the
screen and the dip at the middlefrequencies is caused by eddy currents or skin effect of the
braid. Some braided cables may behave anomalously having less than a 20 dB per decade
rise at high frequencies. By Using an extrapolation of 20 dB per decade we are in most cases
on the conservative side. This extrapolation can be used up to several GHz.
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20 dB/dec.
A

sb sbo,
Log scale

21|

Ss

| : -
‘ —
fi log; (f)

IEC B117/13

Key

f: typically 1....10 MHz
sb: single braid

sbo: single braid optimized
sba: single braid 'anomalous’
db: double braid

SS. superscreen

Figure 13 — Transfer.impedance of typical cables

An electrically short piece of braided ¢oaxial cable (2) is considered to be placed in a triaxial
arrangement as in Figure 2.

It is assumed that the outer circuit (1) is the disturbing one. As stated, a braided cable has a
transfer impedance Z; that.increases proportionally to frequency at high frequencies, because
of the leakage of the magnetic field through holes in the braid.

The total flux of the magnetic field induced by the disturbing current /, is @,. A part of it, @’,
leaks directly through the holes and includes a disturbing voltage U% in the inner circuit.
However, a part @7, of @, flows in the braid and complicates the mechanism of the total
magnetic leakage by the following additional phenomenon.

The braiding wires alternate between the outer and inner layer. It means that the inner and
outer, braid wires are likewise ingredients of both the inner (2) and outer (1) circuit of Figure
14
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Figure 14 — Magnetic coupling in the braid —
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Figure 15 — Magnetic coupling. in'the braid —
Left-hand lay contribution
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IEC 3120/13

Figure 16 — Magnetic coupling in the braid —
Right-hand lay contribution

Therefore it is necessary and unavoidable that @ 7, is partly also in the inner circuit (see
Figure 14). Beth- the left hand (Ih) (see Figure 15) and right hand (rh) lay (see Figure 16) of
the braiding\wires bring into the inner circuit (2) an equal disturbing voltage U 7, induced by
@ "4, 1 2( he voltages are in parallel:

U”I’h = U”|h = U”z = %ja)@”12 (25)

This phenomenon is similar to the "magnetic part" of the coupling through a homogeneous
screen.

The two induced disturbing voltages oppose each other.



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

- 28— IEC TS 62153-4-1:2014+AMD1:2020 CSV

© IEC 2020
Im Z;
+30 T mQ
m
4
201 UNDERBRAIDED
2 Tf/MHz
101 B
04 Re Z;
1 | | | | mQ
30  -20  -10 420 430

OPTIMIZED

OVERBRAIDED

f/MHz/

-60 +

701
IEC 3121/13

Figure 17 — Complex plane, Z; = Re Z; + j Im Z1, frequency f as parameter
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Figure 18 — Magnitude (amplitude), | Z; (f) |
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In Figure 17 and Figure 18, the d.c., resistance Zt (d.c.), is set to the value of 10 mQ/m.

| |
IEC 3123/13

Figure 19a — Overbraided cable

| |
IEC 3124/13

Figure 19b — Underbraided cable
Top trace: Injection step eurrent (100 mA/div)
Time base: 50 ns/diy
Amplifier gain: 30 dB, therefore Z; (time) = 12,5 mQ/m/div
Lower trace: /Fhe height of the spike corresponds to
a) - Z; (3 MHz) = -4,7 x 12,5 mQ/m = -59 mQ/m;
b) — ZR3'MHz) = +4 x 12,5 mQ/m = +50 mQ/m.

Figure 19 — Typical Z; (time) step response of an overbraided and underbraided
single braided outer conductor of a coaxial cable

be described by mutual inductances:

Mr — 1’2
S (26)
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2 jol,

Clearly it is possible to make braided-wire screens where either M’;, or M”;, are dominant or

where fhny canceleach other Tharnfnra, ||nr1arhr:xirinri, overbraided or npfimi7nr| braids may

be considered. Figure 17 shows measured transfer impedances in the complex plane of such
screens and the main transfer impedance components of a braided screen can be observed.
From the optimized case, it can be concluded that at low frequencies the braid behaves
approximately as a homogeneous tubular screen. The same can be concluded from Figure)48
where the transfer impedance amplitudes are shown as a function of frequency, but from it
cannot be seen directly if the screen is underbraided or overbraided.

The transfer impedance of a braided wire screen consists of the followingithree main
components (mentioned above).

a) At low and medium frequencies, the tubular screen coupling behaviour (Zy,,) varies with
eddy currents and decreasing Z. In [2] it is stated that a good approximation for Z¢,, is a
tubular homogeneous screen [3] with the thickness of one wire diameter and the same
d.c. resistance as the braid.

b) The mutual inductance M’,, is related to direct leakage of the magnetic flux @7 ,.

c) The mutual inductance M”, (negative) is related to the(magnetic flux @7, in the braid.

By adding these components, a good approximation is’ebtained for the transfer impedance Z;
of a braided wire screen:

Ze=Zi +j oMY - M"y,) (28)

and the first approximation of the equivalent circuit is shown in Figure 20a.

l Zy, M, My, Iy
1 .
| S |
—_— —_— -— T U
Uy, Uy U 2

Uy = Uppp + U - U
IEC 3125/13

Figure 20a — Contributions to the transfer impedance

I, Ly-(Myy-M"yp) Zyq-Zyy,
. ~NY YL —
| | M)
U1Y | {Q—I— My, -M" z M
; 12-M", Th
1

Zap = Z1h @ I Uy
1

—_
IEC 3126/13

Figure 20b — Significant elements of circuits (1) and (2)

Figure 20 — Z; equivalent circuits of a braided wire screen

A more complete equivalent circuit where the through capacitance C; and surface
impedances Zg of the braided cable are incorporated is shown in Figure 20b. L, and L, are
the (external) inductances of the outer and inner circuit.
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Many attempts have been made to calculate the transfer impedance of a braided coaxial
cable. Most of the literature ([2], [4], [5]) have concentrated on models of braided screens and
calculation of direct leakage of the magnetic field induced by /4, and of M’,,. Satisfactory
results have been achieved.

There exists very little literature ([6], [7]) on M 74, but the matter has been studied by experts

of stardardizatiombodiesEspeciatty thecatcutatiomrand-stabitity of M55 trave beemrstownto
be very problematic because of so many uncertain and unstable parameters, e.g. the
resistance of the crossover points of the wires, which have an effect on the magnetic field
distribution in the braid. Also the pressure of the jacket has an effect on the small space
between the right hand lay and left-hand lay of the braided wires. Not to mention the number
of wire ends per carrier and the braid angle and the tightness and optical coveragerof’the
braid.

After understanding the magnetic coupling mechanisms, it is not surprising that\the transfer
impedances of braided wire screens vary considerably and are unstable for :imany braid and
cable constructions whether or not they are optimized. It is also clear that a"perforated tube
cannot be used as a model for a braided screen.

It is clear that a loose highly optimized braid can have a very unstable Z; during bending,
twisting and/or pressing. An overbraided screen with a high, filing factor or optical cover
normally has a (pure) negative transfer impedance at high frequencies because of a large
M ” 5 coupling through the mutual "space" between the deftr and right lays of the braid in
comparison with a small leakage through the braid M.,5. Pressure on the jacket would
improve the screening performance by diminishing the‘mutual "space" and decrease the Zg.

The manufacture of a good stable optimized cable“requires the control of braid parameters
such as:

— braid angle, tension (and lubricant) of the strands;

— number of strand in a spindle;

— wire diameter;

— plating;

— pressure of the jacket on the braid in manufacturing.

8 Test possibilities

8.1 General

A number of fest procedures are used to test cables for their screening properties, some of
which will be*found in IEC standards. Each procedure has benefits for some users which for
historical_reasons may not be widely appreciated. Table 2 summarizes the test procedures
available; some of which will be discussed here, with special reference to their applicability to
cables, cable assemblies and connectors.

8.2 Measuring the transfer impedance of coaxial cables

Al tacte lictad in Tahla 2 can ha 11cad an caavial cahlac hut if 0 cinala tact 1o naadad ta cavar
AHtOStSHSte e HH—aBte—=—6caHBEeu58 6060 iar-6ab 8 5o tt—HaSHgre 8 st151He8 e a8a+0-60Vey

frequencies above and below 100 MHz, tests 1, 4, 7, 9 and 10 can be dismissed. Of the
others, those with 's' under 'grouping' (column 3) have better intrinsic isolation between
measuring and injection circuits, while in those with 'o' under grouping the injection circuit is
unscreened. The difference is the line interchange referred to in 4.5 above. One benefit of an
unscreened injection line is that better access may be obtained for inspection of the cable
under test, which may be useful if the sample is in any way flawed. The two test methods with
unscreened injection lines are test 3 and test 8. The latter, with its wide frequency coverage is
recommended for future testing.
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8.3 Measuring the transfer impedance of cable assemblies

Even with a restricted frequency range, many of the tests listed in Table 2 are not suited to
tests on cable assemblies. Tests 1, 4, and 6 are unsuitable because an electrically short
sample may be needed to achieve the upper frequencies, while test 10 is still limited to
frequencies above 100 MHz. Tests with screened injection wires (test 2 and test5) are
difficult to set up due to the varying cross section of the assembly, a difficulty which also

applies to test 3. Such objections leave tests 7, 8 and 9. To set against its low (effective)
upper frequency limit, with test 7 it is easy to distinguish between connector and cable
contributions, so it is ideal in a diagnostic role. Test 9 works only above 30 MHz, which may.
be restrictive. Test 8 will require several measurements on each sample, as it is unreasonable
to assume that a cable assembly has circular symmetry.

It is only fair to state that in any frequency domain test on cable assemblies where signal
phase is not recorded, a test is only valid if the sample length is not varied (tests\carried out
on a sample of one length cannot be used to assess a sample of another length-— whether it
be longer or shorter). Of the transfer impedance tests being discussed, only test 7 can be
used in this way.

Multi-conductor cable assemblies are more complex, because the 'core' cannot be considered
to be coaxial. A test for such cable assemblies has not yet been addressed.

8.4 Measuring the transfer impedance of connectors

In principle, all the tests in Table 2 can be used on coaxiat)connectors.

As with tests on cable assemblies, there is much<benefit to be gained from using a test with
an unscreened injection circuit, though other tests will remain in the standard, because they
have become accepted. If it is possible to distinguish the screening of a connector from that
of the attached cable, this will considerably-ease the test procedure.

Multi-pin connectors are far more numerous and varied than coaxial connectors. However,
non-circular connectors cannot be tested by the means implied by the test procedures of
Table 2, though by suitable variation test 7 and test 10 would become appropriate. This
problem is under study.

NOTE These methods give onlylan outline for measurement of symmetrical multicore cables, multipin connectors
and cable assemblies made with these components.
The problems to be addressed come from the fact that:

a) a connector is electrically short, while the parameters of a cable are distributed, and it may be electrically
long;

b) multi-core_¢ables rarely have circular symmetry. This applies both physically and to the signal paths on their
conductors)

c) most multi-pin connectors have no circular symmetry; nor are they equally spaced from other conductors,
whieh  might couple to them;

d)economics will dictate that a cable assembly test should apply to other assemblies using the same
components, even though of differing overall length.

8.5 Calculated maximum screening level

It is important to know the exact theoretical limitation of the test equipment. By knowing the
limitations, it is possible to calculate the maximum measurable screening effectiveness. This
should be calculated to check the strengths and weaknesses of the test setup or even to
optimize the test setup.

The following test equipment specifications are required for the calculation:

e minimum input (noise floor);

e maximum input;
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e amplification/attenuation;

e maximum output.

Figure 21 gives a comparison of the different signal levels in a generic test setup. The
maximum screening is the difference between the maximum obtainable input signal to the
DUT and the minimum detectable signal from the DUT, in this case 131 dB. The noise floor

LALL £

:UVG: \IVI_} Ul thc IIIUGDUI;IIH DyDtUIII |||uct bU :UVV cnuuyh tU a”uvv thc IIIUGOUIGIIIGIIt. :II th;a
case, lower than —122 dBm. Measurements at the noise floor result in a maximum error of
3 dB. When measured 6 dB above the noise floor, the error is only about 1 dB.

The triaxial tube column is divided in two to show both the loss in the tube and the actual
maximum screening.

Analyzer
output
+25dB

50-75Q Triaxial Amplifier Analyzer:

li .
Splitter converter tube input

+30dBm
+20dBm
: +9dB +10dBm

0dBm
-10dBm
-20dBm
-30dBm
-40dBm
-50dBm
-60dBm
-70dBm
-80dBm
-90dBm

[ ——6dB

Max.screening= 131dB

+30cy -100dBm
!Kndsm i

IEC 3127/13

Figure 21 — Comparison of signal levels in a generic test setup

Taking Mmto consideration the nolse level of T HZ bandwidtih at room temperature bemng —
173 dBm, (increase 10 x log(bandwidth) dB) and adding the noise figure of the amplifier, we
get the theoretical noise level of the test setup. Assuming that the amplifier in the Figure 21
example has a noise figure of 11 dB, we can then calculate that the bandwidth (Af) of the
network analyzer shall be smaller than 10 kHz.

This can be expressed as a general formula:
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NL = (=173 + F +10 x log4q Af) (29)
where
NL is the noise floor level of receiving side of the measuring system in dBm;
F is the noise figure of the pre amplifier in dB;

Af is the bandwidth of the receiver in Hz.
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9 Comparison of the frequency response of different triaxial test set-ups to
measure the transfer impedance of cable screens

9.1 General

Different triaxial test set ups for the measurement of the transfer impodanr\o exist as

described in EN 50289-1-6 and the IEC 62153-4 series. All of them are based on the same
principle but are using different load conditions. In one method for example the cable under,
test is matched, while in the other the cable is short circuited at the far end. Furthermore,
generator and receiver may be interchanged in the different set-ups. The following
investigation analyses the frequency response of the different set-ups and their influencé on
the cut-off frequency up to which the transfer impedance could be measured.

9.2 Physical basics
9.21 Triaxial set-up
9.2.1.1 General

The triaxial set-up is of the “triple coaxial” form, see Figure 22 and)Figure 23. A short length
of the screen under test forms both, the inner conductor of the outer system and at the same
time the outer conductor of the inner system. The coupling between the two coaxial systems
is caused by the transfer impedance and the capacitive eoupling admittance of the screen.
The matching circuit, load resistor and series resistor are _used to change the load conditions
of the set-up. Also the generator and receiver may be~-interchanged between the different
methods.

5 6
4 L ; 8
9
|
LSS LS LSS S S LSS S LSS, 7
Ui I / I\ LR ///
f%/ | & XX XX i _X — S—l b Uz
o —7! ==\l
1 YA AL S LSS S L S LSS S LSS S, A 2

Key
Cable screen

Tube

4, Signal generator

Calibrated receiver or network analyzer

Matching circuit Terminating resistor

© oo N O

Cable under test Series resistor

Cable sheath

a b N

Figure 22 — Triaxial set-up for the measurement of the transfer impedance Z;
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Key
1 inner circuit, cable
2 outer circuit, tube
3 screen
2112 characteristic impedance of the inner circuit, cable, respectivelyouter circuit, tube
&9 dielectric permittivity of the inner circuit, cable, respectiyely outer circuit, tube
/3112 phase constant of the inner circuit, cable, respectivelyouter circuit, tube
L coupling length
Z; transfer impedance
Y: capacitive coupling admittance
Rin load resistance at the near end of the.inper circuit, cable. Equal to the output impedance of the generator
respectively input impedance of the_ receiver including an eventually used feeding resistor
Ry load resistance at the far end ofithe inner circuit, cable. Depending on the used method either equal to
the characteristic impedance of the cable or a short circuit.
Rys load resistance at the farend of the outer circuit, tube. Equal to the output impedance of the generator
respectively input impedance of the receiver including an eventually used feeding resistor
Ug EMF of the generator
Uy voltage at the far-end of the outer circuit

Figure 23 — Equivalent circuit of the triaxial set-up

9.2.1.2 Load conditions of the different set-ups

EN 50289-1-6 is using a method, where the cable under test and the far end of the secondary
circliit are matched. The signal is fed to the cable under test and the disturbing voltage is
measured at the far end of the outer circuit. A simplified method is to neglect the matching
resistor at the far end of the outer circuit, which results in a higher dynamic range.

IEC 61196-1 describes two methods:

Method 1: Feeding through a resistance, where the signal is fed via a resistance into the outer
circuit and the disturbing voltage is measured at the far end of the cable under test.

Method 2: Direct feeding, where the signal power is fed directly into the outer circuit and the
disturbing voltage is measured at the far end of the cable under test.



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV -39 —
© IEC 2020

With the revision of IEC 61196-1, the standard IEC 62153-4-3 has been published which also
describes several methods:

Method A “Matched-Short” is equal to EN 50289-1-6.

Method B “Short-Short” is the double short circuited method, where the load resistance of the

cable IS replaced by a Short circult, thus having two snort cifcuits in the set-up. One 1s at the
near end of the outer circuit (between the cable screen and the tube) and the other is at the
far end of the cable. The advantage of this method is the simplification of the sample
preparation. A short circuit is easier to make than to solder a resistor, especially if the sample
is a multi-conductor cable. Furthermore, the measurement sensitivity is improved. Compared
to the “matched-short” method, the dynamic range is improved by about 16 dB. In the milked
on braid” method, an additional braid, the measuring braid, is pulled over the cable sheath
instead of using the measuring tube. The advantage is that the sample could be bhent under
test, however the preparation is more laborious than with the measuring tube.

The load conditions of the different methods are given in Table 3. The impédance of the outer
circuit, Z, is varying with the diameter of the screen under test. Using the’measuring tube Z,
is in general higher, and in the “milked on braid” method Z, is lower, than’the input impedance
of the receiver.

Table 3 — Load conditions of the different'set-ups

Method Generator | Receiver ‘ R,./Z, | R,/Z, ‘ Z,/Ry;
EN 50289-1-6
Standard IC ocC 1 1 0,71
1...5
simplified IC ocC 1 1
depending on the tube diameter
IEC 61196-1
Method 1:
ocC IC 1 1 0,71
feeding through a resistance
Method 2: 1...5
<N IC 1 1 depending on the tube diameter

direct feeding

IEC 62153-4-3 Double short circuit methods

1...5
HEL e ocC IC 1 0 depending on tube diameter
0,1...0,4
With milked on braid IC ocC 1* 0 depending on screen and sheath
diameter of the cable
IC:  inngr circuit (cable under test)

OC: _outer circuit (tube)

* only if the cable impedance is equal to the generator impedance. For other cable impedances, the value
may vary, e.g. 0,67 for cables with an impedance of 75 Q.

——9:2:2———Coupting equations

The equations for the coupling between the inner circuit and outer circuit for any load
conditions are described in [18] and [19]. By taking into account the short circuit at the near
end of the outer circuit (between the cable screen and the measuring tube), neglecting the
attenuation of the disturbing and disturbed line, assuming non ferromagnetic materials and
introducing further variables, the following equations are defined.
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is the characteristic impedance of the inner circuit (cable) respectively outer
circuit (tube);

is the dielectric permittivity of the inner circuit (cable) respectively outer circuit
(tube);

is the phase«constant of the inner circuit (cable) respectively outer circuit (tube);
is the wave length in the inner circuit (cable) respectively outer circuit (tube);

is the‘coupling length;

is-the transfer impedance;

is the capacitive coupling admittance;

is the load resistance at the near end of the inner circuit (cable). Equal to the
output impedance of the generator respectively input impedance of the receiver
including an eventually used feeding resistor;

load resistance at the far end of the inner circuit (cable). Depending on the used
method either equal to the characteristic impedance of the cable or a short circuit.

The factors g and h (see Equations (31) and (32)) describe the frequency response of the test
set-up. At low frequencies, when A>>L, the factors g and h are equal to 1. However, with
increasing frequency, the factors g and h start to oscillate and thus also the measurement
results. The maximum frequency to which the transfer impedance could be measured without
oscillations, caused by the set-up, is defined as the 3 dB deviation from the linear
interpolation of the measurement results. Or in other words, the maximum frequency is
reached when the factor g respectively h becomes >V2 respectively <1/72.
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9.3 Simulations
9.3.1 General

For the following investigations, simulations have been chosen rather than a pure
mathematical solution because they are easier to grasp and clearly illustrate the differences in
the set-ups given in Table 4. In general, the capacitive coupling can be neglected compared

to the magnetic coupling (Zg<<Z7). i.e. the cut-off frequency is mainly determined by the
frequency behaviour of the factor g. Thus the following simulations are limited to the factor g.

Due to the reciprocity of the materials, it is possible to interchange the generator and receiver
without changing the results. Thus the standard EN 50289-1-6 method gives the same results
as IEC 61196-1, method 1: “feeding through a resistance” and the simplified EN 50289-1-6
method gives the same results as IEC 61196-1, method 2: “direct feeding”.

Table 4 — Parameters of the different set-ups

Method | w=R,jz, | =R, JZ, | v=Z,IR,, n=Ns,a,,
EN 50289-1-6, IEC 62153-4-3 method A
Standard 1 1 0,71
1...5 0,66 (0,45)...0,91
Simplified 1 1
depending on the|tube diameter
IEC 61196-1
Method 1:
1 1 0,71
feeding through a resistance
0,66 (0,45)...0,91
Method 2: 1...5
1 1
direct feeding depending on the tube diameter

IEC 62153-4-3 Double short circuit methods

1...5
With tube 18 0 0,66 (0,45)...0,91
depending on tube diameter
0.1...0,4
i i i a
With milked on braid 1 0 depending on screen and sheath 1,02...2,0

diameter of the cable

a  only if the cable impedange is equal to the generator impedance. For other cable impedances, the value may
vary, e.g. 0,67 for cables with an impedance of 75 Q.

In the tube .methods, the factor n is given by the dielectric permittivity of the cable (inner
circuit) as(the dielectric permittivity of the outer circuit is nearly independent on the sheath
materialland can be assumed to be 1. However, in the “milked on braid method”, the factor n
is dependent on both the dielectric permittivity of the cable insulation and the sheath, as the
“‘measuring braid” is directly put on the sheath of the sample. The values for the factor n are
given for typical insulation materials (PE, foam PE, PTFE ...). The values in brackets are
given for an insulation material of PVC, which may be used in multi-pair/conductor cables. For
the “milked on braid” method, typical combinations of insulation and sheath materials
(DIZ/D\/(“’ PE/| Q7|—|, PTEE/FEP ) are taken into Qr‘("ﬁllhfy rnclllfing inavalue n 1

9.3.2 Simulation of the standard and simplified methods according to EN 50289-1-6,
IEC 61196-1 (method 1 and 2) and IEC 62153-4-3 (method A)

In EN 50289-1-6, IEC 61196-1 method 1: “feeding through a resistance” and IEC 62153-4-3
method A: “Matched-Short”, the factor v=Z,/R, is specified at 1/2. The following simulations
show that this factor is a good compromise with respect to the maximum frequency to which
the transfer impedance could be measured.
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Figure 24 — Simulation of the frequency response for g
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Figure 25 — Simulation of the frequency response for g
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Figure 26 — Simulation of the frequency response for g
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Figure 27 — Simulation of the frequency response for g

The highest frequencies (respectively shortest wavelengths) are obtained if the factor v=1/v2
respectively v=n, whichever is smaller. In Figure 24 and Figure 27, the highest frequency is
obtained for v=n (=0,659 respectively 0,447). But in Figure 25 and Figure 26, the highest
frequency is obtained for v=1/42=0,71. Below that value, the factor g overshoots, i.e.

becomes higher than one. Above that value, the cut-off frequency is decreasing.
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Figure 28 gives the calculated, by iteration, 3 dB cut-off wavelength (L/14) at which the factor
|g| becomes 1/v2. The graph is given as a function of the factor n=\/gr2/\/gr1 and for different
factors v=Z,/R,;. The curves show a linear behaviour and could be interpolated by straight
line.

This has been done in Figure 29 for v=1/2, v=1, v=1,8 and v=3,6. The factor v=1/32

a resistance” and IEC 62153-4-3 method A “Matched-Short”. The other values of the factor v
correspond to the simplified set-up, i.e. direct feeding. For common diameters of the
measuring tube (around 40 mm) and common cable screen diameter (2 mm to 9 mm), the
impedance in the outer circuit is 90 Q to 180 Q and v=1,8...3,6.

y (3dB) as a function of n and v
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e
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0 |
04 0,5 0,6 0% 0,3 0,9 1

n = lambda™, flambda 2 IEC 3134/13
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Coloured lines correspond to indicated factors of\w=2,/R,;.

Figure 28 — Simulation of the 3 dB cut off wavelength (L/4,)

The graphs for v=0,5 and v=0,66 are only given for n up to 0,5 respectively 0,66 because
otherwise the factor g overshoots as described above.
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Figure 29 — Interpolation of the simulated 3 dB cut off wavelength (L/1,)
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The linear interpolation equation is used to derive an equation to calculate the cut-off
frequency length product up to which the transfer impedance could be measured in a given
triaxial test set-up.

Table 5 — Cut-off frequency length product

TFrietat-testset-up ¥ Cut-offequation
EN 50289-1-6
“ . . 200 120
IEC 61196-1 method 1 “feeding through a resistance v=1/2 (fL)z 4 = -~ |*MHz-m
& &
IEC 62153-4-3 method A “matched-short” r "
v=1 (FL)yg ~| 22 - 80 | o
& &
L r1 |'1d
v=1,8 (fL)s4g = 80 158 | MHz-m
€ &
Simplified EN 50289-1-6 LN
IEC 61196-1 method 2 “direct feeding” r 7]
v=3 (f-L),\s = 0 _3% | MHz-m
& &
LVTrt
v=3,6 (fL)s s = 40 _30 | MHz.m
& &
LVTr ]
The equations given in Table 5 are drawn in the~graphs of Figure 30.
cut-off frequency length product as a function of epsrand v
90
80 —0,71
—1,00 | |
70 1,80 |_|
—3,00
60 3,60 | |
—_—
—__‘—_—‘———'———h
£ 40
30
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o
o 1 2 3 4 5 6

dielectric contant of the inner circuit (cable)
IEC 3136/13

Key

COIOUTeU Tes COrTespunia to maitdicu TdUlurs Ul V—L2Iﬁ2f.

Figure 30 — 3 dB cut-off frequency length product as a function
of the dielectric permittivity of the inner circuit (cable)

For example, if a cable with a PE insulation — dielectric permittivity of, &4 = 2,3, and a screen
diameter of 3,5 mm is measured in a triaxial set-up according to EN 50289-1-6 or IEC 61196-
1 method 1 “feeding through a resistance” with v=0,71, then the cut-off frequency length
product is about 80 MHz-m. Therefore for a coupling length of 0,5 m, the maximum frequency
to which the transfer impedance could be measured is around 160 MHz.
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If the same cable is measured in a triaxial set-up according to IEC 61196-1 method 2 “direct
feeding” or the simplified set-up according to EN 50289-1-6 where v=3, then the cut-off
frequency length product is about 18 MHz-m. For a coupling length of 0,5 m, the maximum
frequency to which the transfer impedance could be measured is around 36 MHz.

Figure 31 and Figure 32 show the measurement results of the normalised voltage drop — i.e.

tha attanuiation ~canicad hy tha cariac racictar hac hoaon talcan 1Nt aco~int m-tha triavial cat
tHe—atteHoatror Dyt oS oo oTeototor—at cecrtakerrit Tt et Xrat—Sot

TTorootTo y L=~ T oo Too

up for different factors of v. Both figures show the results of the same screen design, however
one with a solid PE insulation (&4=2,3), the other with a foam PE insulation (&4=1,6). The
measurement results confirm the simulations. From the equations given in Table 5 one
obtains cut-off frequency length products for v=3 of about 18 MHz-m and for v=1 of about
55 MHz-m for both the solid PE and the foam PE. This is also found from the measurement
results.

~-48
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Indicated lines correspond to factors of, v=2,/R,
Measurement set-up parameters
£r1 £r2 n 2 L
2,3 (PE) 1,0 0,659 130 Q 1m

Figure-31 — Measurement result of the normalised voltage drop
of a single braid screen on a solid PE dielectric in the triaxial set-up
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Figure 32 — Measurement result of the normalised voltage drop
of a single braid screen on a foam PE djelectric in the triaxial set-up

9.3.3 Simulation of the double short circuited methods
9.3.3.1 General

For the double short circuited methods, one has either a measuring tube or a “milked on
braid”. When using a measuring tube, the dielectric permittivity of the outer circuit (tube) is
nearly independent on the sheath material and could be assumed to be 1. However in the
“‘milked on braid” method, theldielectric permittivity is given by the sheath material. Thus the
factor n is different for bothimethods. Also the impedance of the outer circuit is different for
both methods, first due to.the different dimensions, second due to the different permittivities.

9.3.3.2 Simulation of the double short circuited method using a measuring tube

The double short circuited method using a measuring tube is shown in Figure 33. The outer
circuit is fedtover a fixed — i.e. the same value for all cable types — feeding resistor, the value
of which~is/equal to the output impedance of the generator (e.g. 50 Q). Thus the load
impedance of the outer circuit at the far end is equal to 2 times the output impedance of the
generator. The factor v is then only dependent on the diameters of the screen and of the
measuring tube.
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Figure 33 — Triaxial set-up (measuring tube),.double short circuited method

Table 6 — Typical values for the factor v, for an inner tube diameter
of 40 mm and a generator output impedance of 50 Q

Screen diameter Z, v=Z,IR,
mm Q
9 89 0,89
8 97 0,97
5 125 1,25
3,5 146 1,46
2 180 1,80

Those values have’ been used in the following simulations. The graphs in Figure 34 to Figure
37 show the simulated frequency response for different dielectric permittivities of the cable
and for the-different factors of v given in Table 6.

Figure.38 plots the results of calculation by iteration for the 3 dB cut-off wavelength (L/14) at
whishthe factor |g| becomes 1/v2. The curves have then been interpolated by straight lines.
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Figure 34 — Simulation of the frequency response for g of a cable having

solid PE dielectric((g,4=2,3)

double short circuit method with a measuring tube
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Figure 35 — Simulation of the frequency response for g of a cable having

foamed PE dielectric (g,4=1,6)
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Figure 36 — Simulation of the frequency response for g of a cable having

foamed PE dielectric-(g,4=1,3)

double short circuit method with a measuring tube
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Figure 37 — Simulation of the frequency response for g of a cable having

PVC dielectric (g.4=5)
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Figure 38 — Interpolation of the simulated 3 dB cut 6ff-wavelength (L/1,)

From the found linear interpolation, one can derivate following equations to calculate the cut-
off frequency length product, to which the transfer itnpédance could be measured in the
“double short circuit” triaxial set-up using a measuring tube.

Table 7 — Cut-off frequency length product

v=0,89 (FL)y g ~| -2 | MHz -m
\/gr‘l r
70 25
v=0,97 (f-L)3 . . -MHz-m
gr1 r
68 32
v=1;25 (f-L)y4g = =—=—— |MHz:m
Er1 r1
65 35
v=1,46 (f-L)y g =| =—=-—|MHzm
L Ver1 r1
60 35
v=1,80 (f-L)3 . T -MHz-m
€ ot

The equations given in Table 7 are plotted in the graphs of Figure 39. For example, if a cable
with a PE insulation — dielectric permittivity of £4=2,3 — is measured in a triaxial set-up with
v=1,46 (screen diameter=3,5 mm, tube diameter=40 mm), then the cut-off frequency length
product is about 27 MHz-m.: i.e. for a coupling length of 0,5 m, the maximum frequency to
which the transfer impedance could be measured is around 60 MHz. If the same cable is
measured in a triaxial set-up according to IEC 61196-1 method 2 “direct feeding” or the
simplified set-up according to EN 50289-1-6 where v=3, then the cut-off frequency length
product is about 18 MHz'm: i.e. for a coupling length of 0,5 m, the maximum frequency to
which the transfer impedance could be measured is around 36 MHz. That is to say, that the
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double short circuit method (using a measuring tube) facilitates the sample preparation, has a
6 dB higher dynamic range and also allows to measure the transfer impedance up to higher
frequencies, compared to the simplified EN 50289-1-6 or IEC 61196-1 method 2 “direct
feeding”.

cut-off frequency length product as a function of epsr and v
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%5 —1.46| |
1.80
@ 30
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15
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5
0
1] 1 2 3 4 5 6
1,80

Dielectric constant of the inner circuit (cable)
IEC 3145/13

Key

Coloured lines correspond to indicated factors of v=Z2,/R,;.

Figure 39 — 3 dB cut-off frequency length product as a function
of the dielectric permittivity of the inner circuit (cable)

9.3.3.3 Simulation of the double short-circuited method using a “milked on braid”

In the “milked on braid” method, a measuring braid is used instead of a measuring tube. The
measuring braid is put directly over¢he' sheath of the sample. Thus the dielectric permittivity
of the outer circuit is given by the, dielectric permittivity of the sheath (g,=2...5), and the
impedance of the outer circuit is\given by the dielectric constant and the diameter over the
sheath of the sample.

In this method, the innereircuit is fed over a 10 dB attenuation pad instead of a 50 Q feeding
resistor while using a measuring tube. However, using a 10 dB attenuation pad instead of a
feeding resistor doesn't affect the cut-off frequency, as described below.

For cable screen diameters between 1 mm to 10 mm, sheath thickness between 0,2 mm to
1 mm and gy between 2 and 5, the impedance in the outer circuit is between 5 Q and 20 Q,
i.e. v between 0,1 and 0,4.

A cleser look on the coupling equations (Equation (30) to Equation (38)) shows that for small
values of the factor v and at low frequencies, the frequency response of the test set-up (factor
g) becomes nearly independent of it. The worst case with respect to the 3 dB cut-off is
reached if v=0. This is drawn out in the equations below and in Figure 40. Thus, in the

following the simulations are daone for v=0
o B

j-sinx

N =<cos x +
r+w

~[1+r-w]}~{cosnx+j-v~sinnx} (39)

for small values of v, i.e. v<<1 and low frequencies, i.e. x<<1 one gets
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j-sinx i . (40)
N ={cos x +1 Jrer-w b {e™ —j-(1-v sinnx) |
r+w
j-sinx i .
~{cos x +? Jrerow]b-fer™ -}
r+w
double short circuit method with a milked on braid
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Coloured lines correspond to indicated factors of v=Z2,/R,;.
Simulation parameters
€q £n n
2,3 (PE) 5 (PVC) 1,474

Figure 40 — Simulation of the frequency response for g

Taking into account typical combinations of insulation and sheath materials (PE/PVC,
PE/LSZH, PTFE/FEP...), one gets values for the factor n between 1,02 and 2. Those values in

Table 8 have been used for the iteration of the 3 dB cut-off wavelength (L/14) shown in

Figure 41.

Table 8 — Material combinations and the factor n

411 42 n=\l€r2/\/gr1
5 (PVC) 1,47
2,3 (PE)

3 (LSZH) 1,14
5 (PVC) 1,77

1,6 (foam PE)
3 (LSZH) 1,37
5 (PVC) 1,96

1,3 (foam PE)
3 (LSZH) 1,52
2,0 (PTFE) 2,1 (FEP) 1,02
1,3 (expanded PTFE) 2,1 (FEP) 1,27
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Figure 41 — Interpolation of the simulated 3 dB cut off wavelength (L/1,)

From the interpolation, one can derive following equatiop-given in Table 9 for the 3 dB cut-off
frequency length product. The equation in Table 9 is plotted in Figure 42.

Table 9 — Cut-off frequency length product

—1,204
v<<t (fD); 5 ~ [50”’} “MHz - m

V‘Sr]

cut-off frequency length product as a function of epsr and n
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Coloured lines correspond to indicated factors of n=\/gr2/\/gr1, for v=22/R2f <<1.

Figure 42 — 3 dB cut-off frequency length product as a function of the dielectric

permittivity of the inner circuit (cable)

For example, a cable with PE insulation and PVC sheath (n=1,47) with the dimensions of a
RG 58 (screen diameter around 3,5 mm) measured with the “milked on braid” method results
in a cut-off frequency length product of 20 MHz-m. The same cable measured in the double
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short circuit method with a measuring tube results in a cut-off length product of 27 MHz-m. If
measured in the simplified EN 50289-1-6 method respectively one gets a cut-off frequency
length product of 18 MHz-m. Thus the major advantage of the “milked on braid” method is that
it allows for bending of the sample under test.

9.4 Conclusion

The best compromise between a simple test set-up and the cut-off frequency is given for the
“‘double short circuit” method using a measuring tube. It covers the usually required frequency
range of 100 MHz (see Table 10) for the transfer impedance measurement (using a 30 cm
tube) and has the highest dynamic range of all triaxial methods.

The “milked on braid” method has a limited frequency range, requires a long\ sample
preparation but allows for bending of the sample under test.

The matched method according to EN 50289-1-6, IEC 62153-4-3 method A #*matched-short”
respectively IEC 61196-1 method 1 “direct feeding” has the highest cut-offiMfrequency but also
the lowest dynamic range. An additional error source in that method js\the accuracy of the
series resistor which might have unknown frequency behaviour jand thus an unknown
attenuation.

Table 10 — Cut-off frequency length product for some typical cables
in the different set-ups

Cable type Sheath EN 50289-1-6 Double short circuit | Double short method
IEC 61196-1 method 1 method using a using a milked on
IEC 62153-4-3 method A tube braid
PVC 20 MH:%m
RG 58 80 MHz-m 28 MHz'm (n=1,47)
(8r1=2,3) (V=0,71) (V=1,46) 28 MHz'm
LSZH (n=1,14)
PVC 20 E/I1H7z%m
Thin Ethernet 83 MHz'm 30 MHz'm (n=1,77)
(€r1=1,6) (V=0,71) (V=1,46) 28 MHz-m
LSZH (n=1,37)
PVC 20 MH:%m
RG 214 80 MHz-m 35 MHz'm (n=1,47)
(8r1=2,3) (V=0,71) (V=0,97) 28 MHz'm
LSZH (n=1,14)
PVC 20 E/I1Hgém
RG 8 83 MHz'm 42 MHz'm (n=1,96)
(€r1=1,3) (V=0,71) (V=0,97) 26 MHz-m
LSZH (n=1,52)

10-/Background of the shielded screening attenuation test method
(IEC 62153-4-4)

10.1 General

In many cases, above all in the lower frequency range, the screening effectiveness of cables
is described by the transfer impedance Z. It is, for an electrically short length of cable,
defined (see Figure 43) as the quotient of the longitudinal voltage measured on the secondary
side of the screen to the current in the screen, caused by a primary inducing circuit, related to
unit length [23]. Although the transfer impedance Z; covers only the galvanic and magnetic
couplings, it is common practice to use it also as a quantity which includes the effect of the
coupling capacitance C; through the cable screen [24]. In this case, it is named equivalent
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transfer impedance Z;g which includes the effects of galvanic, magnetic and capacitive
coupling.

For the determination of the proper coupling capacitance there is, as standardised quantity,
the capacitance coupling admittance Yt. The coupling admittance (see Figure 44) for an
electrically short peace of cable is defined as the quotient of the current in the screen caused

hv tha canacitivia caunlnain-tha cocondarn circenit 1o thao yaltaoaao 1n thao nrimar, oieonit ralatad
oy—tHe—-Ccapaorr-e—-couprg— eSS 6o aary— oot O~ ge—r—He—prriary—Greort—Teratea

to unit length [23].

With electrically short cables, where wave propagation can be neglected, the screening
quantities related to unit length can directly be used to calculate an induced disturbing
voltage. In the higher frequency range, the implications get similar complicated @s-the
transmission characteristics of a simple line, dependent on the impedance and admittance per
unit length as well as on the terminating resistors.

1 I /4
' L << 14 ) L <<
i

TU1 V- Cr
I j
IEC 3150/13
IEC 3149/13 }
2 .
zT=—U2 o=y heCr

I -L 1
1
Figure 44 — Definition of coupling

Figure 43 — Definition of transfer admittance

impedance

10.2 Objectives

It is desirable to measure and evaluate _the screening efficiency of cable screens also in the
wave propagation frequency range such that its characteristics can be directly applied. This
requires a closer examination of therconditions of such applications.

In general, a system of electtomagnetic induction consists of a transmission circuit in the
cable, which is assumed to\be fully defined, and of a surrounding transmission system, which
is assumed to be universal with respect to the definition of cable screening. The screening
effectiveness may be “universally described by the maximum power output into the
surroundings of the(cable related to the power propagating in the cable. The power ratio is
best expressed logarithmically as screening attenuation.

An often usedprocedure to determine the screening attenuation is the well-known “absorbing
clamp method“ given in IEC 62153-4-5. The drawback of this method is that the set-up
requires_.relatively much space, does not exclude environmental effects — unless the
measuring area is enclosed in a shielded cabin —, and that the available absorbing clamp
transformers considerably limit the measurement sensitivity.

It suggests itself to limit the free space such that the said problems don’t occur but wave
propagation near the cable surface is not Qignifir‘an‘rly changed A triaxial measuring set-up is

the solution. It has a one-sided short circuit between the metal tube and the cable screen.
Power is fed into the terminated inner circuit of the cable and the disturbing power is
measured at the opposite end of the outer circuit.

10.3 Theory of the triaxial measuring method

On the basis of the known reversibility of primary and secondary measuring circuits, the
proposed measuring set-up, presented in Figure 45, is similar to the triaxial set-up for
measuring the transfer impedance. The benefits of feeding the inner system, which is
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terminated by its characteristic impedance, are the matching of the generator and reflection
free wave propagation over the cable length.

The characteristic impedance of the outer circuit depends on the diameter of the measuring
tube and the cable design. The effect of the mismatch in the outer circuit is discussed later

on.

The equivalent circuit using lumped circuit elements (shown in Figure 46) facilitates the
understanding of the theoretical relationships.

L~2m 7

)
AL LIS 2

1.4 — %
1 % i >< :‘I_ :" U
"D (7 1 ] |""'«."' 7,
7777777777777 2777777

Key
1 signal generator 5 cable screen
2 calibrated receiver or network analyzer 6 tube
3 input voltage to cable under test 7 terminating resistor R,=Z,
4 cable sheath

Figure 45 — Triaxial measuring set-up for screening attenuation

inner conductor

U1 V4 1
ZrL
YT L R Uz
 J

J_ tube

IEC 3152/13

Figure 46 — Equivalent circuit of the triaxial measuring set-up

Based on the conditions of the objects to be measured, it is assumed that the transfer
impedance Z; is low and the reciprocal quantity of the coupling admittance Y7 is high in
comparison with the characteristic impedances Z; and Z, and the load resistance R.
Therefore, the feedback of the secondary circuit on primary circuit can be neglected.
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When the frequency is low, one may consider the primary circuit shown in Figure 46 as a
voltage divider and read the disturbing voltage ratio directly. The one-sided short circuit in the
measuring circuit prevents the efficiency of the capacitance coupling admittance Y.

U, Z;-L
TR (1)

N

In the high frequency range, where wave propagation has to be considered, one may expect
the transfer impedance to be proportional to the frequency in most cases. Therefore jit\is
expedient to use the following equation:

Z; =R;+j-oM; = j-oM; (42)

and consider the effective mutual inductance per unit length My at high,frequencies as an
approximated constant quantity as it is usually done with the through capacitance Cr.

It is common practice to describe the capacitive coupling in the form\of the capacitive coupling
impedance Zg, which is nearly invariant with respect to the geometry of the outer circuit
(tube). [24], [27].

Z.=22Y,=27,j oC- (43)

Furthermore, the attenuation constants o4 and o»‘f the circuits may generally be neglected
as, for example, the value of nearly 1 dB/m ofthe common cable type RG 58 at 3 GHz is
relatively small compared to the usual measuyring uncertainty.

In the relevant literature it is commonypractice to describe wave propagation in the form of
phase constant [24], [25]. If the ratio® between effective length and wave length is used
instead of the phase constant, the¢periodic phenomena become clearer. With wave length 4,
in free space or 14, 4, in the circuits 1 and 2, the following relation exists:

Pio-L=27- ¢, T 27— (44)

According to the theory of wave propagation [25] and line crosstalk [26], a wave propagates in
the matchedsibner circuit towards the matched end. In the outer circuit, a part of the induced
wave propagates forwards to the measuring receiver and the other part is moving backwards
to the short circuit. The total reflection at the short circuit reverses this backward wave and
supefposes it to the original forward wave, i.e. the sum can be obtained as measured value.

Hxthe second circuit is matched at both ends, the backward wave would be measured at the
generator end (near end) and the forward wave at the opposite end (far end) separately.

Hence equations for the near end are derived from [24]:

U, Z.+Z c Aalfenfaa )y

0
U, B 2Z, Ja)( €r1+\/§

l-e (45)
)
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and for the far end:

. L . L
sz _ ZF _ZT Co ) 1_6‘1'2”(51—@)% 'e*J'ZHZ )

U 22 jols, e )

Equations (47) and (48) are depicted in Figure 47 with the indicated parameters.

0 T T T TTTITT T T T
Uzn,/ .
20-log———| in dB
20| — 1
—40 far end
. | ML
-60 s A Al
T ] }‘ I:
-80 N near end ‘ I" ‘
il
10 kHz 100 KHz 1 MHz 10 MHz 100 MHz 1 GHz
IEC 3153/13
Calculation parameters
C: = 0,02 pF/m M- = 0,4 nH/m
R = 50 Q L = 2 m
Z, = 50 Q &,y = 2,3
Z, = 120 Q £, = 1,1

Figure 47 — Calculated voltage ratio for a typical braided cable screen

With a short circuit and an unmatched-measuring receiver, these original voltage waves cause
additional voltage portions. The sum of all voltage portions is zero at the shorted end (near
end) and U, at the receiver end (far end). By use of the wave parameter and reflection factors
or terminating resistors, it is passible to calculate all voltage portions and the voltage U, from
the primary induced voltagewaves, see Equation (45) and Equation (46):

CO |

U2 1]
|0 Zi| |24 (2, /1R-1)-1-e71 (47)

or in consideration of Equations (42) and Equation (43)

M/ MV
Uz Z4 CTZZ[1_ej~¢1] A +CTZZ[1 e i | Co ' | (48)
| e e Jer +4enn 2+(zy/R-1)-[1—e77%2
where

%:2”(\/;_\/5% ¢2=2”(ﬁ+@% P3 =02~ =4z Srzi

Calculated results for a typical braided cable screen are given in Figure 49. Another way to
obtain the related induced voltage is given in [21].
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The functional equation (see Figure 48)

‘1 - e‘j""‘ = |2 X sin(¢/2) with ¢ = ¢4, 90, 03 (49)

shows that the equation of the voltage ratio contains three periodic partial functions of the

ratio effective length L to wave length A:

2
‘l—e”“" D
AN N Co 3
Ij \' .I/ /‘- \ ! “
W\ ] [
0 T
I\\ ) | \/ /!
"\ ,' / \ X i
A\ N
i N NN
P2

N

/2 IEC 315413

Figure 48 — Calculated periodic functions forg 4 = 2,3 and g, = 1,1

For low frequencies, when L<<ly and, consequently,/sin(¢) =~ ¢, Equation (48) changes into
Equation (42), the result of the common measuring.method for the transfer impedance.

An example of the theoretical curve of the v@ltage ratio is shown in Figure 49 in two diagrams:
The left one, a) with a logarithmic scale t® extend the lower frequency range and the right one
b) with a linear scale up to very high frequencies.

T T t U,

-40— 20-log
20- log% in dB ﬂ v,

Lo VU
B ! LR O L (|

in dB T

N | ! |
—80
0.01 01 1 10 100 1000 60 |
v 500 1000 1500 2000 2500 3000
f/MHz
IEC 3155/13
f/MHz
IEC 3156/13
a) Logarithmic frequency scale b) Linear frequency scale
Calculation parameters
ol .09 =L AL o4 L1L
€= 6562 pHm A= 04
R = 50 Q L = 2 m
Z, = 50 Q .4 = 2,3
Z, = 120 Q Eun = 1,1

Figure 49 — Calculated voltage ratio-typical braided cable screen

It is not useful to specify the induced power for an exact length of cable at a single frequency,
anywhere between a minimum and maximum of the function. Only the periodic maximum
voltage is important for the evaluation of the screening effectiveness. In the outer circuit, the
wave propagation shall be nearly the same as in free space. Therefore, the characteristic
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impedance Z, is higher than the common input resistance R of the measuring receiver, i.e.
50 Q or sometimes 75 Q.

Consequently, periodic maximum values of the voltage ratio are obtained from Equation (47)
and Equation (48), which are independent of the input resistance of the receiver R and of
effective cable length L:

(50)

1 Imax

or in consideration of Equation (42) and Equation (43):

M,
‘/ ¢,z éwz

‘ff Voo + e |

(51)

1

At first sight, Ct, Z,, &, and Zg appear as random quantities,"which depend on freely chosen
dimensions of the measuring tube. In reality, however, the(voltage ratio is independent of the
characteristic impedance of the outer circuit since Cy-Z4-and Zg are practically invariant with
respect to the dimensions of the measuring tube [24], [27]. Furthermore, the influence of the
cable sheath on the resulting relative permittivity_Js., is negligible if the design of the
measuring tube takes into account the requireément for a wave propagation which is
approximately the same as in the free space; incgonsequence &, ~ 1,0.

The periodic maximum value is independent of the effective length L and frequency f or wave
length 4. A measured frequency response would hint at a frequency-related quantity rather
than the pure mutual inductance M.

As it is seen from Figure 48, and Figure 49, the envelope rise is reached with the first
maximum of the wide period at:

or f>

;L%SZ-‘\/E_H— En

Co

52
2'L"\/‘9r1_\/‘9r2 (52)

In this frequency range, Z; can be calculated if Zg is negligible:

w-Z e, —& U
|ZT|z 1 | rl r2 2] (53)
2'CO.\I‘C”rl 1 lmax
10.4 Screening attenuation

The screening attenuation is defined as the logarithmical ratio of the maximum power in the
secondary (outer) circuit to the power propagating in the primary (inner) circuit.

j (54)

r,max

=-10x Iogl{Env

1
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The power coupled into the outer circuit depends on Z, although the peak voltage is
independent of it. Thus a normalised value of the characteristic impedance of the outer circuit
Z, must be defined. It is common practice to define Z; = 150 Q [24].

In the standardised “absorbing clamp method“ (see IEC 62153-4-5), the outer circuit is
matched with Z,, and the radiated power is the sum of the near end and far end crosstalk.

Erora-th BBt fib ot oo H 3 il th o oo oo iein o H £+t $et al-mathad

T TOTIT CIiT UUIIIPUIIOUII o orat IIIGCAOUIIIIB SHetHEWHR—thE IIIUCAGUIIIIH cHetHt o thetHadarethot

results the relation of the measured power to the radiated power.

The equivalent circuit for an electrical short part of the length AL and for a negligible
capacitive coupling illustrates the circumstances in Figure 50.

I

IEC 3157/13

Figure 50 — Equivalent ¢ircuit for an electrical short part
of the length Al and negligible capacitive coupling

The power in the primary circuit is:

Pl:U1'I12_2112'21 (59)

The power in the 'secondary circuit, which is coupled by the transfer impedance Z; is

. AU,
Al, = — 57
2 (57)

Thus

P_ZZ(AUg)Z_ 1 _(z ALy (58)
P 2.2z 17z 2.Z-Z

If the secondary circuit is short circuited at one end and terminated by R at the other end, the
power measured at R is
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Pz (ZT 'AL)Z
—2 _ AT 7 59
P Z R (59)
Thus
A _R (60)
P, 27,

== — (61)

Thus the screening attenuation is calculated by:

P, P 27
a :10X|0910—1 =10X|°910—1'—s
r,max 2,max R
u, Y Gz

= 10 X IO 1 . S 62

glo U2,maxj Zl ( )
=20xlog, =4 +10xlog,, 300
2,max Z1

10.5 Normalised screening attenuation

From Equation (50), it is seefi*that the maximum voltage ratio and therefore the screening
attenuation is a function ofithe velocity difference between the primary and secondary circuit.
Therefore the test resultsymay also be presented for normalised conditions where Z; = 150 Q
and the velocity difference [Av/v4| = 10 % or &4/&, = 1,21.

The normalised screening attenuation is calculated by:

‘a)'\/ZI -z ‘\/‘C"—rl_\/a

Z:-C,

a,, = 20xlog,, (63)

With respect to Equation (50), Equation (62) and Equation (63) and assuming negligible Z,
the difference Aa of the normalised and the measured screening attenuation is given by:

&

r2,n

&

rl

Aa=a, —a, =20xlog,, V2 (64)
grz,t

1—

&

rl
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where g, ~ 1,1 is the relative dielectric permittivity of the outer circuit (tube) during
measurement.

Table 11 shows the difference Aa for typical cable dielectric.

Table 11 — Aa in dB for typical cable dielectrics

Outer circuit (tube) Cable dielectric Aain dB
£r2,n €r1
1,9 2,3 -12
1,7 21 -1
1,3 1,6 -8
1,1 1,3 -2

10.6 Measured results

The measured screening attenuation of common types of cables _shews the validity of the
theoretical basis. The voltage ratio U,/U, is measured by means of \& network analyser having
an internal resistance of 50 Q. The screening attenuation ag(is-presented in Figures 51 to
Figure 55 for three types of cables as a function of frequency-

e RG 58 according to MIL-C-17 with single copper braijd;

e HF 750,7/4,8 2YCY with a dielectric of solid PE and a single copper braid;

e HF 75 1,0/4,8 02YCY with a dielectric of foamed PE and a single copper braid;
e RG 223 according to MIL-C-17 with double €opper braid.

The theoretical relations of the transitigns from low to medium and high frequencies -
appearing in the calculated curve in Figure 47 — become most evident with the single copper
braid (see Figure 51). Here the «woltage ratio is independent of the frequency up to
approximately 0,4 MHz but proportional to the effective length of the measuring tube like the
transfer impedance. At high frequencies, higher than about 100 MHz, super-positioned
periodic functions occur shewing maximum values of approximately equal magnitude
independent of frequency :and effective length. The frequency at which the superposition
appears is reciprocal to the' effective length just as the frequency spacing of the peak values
(see Figure 51 and Figute 52). In contrast to the effective length of 2 m, the effective length of
0,5 m does not allowto plot the screening envelope curve with sufficient accuracy any more,
due to the wide spacing of the long period maximum values.

U, U
/U‘ 32 M as
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TN 40
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T -52 60

72
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-92
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112
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0 500 1000 1500 2000 2500 3000
f/MHz IEC 3158/13
J/MHz IEC 3159/13

Logarithmic voltage ratio [Up/U4| in dB (left hand scale) and screening attenuation as (right hand scale)
Coupling length L =2 m.

Figure 51 — a; of single braid screen, cable type RG 58, L =2 m
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Logarithmic voltage ratio [Up/U4| in dB (left hand scale) and screening attenuation as (right handscale)
Coupling length L = 0,5 m.

Figure 52 — a  of single braid screen, cable type RG 58, L.50,5 m

The periodic frequency spacing in the measured curve and the 's¢reening attenuation are
dependent on the velocity difference between primary and secoridary circuit (Equation (47)
and Equation (50)). This theoretical relation becomes most evident in Figure 53 and Figure 54
where the cable screens of both cables are equal, but the-relative permittivities of the cable
dielectric ¢4 and thus the velocity difference in the test-set-up differ. In Figure 53 we have
&4=2,3 and a velocity difference |Av/v4| ~ 45 whereasn Figure 54 £,=1,7 and |Av/v4| =

24 %. Thus, in Figure 54, we have a larger frequenCy spacing of the wide period and also a
lower screening attenuation. But the normalised seteening attenuation of both cable screens
is equal, ag ~ 43 dB.

For the cable with double copper braid-(see Figure 55), the theoretical relations become
apparent only if the measurement is very accurate and the receiver is sensitive enough for
low induced voltage. Apart from its Jevel and distinct function of frequency, the screening
attenuation of the double copper braid is obviously similar to that of the single copper braid.
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80

=~ Nt
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0,01 0,1 1 10 100 1000 0 800 1600

fIMHz
MHz IEC 3162/13 IEC 3163/13

Logarithmic voltage ratio [Up/U4| in dB (left hand scale) and screening attenuation as (right hand scale)
£172,3, |Aviv4|=45 %, coupling length L = 2 m.

Figure 55 — ag of cable type AF /o U,//4,6 ZYLY (solid FE dielectric)
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Logarithmic voltage ratio |Uy/U4| in dB (left hand scale) and screening attenuation as (right hand_sgale), €.4=1,7,
[Aviv4|=24 %, coupling length L =2 m.

Figure 54 — a of cable type HF 75 1,0/4,8 02YCY (foam PE dielectric)
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Logarithmic voltage ratio [Up/U4| in dB (left hand scale) and screening attenuation as (right hand scale)
Coupling length L =2 m.

Figure 55 — a; ofdouble braid screen, cable type RG 223
10.7 Comparison with absorbing clamp method
In the absorbing clamp method according to IEC 62153-4-5, in principle, the current on the

outside of the cable under test is measured. The matched outer circuit is directly induced by
the inner circuit. The power in the outer circuit is related to the current by calibration.

Table 12 gives a comparison of results of some coaxial cables with different screen designs.
They show,-amaximum difference of 3 dB.
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Table 12 — Comparison of results of some coaxial cables

Screening attenuation ag in dB

Cable type, Frequency Absorbing clamp Triaxial

screen GHz method method
RG 58, 0,2 51 48
single 0,8 52 50
braid 3,0 - 50
RG 214, 0,2 51 50
single 0,8 54 51
braided 3,0 - 53
RG 214, 0,2 79 79
double 0,8 82 81
braid 3,0 - 83
RG 223, 0,2 86 88
double 0,8 90 90
braid 3,0 - 83

10.8 Practical design of the test set-up

The set-up to measure the screening attenuation ag’is in principle the set-up to measure the
attenuation of RF devices, where the voltage ratioJ,/U, is measured. The cable under test is
connected to the output of a RF-generator, the éutput of the coupling tube is connected to the
measuring input of a RF-receiver. Generator ‘and receiver may be included in a sensitive
network analyser (see Figure 45 and Figure56).

The measuring tube shall be of a material, which is not ferromagnetic and good conductive
(for example brass), with an inner diameter of about 40 mm to 50 mm and a length of 2 m to
4 m or more, where the total length of 2 m or more may be achieved by screwing together
single parts of tubes (RF-tight).

One way to realise the short circuit at the near end of the CUT is to solder a braid of silvered
copper wires to a puriched disk of copper. This "contacting braid" is fixed on the outer
conductor of the cable sample where the sheath is removed, e.g. with cable clamps. The
electrical contact-between this contacting braid and the measuring tube may then be achieved
by a jam-disk, which is fixed by the clasp cap, which is screwed to the tube (see Figure 57).

The contacting braid, which is prepared once, may be used several times. Soldering of the
screen, of-the cable sample to the tube — as usual at the classic triaxial — set-up is no longer
requifed and the time to prepare the CUT is minimised.

The termination at the far end of the CUT is achieved by a resistor of the same value as the
characteristic impedance of the CUT. Experience has shown that the best results are obtained
with SMD resistors, respectively so called "mini-melf-resistors" with low mechanical

dimensions and good RF-characteristics, which are soldered directly between the inner and
the outer conductor of the CUT. To avoid radiation and to contact the outer conductor of the
CUT, this termination is shielded by a case, which is well conductive (see Figure 45).



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

-68—- IEC TS 62153-4-1:2014+AMD1:2020 CSV

© IEC 2020
1 2
1
v etz )
OUTR A B
Q9 QO 4 5
— [ | 2
4 \
y: ya
B .
3 0 7
IEC 3166/13 G IEC 3169/13
Key Key
1 Network analyser 3 Power divider 1 tube of brass 5 sheath of cable.sample
2 Attenuator 20 dB 4 Measuring tube 2 clasp cap 6 cable undertest (CUT)
3 jam disk 7 contacting.braid
4 contact to the cable sereen of CUT
Figure 56 — Schematic for the Figure 57 — Short circuit between tube
measurement of the screening and cable screen of the CUT

attenuation ag

To obtain clear and reproducible results, the sample-must be well centered in the measuring
tube. A slackly mounted cable under test in the measuring tube will lead to deviations of the
characteristic impedance Z, of the outer system over the coupling length and thus to
additional reflections. Centering may be achieved by mounting the sample in punched
polyethylene disks which are placed in the.measuring tube, or better by stretching the sample
under test, e.g. with a desk vice. Also, vertical mounting of the measuring tube is useful.

10.9 Influence of mismatches
10.9.1 Mismatch in the outer‘circuit

Mismatches in the outer circdit may result in significant errors. With the screening case of the
terminating resistor, a mismatch is inserted into the outer circuit, which affect the results
significantly depending~on the mechanical dimensions [28]. The mean characteristic
impedance of the. outer circuit, formed by the cable screen and the measuring tube,
respectively in the outer circuit at the screening case is given by:

60 D, 60 D,
4 z—-'n[D—m] (65) Z3 = -'n(D . J (66)
&r2 a &r2 case
where
D, is the outer diameter of cable screen;
T iIs-the outer diameter of cr\rnnning case;
D, is the inner diameter of measuring tube.

A deviation between D_,., and D, thus results in different impedances and therefore in
additional reflections in the outer circuit. For example, a screening case with an outer
diameter of D, = 1,2 - D, results in a impedance Z; which is 11 Q less than Z, (5,,=1,0).

Figure 58 facilitates the understanding of the theoretical relationships.
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Z -7
Z3 ; V3=)2 rog = 3 2
- L Za; - Z,+2Z,
from - to F3p =—Fps
generator ? A [ —r’) receiver oy
2
‘ ‘ TRz,
| Ly | L
) ) 1

Figure 58 — Triaxial set-up, impedance mismatches

The outer circuit thus consists of two lines with different characteristic_impedances. To
calculate the voltage at the receiver, some additional variables have to be defined.

Uy, is the voltage, which is coupled from the cable under test into thelouter circuit (Z,, 7, Ly),
propagation to the far end, including the total reflection at the near end.

U, Uy, U
u U U

L,

fy €7 (67)

Where Uy, U,, are the voltages in a matched outer circuit according to Equation (42) and
Equation (44).

Multiple reflections of this wave between the'short circuit at the near end of the outer circuit
and the transition from Z, to Z; are described by Ty.

1+r,
l-r,, -r,-€

b= L (68)

The superposition of thé)wave which is propagating from the line Z,, », L, to the far end
(receiver) of the line Zs; 73, L3 — including the multiple reflections between the transitions from
Z3 to Z, and Z5 to-R\(receiver input) — is described by Tj;.

1+ ry
l-r, ry-e

- 3'L3
Ty = —. ¢’ (69)

The) superposition of the wave which is propagating from line Z3, 3, L3 to line Z,, y,, Ly is
described by Tj,.

1+r,
l=r,-r-e

=2-y3:Ls

I, = ‘e (70)

—2.75-Ls "l

The superposition of the wave which is propagating from line Z,, 5, L, to line Z3, 3, L3 is
described by T,s.
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-2l

1+r
T = 23
R

s €

=295k,

In € (71)

In consideration of all these reflections, the voltage at the receiver is calculated by:

Ureceiver _

Ul 1

U,

1- T32 'T23

Tzf 'Tsf (72)

Figure 59 and Figure 60 show the calculated voltage ratio for a cable screen with the.'same
characteristics as in Figure 49 but with different dimensions of the screening case.

~40— 20-log ;|| in dB
1
=50
60}
1 | | |
—-80 T T
u 500 1000 1500 2000 ZSOd 3000
f/MHZ IEC 3171/13
quantities used:
C; =0,02 pF/m
MT =0,4nH/m
R=500Q Z,=50Q &4 =2,3
Z,=120 Q &, = N L,=2m
Z;=90Q & =11 L;=0,03m

Figure 59.— Calculated voltage ratio
including-multiple reflections caused by
the screening case

-40r— 20 log|—2«*| in dB
—50
60 X
=70 i
—80! T T
y 500 1000 1500 2000 2506 3000
f/MHZ IEC 3172/13
quantities used:
C;=0,02 pF/m
MT =0,4nH/m
R=500Q Z,=500Q &4 72,3
Z,=120 Q &, = 1,1 L,=2m
Z;=90Q &, = 1,1 L,=0,1m

Figure 60 — Calculated voltage ratio
including multiple reflections caused by
the screening case

To @veid the disturbing reflections at the screening case, the reflection factor ry3 or (and) ra¢
rmust be minimized. A worthwhile solution in practice is to design the screening case in a way
that the characteristic impedance Z; is approximately of the same value as the input
resistance of the receiver. In this case, the reflection factor r3; = 0 and thus T3=1, T3,=0. This

results in a vaoltage ratio which is equal to the ideal frequency response of Fquation (48)

10.9.2 Mismatch in the inner circuit

10.9.2.1 General

A mismatch in the inner circuit, i.e. between the generator and the DUT or between the DUT
and the load resistor, may result in significant errors.



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV -71 —
© IEC 2020

The mismatch between the DUT and the load resistor can be reduced by choosing an
appropriate load resistor. Theoretical and practical investigations [28] show that a mismatch
of the terminating resistor in the inner circuit is of low influence as long as:

Rtermination - Z1| 100 % <10 %
Z4 B

However, when measuring cables, especially multi-conductor cables having a “coaxial”
impedance significantly different from the generator impedance, one has either to use
impedance matching adapters or to take into account the reflection loss of the mismatch
between generator and DUT.

Impedance matching adapters are only available for standard impedances like 60 Qpor."75 Q.
For other impedances, one would have to build homemade adapters. Howgver, those
adapters only work for frequencies up to some 10 MHz. This is illustrated in<kigure 61. It
shows the attenuation and return loss of a 50 Q to 5 Q impedance matching adapter. A DUT
impedance of 5 Q is typical when measuring multi-pair cables with individually screened pairs
or when measuring high voltage cables for electrical vehicles.

self made 50/5 Ohm impedance matching adapter
open/short measurement

-5

0 H

; P A

Pl
’ // /
15 /
¥
20 O
25 K /
(
3 2 g
/
35
e
40 /
/‘ % 4750
45 / o —
[ 1%
1 A\ .
50 / j 500 side 560 5Qside
——alpha dB
55 4 —_— b H
—RL
60 I I
0,01 0,1 1 10 100 1000 10000
MHz IEC 3173/13

Figure 61 — Attenuation and return loss of a self-made
50 Q to 5 Q impedance matching adapter

Thefefore it is recommended not to use self-made impedance matching adapters but to
measure with mismatch between generator and DUT and to take into account the reflection
loss of the mismatch:

R b 2xZ
a,=10xlo L=10x1o —x . 73
’ glo I)Smax glo PZmax R ( )
a,= Env{— 20><10g10|S21|+FS +10xlog,, ?)Zﬁ} (74)
1
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is the screening attenuation related to the radiating impedance Z of 150 Q in dB;
Env  is the minimum envelope curve of the measured values in dB;

So1 is the scattering parameter S,; (complex quantity) of the set-up where the primary
side of the two port is the DUT and the secondary side is the tube, i.e. the operational

attoniiat o~ £+ AT
AllUTTUduivuIT Ul uite out UF,
s is the reflection loss of the junction between the generator and DUT.

The junction loss is obtained from the reflection coefficient (scattering parameter S;;) @s
described in 10.9.2.2. Where S,4 could either be measured or calculated using the mean
characteristic impedances for the purpose of simplification:

Zl — Zo
n= ﬁ (75)
where
Z, is the nominal characteristic impedance of the cable under test in Q;

Zy is the output impedance of the generator, i.e. system impedance of the network
analyser, in Q.
10.9.2.2 Reflection loss of a junction

In case a source with an inner resistance R; feeds a’load with a different resistance R,
power is lost compared to the matched case due to the.mismatch. If the source is connected
to the junction by a transmission line with a characteristic impedance Z,=R; and the load is
connected to the junction by a transmission lineswith a characteristic impedance Z,=R,, the
equivalent circuit is as shown in Figure 62:
°
/
!

Uo RL

IEC 3174/13

Figure 62 — equivalent circuit of a load resistance connected to a source

Thepower in the load resistance R, is given by

2
U R
P=I"R :(—0} R =U; —-— 76

" RHR ) " "(RRY) e

In case of impedance matching R, =R;, the maximum power P is fed:

R 1,,1
P =U; 1R’ :ZU(?E (77)

1 ]

The ratio of Equations (76) and (77) describes the loss:
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P U;R, 4R,  4R,R,

- - 78
PR +RY U RRY "
The following auxiliary calculation introduces the reflection coefficient r:
.  (R-RY (R +R) (R -R)
l —_— r = l _— = L = = L 2 —_— = L 2 =
R +R, (RL + Ri) (RL + Ri) (79)
R +2R,R, +R? -R} +2R,R, -R? _ 4R,R,
(RL +R; )2 (RL +R; )2
Using Equation (79), the power ratio (Equation (78)) becomes:
P
—=1-r’ 80
P (80)
The magnitude in dB therefore is (see also IEC/TR 62152 Equation C.67)
T, =—10Ioglo‘1—r2‘ (81)

11 Background of the shielded screening attenuation test method for measuring
the screening effectiveness of feed-throughstand electromagnetic gaskets
(IEC 62153-4-10)

11.1 General

The proper function of modern communication equipment is strongly influenced by the proper
EMI shielding of electrical components."VFeed-through configurations with poor ground
connections can contribute significantly~to the overall EMI level of communication equipment
[1]. Electromagnetic gaskets like céntact springs or conducting polymers can dramatically
reduce conducted and radiated emissions, respectively. A cross-sectional sketch of the typical
configuration of a feed-through‘is: shown in Figure 63. The connector body is soldered onto
the circuit board and thus electrically connected to the ground potential or equipotential of the
electronic circuitry.

Shielding/
screening wall

Contact Spring as an
electromagnetic gasket

Plug body/screen

1

Cable screen

Connector
body/screen

Printed circuit board

IEC 3175/13

Figure 63 — Cross-sectional sketch of a typical feed-through configuration

At higher frequencies, the potential of the circuit board’s ground plane is usually not equal to
that of the shielding box. A contact spring short circuits this potential difference. If the contact
spring were not present in the setup of Figure 63, excessive radiation of electromagnetic
waves along the cable’s outer conductor will be the result.
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It is usually a very time-consuming task to evaluate the shielding or screening effectiveness of
a feed-through or electromagnetic gasket (EMI or EMC gasket) in a test configuration as e.g.
is recommended in CISPR 25. The measurement setups that are described there are
generally based on some kind of free space measurement, which requires an anechoic
chamber.

The—irtroduction—ofwell-defined—elestrically—eondusting—boundaries—r—a—testfixture—would
greatly simplify the measurement procedure. This is possible by application of a coaxial test
setup based on the experience in measuring shielding effectiveness of cables, cable
assemblies and connectors with the standardized shielded triaxial screening effectiveness

test methods [5], [7] and [10] by IEC and CENELEC.

11.2 Theoretical background of the test Fixtures and their equivalent circuit

A cross-sectional view of the test fixture is shown in Figure 64. The left section répresents the
inner area of a shielding box. A signal is fed to the outer conductor of the connector under
test by means of the coaxial line’s inner and outer conductor. The amount,ofxRF leakage that
can be detected on the opposite side of the shielding wall is picked up_by, the coaxial line to
the right. A separate EMI gasket can be tested with the configuration in.Fligure 64a).

]
Primary circuit Secondary circuit
“inner” circuit “outer” circuit
Inner —_ ) Inner
conductor A conductor
Connector Plug body
body
Outer Outer
conductor I \ conductor
EML- \ Shiclding
gasket wall
a) IEC 3176/13
Gasket under Test \
- 5\ — I
1 . .
Primary Cirguit ! 3 Voltage measurement Secondary Circuit
N\ ; _~ Inner
> _—
Innep — - Conductor
Conductor p Q
Outer Mounting £ Outer
Conductor Support (metal) Conductor

- v

N\ Shiclding
Wall

Mounting Ferrule /
(plastic)

IEC 3177/13

b)

Figure 64 — Cross-sectional sketch of the test fixture

with a feed-through connector (a) and EMI gasket (b) under test

The test fixture consists of cascaded two-ports formed by a primary and a secondary
transmission line separated with an isolating metallic plate to mount the test objects. The
equivalent circuit of the test fixtures is shown in Figure 65.
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Key
z1=21/Zy normalised transfer impedance
Z1 transfer impedance of the device under test
Zy reference impedance (generator and receiver impedance)
I current in the primary transmission line
Us coupled voltage to the secondary circuit

| length of the coaxial line section

Figure 65 — Equivalent circuit of the test fixture

In the case of a two-port scattering parameter S, or forward'transfer function measurement,
where the two ports of the network analyzer are connected~{o both coaxial line sections, Sy,
is a direct measure for the shielding efficiency of a feed<through or EMI gasket tested in well-
defined circumstances that make repeatable and comparable tests possible.

In an equivalent circuit of the measurement, of“a feed-through or gasket, the transfer
impedance is shunt impedance Z; between the(rimary and secondary circuit.

The transfer impedance of an electrically/short screen is defined as the quotient of the open
circuit voltage U, induced to the secondary circuit by the current /; fed into the primary circuit
or vice versa. Z; of an electrically“short screen is expressed in ohms [Q] or decibels in
relation to 1 Q.

Operational (Betriebs) transfer function in the forward direction Hg,, or the forward
Operational (Betriebs) scattering parameter S,, of a two-port (see Figure 66) is defined as

2U, |Z
= = 2 A= Hy,, (82)
=0 E \Zy

where V{; and V,, are the square roots of incident (unreflected) and reflected complex power
waves at-port 1, and V;, and V,, are those at port 2. See Annex C of IEC TR 62152:2009.

o—>—— —<—o0
(A U | Zi —» Two-port “— L U, A E

<« M
Vi Vi2 IEC 3179/13

Figure 66 —Two-port network
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A two port network containing the normalized transfer impedance Z; = Z1/Zy = (U,/14)/Z, can
be described by the scattering matrix S when placed between equal impedances Z; equal to
the characteristic impedances Z, of the transmission lines of the fixture

-1 2z,
S, S 1+2z 1+2z
SZ( 11 12\]: T T
S, S 2z; -1 (83)

k1+2zT l+2zTJ

Equation (83) indicates that the transfer impedance Z; of the feed-through or gasket may be
estimated from the measured S parameter S,4 by:

UZ 7 = SZ 1 Z()

Ly =—==zZ,=
1 2(1-S
T
z%Z‘)=% for |8, |<<1

The operational forward transfer function S,4 or Hg,4 is a measure of screening effectiveness
and the corresponding screening transfer function I'gconsisting of the screening attenuation

a,and screening phase f is then

I'=a,+jp. =1nL

1
) (85)
=20log,, 5 [dB]—jargS21 [rad]
21
a,=20log,, Zo [dB]
27,
(86)

o, /dB

Z /% TdB
|ZT|:%IO 20

Equation (86) gives the relationship between the transfer impedance Z; and the screening
attenuation ag. The screening attenuation is dependent on the characteristic impedances of
the test fixture. Only the transfersinipedance is independent on the test fixture and is therefore
a primary parameter of the screening effectiveness. The smaller Z; the better is the screening
or shielding.

Equation (86) gives the Z; corresponding to a screening attenuation measured in a
configuration with thexnominal impedance Z; of the inner and outer “world” formed by the test
fixture. In real life;"Equation (86) gives only the true values in an operating system within the
characteristic impedance Zp,, = Zg,, = Zp. Bringing the feed-through or gasket into an
operating system with different primary or secondary circuit impedances Z,,, and Zg,,, the
true operating screening attenuation ag,, can now be recalculated according to Equation (87)
by the use)of the transfer impedance Z; determined by Equation (86) (see 11.4).

ZAop 'ZBop
Uyop = 20l0g)) =—7— (87)

T

The market likes to talk about shielding or screening effectiveness in decibels without really
defining the operative conditions. Therefore for example in cable and connector shielding, the

outer circuit impedance has been normalized to 150 Q. If the measurements are done in a test
fixture which has feeding and receiving line impedances of 50 Q, the relation between
shielding attenuation and transfer impedance is:

430
a,. ~20log, |——| [dB 88
. g,oZT/Q|[ ] (88)
Q. is the normalized screening attenuation (for feed-throughs or gaskets) when measured

sopn
in a fixture with a transmission line characteristic impedance Z,.
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J150-2,
2

T

=20 log,, [dB] (89)

asopn

11.3 Pictures and measurement results

11.3.1 Characteristic impedance uniformity

The uniformity of the characteristic impedances is important. Line sections with deviations %A

from the nominal characteristic impedance will cause impedance transformations, resulting ir‘o
measurements that will generate erroneous calculations of the transfer impedance. (19

Cable measurement with shielded screening effectiveness test method has shown thaﬂ,o get
test results which correspond to the theory unintended reflection points in the test fj e must
be avoided. Time domain reflectometer (TDR) in Figure 67 shows that the imp e of the
test object inserted in the test fixture is about 110 Q, which leads to a retu?\ oss of only
8,5dB in the 50 Q test fixture. The length of the test object area is abouit'7,5 cm. It is
predicted that an improvement in impedance uniformity in the test fixtbm\ ill considerably
increase the upper frequency limit. (‘1/

LINE
four]

§ IEC 3180/13
rise time 200 ps (%)
time (horizontal) scale 2 ns/div (abotg m/div)
impedance (vertical) scale 10 Q/di
(v 4@
50 Q feeding line (0,5 m)
75 Q termination b\

-

Figure 67 — TDI@ig)asurement of the text-fixture with inserted “Teflon-through” sample
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upper trace (C1) shows the reflection step response when the far end is terminated with 50 Q
lower trace (C2) shows the (through) transmission step response
time (horizontal) scale 0,5 ns/div or 8,5 cm/div

impedance (vertical) scale 20 Q/div

Figure 68 — TDR step response from A (Input)-port of test fixture

with-inserted—Feflon-through’—sampie
AL ALLLERLL]

[P L T S W
LR AT L

S00.0as/iv

Fo10.0my

IEC 3182/13

rise time <12 ps

upper trace (C2) shows the reflection step response when thedfarend is terminated with 50 Q
lower trace (C1) shows the (through) transmission step response

time (horizontal) scale 0,5 ns/div or 8,5 cm/div

impedance (vertical) scale 20 Q/div

Figure 69 — TDR, step response from B (Output)-port
of test fixture with'inserted “Teflon-through” sample

In Figure 67, measurements ate made with 200 ps rise time step from A end with the far-end
terminated in 75 Q. The shorter rise time, below 12 ps TDR responses in Figure 68 and Figure
69 show more exactly the*impedance variations in the test fixture with a “Teflon through”
sample. Measurementsiwere made in both directions. In the same Figures are the through
transmission step responses. Observe the fact that the transmission in both directions is
identical as also thetheory of passive two-ports assumes.

The S-parameters in the frequency domain of the “Teflon-through” sample are shown in
Figure 70.and Figure 71. The time domain and frequency domain measurements support each
other. The' “Teflon-through” behaves as a low-pass filter with a limiting frequency of about
2,5 GHz. The deformation of the through step response is caused by reflections and limited
bandwidth.
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frequency (horizontal) scale 1 MHz to 6 000 MHz linear sweep
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Figure 70 — S-parameter measurement (linear sweep): “Teflonthrough” sample
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frequency (horizontal) scale 1, MHz to 6 000 MHz logarithmic sweep

vertical scale 10 dB/div

Figure 71 — S-parameter measurement (logarithmic sweep): “Teflon-through” sample

11.3.2 Measurements of shielding effectiveness

Figure . 72-and Figure 73 show pictures of the test fixture and measurement set-up. Figure 74
and Figure 75 are detailed views of the contact area. To investigate the noise level (the lower
trace in Figure 76) of the network analyzer, port one was connected to the test fixture and port
two’was terminated by a 50 Q load. The upper trace in Figure 76 shows measurement results
when a metal plate is mounted in the test fixture instead of a feed-through. The measured
amplitude of S, is comparable to the case where only the noise limit of the network analyzer

wdos IIIUCIDUIUUI. T;IUIEfUIC, VA4S c)\pcut tU IUC a'uic tU measurc bil;cid;llyllbblbcll;lly aﬁclluatiuna
above 100 dB at frequencies up to approximately 4 GHz and above. Further investigations
have shown that with improving the impedance uniformity and shortening the test area,
considerable increases in the upper frequency can be achieved. Also a dynamic range of
125 dB has been demonstrated.
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Figure 72 — S parameter test setup x?\
e

$ IEC 3186/13

xO Figure 73 - TDR test setup
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IEC 3187/13

Figure 74 — Test fixture assembled



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV - 81 —
© IEC 2020

IEC 3188/13 IEC 3189/13

Figure 75 — Detailed views of the contact area the test fixture
and the secondary side of side opened

$21 measurement
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-100
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F{MHz)
[ sHORT(S21) — Is0L(521) | EC 319013

Lower trace (red): Isolation of NWA; port 2 (receiving port) of the NWA terminated by a 50 Q load

Upper trace (brown) Isolation of the test.fixture when characterizing an ideal short-circuit with metal plate

Figure 76 — S,; measurements

11.3.3 Calculation of thansfer impedance

The calculation of thetransfer impedance out of the measured S, according to Equation (84)
demands a de-embedding of the transmission lines of the test-fixture (see Figure 65). This
moves the reference plane of the calibrated coaxial NWA ports towards the location of the
transfer imp&dance and assures a phase correct representation.

Figure\77 shows the measured screening attenuation of the feed-through “Sonnenscheibe”
gasKel sample and Figure 78 the calculated transfer impedance. The slope shows that the
leakage is not purely inductive but has also a resistive component. The “Sonnenscheibe” has
simple stamped spring contacts which give considerable improvement to the feed-through
shielding attenuation but they have radial slices which cause the leakage.
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a) linear frequency sweep
frequency sweep 1 MHz to 6 000 MHz

S, (vertical) scale 10 dB/div
upper trace is the “Teflon-through®“ sample

middle trace is the “Sonnenscheibe” feed-through sample

two lower traces short circuit (brown) and Isolation (red) traces

b) logarithmic frequency sweep

Figure 77 — S,4, measurements of “Teflon-through” and “Sonnenscheibe” feed-through
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IEC 3193/13

Figure 78 — Transfer impedance ZT of a “Sonnenscheibe”
feed-through based on the S,; measurement in Figure 77

Figlre 79 shows the screening attenuation of a conducting plastic gasket. It has a shielding
level of about 60 dB and in contrast to the “Sonnenscheibe”, it increases with the frequency.
The explanation is the uniformity of the gasket and the eddy currents. Both frequency domain

and time domain measurement give about the same shielding attenuation level. The level of
transfer impedance is about 20 mQ decreasing with frnqunnr‘y (QPP Eigure Rﬂ)
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a) frequency domain

1 MHz to 6 000 MHz, 10 dB/div

S,, measurement

b) time domain
0,5 ns/div and 20 Q/div
upper trace (C1): TDR step‘response

lower trace (C2): through’transmission step response
(TDT)

Figure 79 — measurements of a conducting plastic gasket
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Figure 80 — Z; of the conducting plastic gasket based on the S,

measurement in Figure 79

11.4 Calculation of screening attenuation for feed-through when the transfer
impedance Z; is known

a)._Reference

(see Figure 81)

Z,
—
"7

mm

IEC 3197/13

Figure 81 — equivalent circuit of the set-up without DUT

Maximum unreflected power:
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Figure 82 — equivalent circuit of the set-up with inserted DUT
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the screening effectiveness of RF connectors and assemblies
(IEC 62153-4-7)

12.1 Physical basics
12.1.1 Surface transfer impedance Z;

The surface transfer impedance Z; [Q] of an electrically short screen is defined as the
quotient of the longitudinal voltage induced to the inner circuit by the current fed into the outer
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circuit or vice versa (see Figure 83). In case of cables, Z of an electrically short cable screen
is expressed in milli-ohms per length [mQ/m] or in decibels in relation to 1 Q.

L l A
| l [<A/10

52

Figure 83 — Definition of Z;

IEC 3199/13

U VA
7y == [mQ/m] (96) Z, dB(Q) = +20'10g10(%J (97)

2

In the case of single units like connectors or connecting hardware, the transfer impedance is
expressed as the transfer impedance of the unit.

12.1.2 Screening attenuation ag

For coaxial elements respectively in the common mode of(sCreened balanced elements, the
logarithmic ratio of the feeding power P; and the periodic maximum values of the power
P, max Which may be radiated due to the peaks of voltage U, in the outer circuit is termed
screening attenuation ag.

The screening attenuation ag of electrically lohg elements, e.g. coaxial cables is defined as
the logarithmic ratio of the power fed into the‘cable and the radiated maximum peak power:

as =10-log,, Env—fgﬂL- (98)

rad,max

12.1.3 Coupling attenuation ac

For screened balanced cables or connectors, the coupling attenuation ac is the sum of the
unbalance attenuation a|; of the pair and the screening attenuation ag of the screen.

For electrically~long devices, i.e. above the cut-off frequency, the coupling attenuation a. is
defined as(the logarithmic ratio of the feeding power P, and the periodic maximum values of
the coupled power p, 5, in the outer circuit.

a. =10-log,, EnvliﬂL (99)

r,max

12.1.4 Coupling transfer function

The coupling transfer function T, ¢ (see Figure 84) gives the relation between the screening
attenuation ag and the transfer impedance Z; of a screened element like a coaxial cable or a
coaxial connector (n = near end, f = far end). In the lower frequency range, where the
samples are electrically short, the transfer impedance Z; can be measured up to the cut-off
frequencies f;, ¢ . Above these cut off frequencies f., ¢ in the range of wave propagation, the
screening attenuation ag is the measure of screening effectiveness. In the case of cables, the
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cut-off frequencies f., ; may be moved towards higher or lower frequencies by variable length
of the cable under test.

i
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[
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.ﬂ"'-
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A Y] T
L]
—lﬁ_‘_“‘\“\ ""‘,F
10kHz 100 kHz 1 MHz 10 MHz fen fof 1GHz 10

GHz

IEC 3200/13
Figure 84 — Calculated coupling transfer function

12.1.5 Relationship between length and screening measurements

The relationship between the effective coupling length of-thé& device under test and the
electrical wave length is important for the characteristic curve of the screening
measurements. In the frequency range of electrically shoert coupling lengths, the measured
screening effectiveness decreases with increasing length. Therefore it is necessary to define
the related length. In the case of cables, the measured value is related to 1 m by dividing the
measured value by the length under test and thie” value is given in milli-ohms per meter
[mQ/m]. In the case of fixed elements like connectors or connecting hardware, the measured
value is the value of the unit and will not be{related to length. When measuring connectors or
connecting hardware, care should be takén)with connecting cables and contact resistances,
because they add to the test result.

With electrically long lengths respectively in the range of wave propagation, the screening
attenuation formed by the maximum envelope curve is the measure of the screening
effectiveness. Therefore the secreening attenuation is defined only at high frequencies, above
the cut-off frequencies.

The point of intersection*between the asymptotic values for low and high frequencies is the so
called cut-off frequefgy f;. This frequency gives the condition for electrical long samples:

f 1> % (100)

where &4 , are the relative dielectric permittivity of the inner and the outer system and / is the
cable length respectively the length of the unit under test.

10 mm to 50 mm. With Equation (100), i.e. the definition of electrical long elements, we get
cut-off frequencies of about 3 GHz or higher for standard RF-connectors. Above the cut-off
frequency they are considered to be electrically long.

The screening attenuation is by definition only valid in the frequency range above the cut-off
frequencies, where the elements are electrically long. Thus the screening attenuation of a RF
connector itself can only be measured at frequencies above about 3 GHz.
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But customers and users of RF connectors and assemblies like to have the screening

attenuation also in the MHz range, because it is more illustrative than the transfer impedance
and can be used for direct calculation of emission and radiation.

The problem can be solved by using the tube in tube procedure, based on the shielded
screening attenuation test set-up according IEC 62153-4-4 (triaxial method).

12.2 Tube in tube set-up (IEC 62153-4-7)
12.2.1 General

By extending the electrical short RF-connector by a RF-tight closed metallic tube, ;one" is
building a cable assembly which is electrically long. Thus the cut-off frequency respectively
the lower frequency limit to measure the screening attenuation is extended towands lower
frequencies.

The tube in tube procedure allows the measurement of the connector (and.its' mated adapter)
together with its connecting cables. If one connects the extension tubg)to the connecting
cable close to the connector(see Figure 85), one is measuring the screening attenuation of
the combination of the connector (and its mated adapter) and the transition between the cable
and the connector under test. This measurement reproduces the'practical application of a
connector; the measurement of the naked connector without cofinecting cable is worthless.

connector under test —\ mated adapter

generator J \ receiver

‘ / screening cap
Tube in tube J/
connecting cable

Figure 85 — Principle test set-up for measuring the screening
attenuation of a connector with the tube in tube procedure

Measuring tube IEC 3201/13

12.2.2 Procedure

The_conhnector respectively the assembly under test is connected to the connecting cable and
moufted together with the RF-tight extension tube into the measuring tube. The connector
under test is connected to its mating connector in the test head and is fed via the connecting
cable with RF energy by the generator.

In the case of coaxial connectors, the mating connector 1Is maiched with IS characterisiic
impedance. In the case of screened balanced or multiconductor cables, the pair under test is
matched with a symmetrical/asymmetrical load (see Figure 86 for the general set-up and
Figure 87 for the preparation of the connector). In this way, the transfer impedance as well as
the screening and the coupling attenuation of the pair under test may be measured with one
test set-up.
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/— tube /— connector under test

()

balun receiver
\ _\

screening

\_ extension \ cap
tube connecting

cable IEG, 3202/13

NOTE The balun transformer is not required in case of multiport VNA with mixed mode capabilitieg,»see Annex A.

Figure 86 — Principle test set-up for measuring the coupling
attenuation of screened balanced or multipin connectors

With the test set-up according to Figure 87, one can measure the*coupling attenuation ac,
when the device under test (DUT) is fed in the differential mode as well as the screening
attenuation ag, when the DUT is fed in the common mode.“The difference between the
measurement of the screening attenuation ag and the,/measurement of the coupling
attenuation a¢ is the unbalance attenuation ay;.

extension tube screening case
/ /;— contact slice
4 | | /

[ | (B PL A

symmetrical
asymmetrical
load

\ . N AN
AY | | |

screen mated connector under test IEC 3203/13

Figure 87 — Principle preparation of balanced or
multiconductor connectors for coupling attenuation

Theconnector under test forms together with the connecting cable and the tube in tube the
inner system, where the electrical short connector is enlarged by the RF-tight tube in tube.
The outer system is formed by the outer conductor of the connector under test, enlarged by
the tube in tube and the measuring tube.

The energy, which couples from the inner system into the outer system, propagates in both
directions. At the short circuit at the near end it will be reflected, so that at the far end the
superimposition of both waves can be measured. The logarithmic ratio of the feeding voltage
to the measured voltage at the far end is the measure of the screening attenuation,
respectively the coupling attenuation.

With the same test set-up also the transfer impedance may be measured with only one
sample preparing.



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV -89 —
© IEC 2020

During the measurement, the connector under test is connected to its mating part. It is not
possible to separate the influence of the device under test from its mating part or to make a
calibration of the mating part alone.

Therefore the type of the mating connector should be reported in the test report. Different
mating parts or mating parts from different manufacturers may lead to different test results.

The sensitivity of the system depends on the RF-tightness of the tube in tube and the
connection technique. The sensitivity respectively the ground floor of the system may be
determined while measuring a semi rigid cable instead of a connector. With the triaxial set-up,
a sensitivity of >125 dB up to 3 GHz was measured.

12.2.3 Measurements and simulations

In a first approach, one has measured short cable pieces instead of a cennector. The
advantage is that the results are not influenced by a mating adapter or the transition between
cable and connector. The cable has been a coaxial cable with an impedance of 75 Q, foam
PE dielectric and a single braid screen (not optimised, i.e. under-braided):

For the calculation, the sample under test has been divided into twoxparts, the extension tube
and the cable piece. The transfer impedance and capacitive' ‘coupling impedance of the
extension tube can be neglected. The second section is the icable piece under test with the
parameters of Table 13.

Table 13 — Cable parameters used for simulation

DC resistance 8 mQ/m
magnetic coupling 0,6 mH/m
capacitive coupling 0,02 pF/m
impedance: 75 Q
dielectric permittivity 1,35

The comparison of the simulation with the measurement results (see Figure 88 and Figure 89)
shows a good correspondence. In the lower frequency range, when the samples are
electrically short one gets the same results. However, in the higher frequency range, one can
see the influence of thie extension tube.

10 —$SB 10cm in 10cm tube 10 —SB 10cm in 10cm tube
—SB 4cm in 1m tube —SB 4cmin 1m tube
20 20
30 30
40 40
50 50
a0 TN A M N AP AT P 60 IR .\ M I
N Perwiiravavavara (ATATATATATVRTATAY i YA TATRTAYARNAY
NIVWARARREI SRR RN /A V AR
1 s N
100 100 / V
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
IEC 3204/13 IEC 3205/13
a) simulation b) measurement

Figure 88 — Comparison of simulation and measurement, linear frequency scale
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The 10 cm sample is electrically short over the whole frequency range, as the cut-off
frequency is 5,9 GHz. Thus the coupled power is increasing with increasing frequency.
However, the quasi cable assembly composed of the connector and the extension tube is
electrically long above 590 MHz, which results in a constant maximum coupled power.

0 8 B 0
— SB 10cm in 10cm tube —SB 10cmin 10cmtubel)
I — SB 4om in 1m tube ~ | —$B 4cmin 1m tube
20 20
30 30
40 40
50 50
60 60
L L~ |
70 P ] )‘( 70 I ol
& /\ aifll/ay
80 /\ | 80 /’\V
| IENN
90 L - 90 e S 1
| 1 [T L 73"'41
100 ] 100
0,1 1 10 100 1000 10000 0,1 1 10 100 1000 10000
IEC 3206/13 IEC 3207/13
a) simulation b) measurement

Figure 89 — Comparison of simulation and measurement, logarithmic frequency scale

One characteristic of an electrically long object is also thatithe maximum coupled power is
independent of the sample length (see envelope curve of Figure 88, single braid 4 cm in 1 m
tube above 590 MHz).

Coupling attenuatidn of CATE connector
s " Hie
2 .0 =
k] N
40 N <
THIll
B0 ; "I L‘H
a0 — il il

Figure 90—~ Measurement of the coupling attenuation of a CAT6 connector

Figure 90 shows the measurement of the coupling attenuation of a CAT6 connector with the
tube in tube procedure with 1 m extension tube.

12.2:4" Influence of contact resistances

Contact resistances between the feeding cable and the extension tube respectively the
screening case in the test head may influence the test result. Contacts in the test set-up shall
be prepared carefully with low resistance, respectively with low impedance. Contacts shall be

achieved over the complete circumrierence of the screen. Critical contacts are shown in
Figure 91.
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tube connector under test
/ generator / /_

wiver —\

A ¥
{7
/ screening case
contact Ry \ contact R;
extension
tube connecting cable

Figure 91 — Contact resistances of the test set-up

IEC ~3209/13

The equivalent circuit of the complete test set-up including the contact resistances is given in
Figure 92. The test set-up shall be designed such that contact resistances of the extension
tube are in series with the input impedance of the receiver and‘the contact resistance of the
screening case including the matching load of the DUT is in series with the generator.

In this case, contact resistances of a few milli-ohms in s€ries with the 50 Q input resistance of
the generator, respectively the output impedance receiver are negligible.
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IEC 3210/13

Figure 92 — Equivalent circuit of the test set-up with contact resistances

If contact resistances are in series with the transfer impedance of the DUT, they will influence
the-result considerably.
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Annex A
(normative)

Mixed mode S-parameter

— AT Generatl

To measure the parameters like unbalance attenuation, coupling attenuation etc. of balanced
cables, connectors and components, a differential signal is required. This can, for examplg,
be generated by using a balun which converts the unbalanced signal of a 50 Q netwetk
analyser into a balanced signal.

Alternatively, a balanced signal may be obtained by using a vector network analyyser (VNA)
having two generators with a phase shift of 180°. Another alternative is to méasure with a
multi-port VNA (virtual balun).

The properties of balanced pairs are determined mathematically from, thezmeasured values of
each single conductor of the pair against reference ground. The goyerable frequency range
for the determination of the reflection and transmission characteristiCs of symmetrical pairs is
no longer limited by the balun but by the VNA and the connectignaytechnique.

A.2 Definition of mixed mode S-parameters

The transmission characteristics of four poles or gwe’/ports, such as coaxial cables, may be
described by the scattering parameter or abbreviated “S-parameter”, see Figure A.1. In matrix
notation it is written:

b
S LI 4 (b1j=(s).(a1J=(8” 812)(31 (A1)
Common b, a, Sy Sp)l\a
Port 1 two port Port2
S
D — - where a and b are the normalized power
b, a waves of the input and output ports.
IEC

Figure A.1 — Common two-port network

The definition of the scattering matrix can be easily extended to arbitrary N gates, see
Figure A.2. Eora four-port, this results in:

L % b, a S Si 813 Sis a
e AN _—
Port 1 Port 3 b, :(Sstd) a, _ Sy Sp Sy Sul|a
-— -— b, a, Ssi S;z Sy Su || &
b Common b
1 four port ’ b, a, Sy S S Su)\a,
EN S 7
—— _—
(A.2)
Port 2 Port 4
- -
b b
2 4 IEC

Figure A.2 — Common four port network
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A.3

— 03 —

Mixed mode S-parameter nomenclature

For the measurement of symmetrical two-ports, the physical ports of the multi-port VNA are

combined into logical ports, see Figure A.3:

balanced port

balanced port

70N

VNA [/ /\ VNA
portalO—‘—| _._O\.portc _
logical | | DUT : | logical
VNA | o ! o YNA
portb \ . portd
Unbalanced port balanced port
N 7 UNA
T ! . port ¢
_ VNA ) — 0 _
logical porta o_‘._ DUT ' | VNA logical
\ i —O ! portd
\ ,l \ 1
-7 } IEC

Figure A.3 — Physical and logical ports ‘'of a VNA

According to Figure A.4, the following nomenclature is dsed:

S

xyAB

T— number of the VNA-port with stimulus

number of the VNA-port with response
modus of the VNA-port with stimulus

modus of the VNA-port with response
IEC

s: Single ended

Modus | d: Differential mode

c: Common mode

Figure A.4 — Nomenclature of mixed mode S-parameters

Accordinglys\the S-parameters can be understood as ratios of power waves.

_ Input signal at VNA - port Aat modus x
XYAB ™ input signal at VNA - port Bat modus y

(A.3)

The conversion of the asymmetrical four-port scattering parameters SS9 to mixed mode

H + e 1o oo

arina navrarantare CMNMM far o ongpamaaterioal o) nadi-nabuwaor
TOT T Sy ot oo tvwo-pPOTt TTCTVWOTIC

Smm =M xSstd xM—']
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where
1100
0O 0 1 1
M= (A.5)
211 1 0 0
Lo 0 1J
i dd11 de12— _Sdc11 Sdc12—
mm _de21 de22_ Sdc21 Sd022_
S 1T - (A.6)
Scd1 1 Scd1 2 Scc1 1 Scc1 2
L _Scd21 Scd22 _ _Scc21 80022 _

The derivation of the mixed mode parameters (Formulae (A.4) to (A.6)).is"described in
Annex B.

For the measurement of a two-port with an unbalanced port (single ended) and a balanced
port, e.g. to measure coupling attenuation according to IEC,62153-4-5 or to IEC 62153-4-9,
the measurement configurations according to Table A.1 arise;

Table A.1 — Measurement configurations‘unbalanced — balanced

Single ended

Stimulus

Differential mode

Common mode

Logical port 1

Logical port 2

Logical port 2

Response

Single ended

Logical port 1

S

ss11

Ssd12

SSC12

Differential mode

Logical port 2

Sd321

de22

Sd022

Common mode

Logical port 2

SCS21

Scd22

S

cc22

The measurement of theycoupling attenuation corresponds to a stimulus in the differential
mode and to a response”in the unbalanced (coaxial) mode (single ended), i.e. a measurement
of the S-parameter.S;y1,. The measurement of the screening attenuation corresponds to a
stimulus in the domimon mode and to a response in the unbalanced (coaxial) mode (single
ended), i.e. agmeasurement of the S-parameter Sg¢,, see Figure A.5.

Generator Tube Balanced)
unbalanced load
1'iiE!I" /
- x ()
/\ \
_/ AN L.
YA \ < /
TP-connecting cuT Screening cap |
Generator unit Receiver

Figure A.5 — Balunless measuring of coupling attenuation,
principle set-up with multiport VNA and standard head

IEC
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For the measurement of a two-port, the test configurations according to Table A.2 are
obtained:

Table A.2 — Measurement configurations balanced - balanced

Stimulus
Differential mode Common mode
Logical port 1 Logical port 2 Logical port 1 Logical port 2
Logical port 1 S S N S
o Differential mode i dat dai12 dell del2
S Logical port 2 Sgd21 Sqd22 Sqc21 Sqcaf
Q' .
o Logical port 1 Scatt Secdr2 Seet Secis
o Common mode i
Logical port 2 Sed21 Sed2 Sec21 Scco2

The measurement of the attenuation of a balanced pair corresponds to\d stimulus and a
response in differential mode, i.e. a measurement of the S-parameter Sy4,4. The
measurement of the unbalance attenuation with stimulus in differential’ mode and common
mode response corresponds at the near end with the S-parametér S 441 or S;4pq when
measured at the far end.

A.4 Termination

A differential mode termination according to Figure//A.6 and Figure A.7 is required for each
pair at the near and far end of the cable.

RDM

DM IEC

Figure A.6 — Termination network

Z,
Rou =%ff (A.7)

The termina{fon of the common mode is 25 Q (R¢g)y = 0).
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TP-connecting Test head
unit R
DM
Port 1 N
Port 2 —e— \/:-l;:'—_<
ZCM Device RDM
4-port ° under test, DUT
network Rowm Row m
:n:l\]snr —I e a1 C

s T O X e
R,

Screen

IEC

Figure A.7 — Termination of a screened symmetric¢al-cable, principle

NOTE Since mixed mode VNAs use a 50 Q generator and receiver \ipedance as default value, the common
mode value results in 25 Q.

A.5 Reference impedance of a VNA

When measuring with a 4 port VNA with mixed ‘mode parameters, a full 4-port calibration, e.g.
with electronic calibration units shall be applied. The VNA (Z, = 50 Q physical analyser ports)
sets the default values reference impeddgcegs for the differential mode Zy4 = 100 Q (= 2 x Z;)
and for the common mode Zj. = 25 Q (=\Zy/2).

A.6 TP-connecting unit

When measuring balunless\respectively with “virtual balun”, a TP connecting unit is required.
The TP-connecting unit gérformance requirements are given in Table A.3.
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Table A.3 — TP-connecting unit performance requirements
(100 kHz to 2 GHz)

Parameter Value
Characteristic impedance, primary side (single ended)? 50 Q
Characteristic impedance, secondary side (differential)? 1 x 100 Q (differential)
Return loss, differential modeP > 20 dB
Attenuation, differential mode® <0,3dB
Unbalance attenuation (TCTL)d > 60 dB-10*log (f), 40 dB max.

a

Two ports with single ended impedances of 50 Q generate a common mode impedance of 25 Qrénd a
differential mode impedance of 100 Q.

To be measured e.g. with a 4 port mixed mode network analyser. One logical port is genefatgd by the
combination of two single ended ports. A second logical port is generated by the combinatien)df two other
single ended ports. The absolute dB value of the S-parameter S then represents the return loss of the

dd11
differential mode.

NOTE With the test set-up according to b), the absolute dB value of the S-paramet€xS,_,,, then represents
the unbalance attenuation (TCL). The TP connecting unit is used also for the ‘medasurement of coupling
attenuation.

With the test set-up according to ) the absolute dB value of the S-paramefer Syq2¢ then represents the
attenuation of the differential mode.

With the test set-up according to P) the absolute dB value of the S-parameter S
unbalance attenuation (TCTL).

cdq21 then represents the
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Annex B
(informative)

Example derivation of mixed mode parameters
using the modal decomposition technique

It is not a requirement of this document that a full derivation is produced, and any method of
extracting the required S-parameters is acceptable. This may be achieved by the use of
network analyser hardware functions, specific mathematical software, or by circuit simulatign
tools.

Annex B presents a summary of how to derive mixed mode parameters from, +4-port
measurements of S-parameters, where V is the voltage and / is the current, see FigureB1:

Key
V voltage

| current

Figure B.1 — Voltage dand current on balanced cable
or cabling under test (CUT)

An impedance matrix (Z) of the cabje*or cabling under test (CUT) can be calculated based on
Equation (B.1).

v, )
V Z1 1 Z1 2 Z1 3 Z1 4 I
? 221 222 Z23 ZZ4 ’
alZlz 7z oz oz " 1)
V4 31 32 33 34 I4
Z41 Z42 Z43 Z 44

Themodal domain impedance matrix [Z™] is then calculated from Equation (B.2) below, using
thie_conversion matrices given in Equation (B.3) and Equation (B.4).

7" = P;17Oc (B_2)

P' 0
P = B.3
° [ 0 P‘i (©2)

Q0
Qe—{o Q} (B.4)
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In the case of a 1 pair cable or cabling under test (CUT), the size of the conversion matrices
becomes 4 x 4 with the values given in Equation (B.5) and Equation (B.6).

B
P= 2 (B 5)

Q=
-1

N[= N =

The conversion matrices replace the Balun transformers and are referfedto as mathematical
baluns, producing Equation (B.7) and Equation (B.8).

SN SN X
I
T

SN S S
w
>

(})\ N\ _‘\
I
§3)
— — —
(@]
Q

e
—

(@)

N

Substituting Equation (B.7) and Equation (B.8) into Equation (B.1), we obtain Equation (B.9),
which is equivalent to a set of hybrid transformers attached at each end of the cable pair as
described jniFigure B.2.

) 1
m m m m D1

Z1 1 Z1 2 Z1 3 Z1 4
1 m m m m
ZZ1 Z22 223 Z24
m m m m
Z31 Z 32 233 Z34

m m m m
_Z41 Z42 Z43 Z44_
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D2

I

TIEE e
' gg“’ fu.

/

IEC

Figure B.2 — Voltage and current on unbalanced DUT

For the measurements concerned

using Equation (B.10).

in this document,

S-parameters are medsured and

converted into Z-parameters. The Z-parameter matrix of a 2n-port circuits canbe derived

1
Z=R2[E+S][E-S]'R?

1

(B.10)

where E is a 2n x 2n unit matrix and R?2 is given by Equation(B.11)

Where r,

R
Il

o§o§\

0
Jrs
0

. 0
0 M
0 O
0

(B.11)

r2n_

is the impedance of the'measurement port, typically 50 Q, giving Equation (B.12)

750 0 .. 0
1
1 0 5o 0 M
R? = (B.12)
M 0O O
0 0 /50|
The~S:zparameters in the modal domain are then calculated using Equation (B.13), giving
Eguation (B.14).
A g 1
gn_polzmn p I[7n . p | p? (B-13)
> T I AT B34
Vrm1 0
1 0 0O M
R2 = m? (B.14)
M 0 0
L 0 rm2n
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By this method, it is possible to convert unbalance network analyser measurements into
mixed mode S-matrices which contain both balanced and unbalanced parameters, as in

Equation (B.15).

[811 Sz Sis S14—‘ ’780011 Soct1 Sooiz SDC12—’
So S S5 S S S S S
21 P22 Y23 Pn cp11 cci cp12  Pcci2
= (B.15)
Syt Sp Si Su Soo21 Sbeat Sopze Sbezz
Su Sz Siz Su Scoz1 Sccat Sepzze Scczz
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

METALLIC COMMUNICATION CABLE TEST METHODS -

Part 4-1: Electromagnetic compatibility (EMC) —
Introduction to electromagnetic screening measurements

FOREWORD

1) 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 electfenic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical\Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National [€ommittee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation,\]EC collaborates closely
with the International Organization for Standardization (ISO) in accordance wijth conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as-nearly as possible, an international
consensus of opinion on the relevant subjects since each technical cammittee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international,'dse and are accepted by IEC National
Committees in that sense. While all reasonable efforts are madg_.to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible fof\theé way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation ofrgonformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature. whatsoever, 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.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the(correct application of this publication.

9) Attention is drawn _to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights  IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendment(s) has been
prepared._for user convenience.

IEC,TS 62153-4-1 edition 1.1 contains the first edition (2014-01) [documents 46/465/DTS
and 46/492/RVC] and its amendment 1 (2020-05) [documents 46/726/DTS and
46/748/RVDTS].

This Final version does not show where the technical content is modified by
amendment 1. A separate Redline version with all changes highlighted is available in
this publication.
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The main task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical committee may propose the publication of a technical
specification when

» the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

2 tha cithicet ic ctill tindar tachnical davalanmant ar whaora far anyvy Athar raacnn thara ic tha
Tt oot ra et e oot o P e O—W e e oy ot e T eSO Tt eTre—To—the
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future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62153-4-1, which is a technical specification, has been prepared by IEC technical
committee 46: Cables, wires, waveguides, R.F. connectors, R.F. and microwave passive
components and accessories.

This first edition of technical specification IEC TS 62153-4-1 constitutes astechnical revision.
This edition includes the following significant technical changes with\respect to IEC TR
62153-4-1:

a) comparison of the frequency response of different triaxial test set-ups to measure the
transfer impedance of cable screens;
b) background of the shielded screening attenuation test method (IEC 62153-4-4);

c) background of the shielded screening attenuation test-method for measuring the screening
effectiveness of feed-throughs and electromagnetic gaskets (IEC 62153-4-10);

d) background of the shielded screening attenuationtest method for measuring the screening
effectiveness of RF connectors and assemblies (IEC 62153-4-7).

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 62153 series, under the general title: Metallic communication
cable test methods, can be found on‘the IEC website.

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

e reconfirmed,
e withdrawn,
e replacedsby a revised edition, or

e amended.

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

Part 4-1: Electromagnetic compatibility (EMC) —
Introduction to electromagnetic (EMC) screening measurements

1 Scope

This part of IEC 62153 deals with screening measurements. Screening (or shielding)(is-one
basic way of achieving electromagnetic compatibility (EMC). However, a confusingly large
number of methods and concepts is available to test for the screening quality oficables and
related components, and for defining their quality. This technical specification. gives a brief
introduction to basic concepts and terms trying to reveal the common features' of apparently
different test methods. It is intended to assist in correct interpretation of test‘data, and in the
better understanding of screening (or shielding) and related specifications. and standards.

2 Normative references

The following documents, in whole or in part, are normativelyjreferenced in this document and
are indispensable for its application. For dated references,(only the edition cited applies. For
undated references, the Ilatest edition of the reférenced document (including any
amendments) applies.

IEC 60096-1:1986, Radio-frequency cables — Rart 1. General requirements and measuring
methods1

IEC 60096-4-1, Radio-frequency cables(>“Part 4: Specification for superscreened cables —
Section 1: General requirements and test methods'

IEC 60169-1-3, Radio-frequency connectors - Part 1: General requirements and measuring
methods - Section Three: Electrical tests and measuring procedures: Screening effectiveness

IEC 61196-1:2005, Coaxial communication cables - Part 1: Generic specification - General,
definitions and requirements

IEC 61726, Cablerassemblies, cables, connectors and passive microwave components -
Screening attenuation measurement by the reverberation chamber method

IEC 62158-4:2, Metallic communication cable test methods - Part 4-2: Electromagnetic
compatibility (EMC) - Screening and coupling attenuation - Injection clamp method

IE€<62153-4-3, Metallic communication cable test methods - Part 4-3: Electromagnetic
compatibility (EMC) - Surface transfer impedance - Triaxial method

IEC 62153-4-4, Metallic communication cable test methods - Part 4-4: Electromagnetic

compatibility (EMC) - Shielded screening attenuation, test method for measuring of the
screening attenuation as up to and above 3 GHz

IEC 62153-4-5, Metallic communication cables test methods - Part 4-5: Electromagnetic
compatibility (EMC) - Coupling or screening attenuation - Absorbing clamp method

1 This publication has been withdrawn.
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IEC 62153-4-6, Metallic communication cable test methods - Part 4-6: Electromagnetic
compatibility (EMC) - Surface transfer impedance - Line injection method

IEC 62153-4-7, Metallic communication cable test methods - Part 4-7: Electromagnetic
compatibility (EMC) - Test method for measuring the transfer impedance and the screening -
or the coupling attenuation - Tube in tube method

IEC 62153-4-9, Metallic communication cable test methods — Part 4-9: Electromagnetic
compatibility (EMC) — Coupling attenuation of screened balanced cables, triaxial method

IEC 62153-4-10, Metallic communication cable test methods - Part 4-10: Electromagnetic
compatibility (EMC) - Shielded screening attenuation test method for measuring the screening
effectiveness of feed-throughs and electromagnetic gaskets double coaxial method

IEC/TR 62152:2009, Transmission properties of cascaded two-ports or \qQuadripols -
Background of terms and definitions

EN 50289-1-6: 2002, Communication cables — Specifications for test methods Part 1-6:
Electrical test methods — Electromagnetic performance

CISPR 25, Vehicles, boats and internal combustion engjines — Radio disturbance
characteristics — Limits and methods of measurement for the protection of on-board receivers

3 Symbols interpretation

This clause gives the interpretation of the symbaols*used throughout this specification.

aq, a, attenuation constants of primary and secondary circuit

ag screening attenuation

agn normalized screening attenuation with phase velocity difference not greater than
10 % and 150 Q characteristic impedance of the injection line
(Z5=150 Q and |AV/v44=10 % or &4/5,,=1,21)

Co velocity of light in free space
co = 3 x 108um/s

Cr through'capacitance of the braided cable

CuT cableor component under test

E e.m.f.

f frequency

f far end

fo cut-off frequency

fes far end cut-off frequency

fen near end cut-off frequency

D, the total flux of the magnetic field induced by the disturbing current /,

D’y the direct leaking magnetic flux
D75 complete magnetic flux in the braid
1, Uy current and voltage in the primary circuit (feeding system)

Ie current coupled by the feed through capacitance to the secondary system (measuring
system)
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Er1 relative permittivity of the injection line (feeding system)

& relative permittivity of the cable (measuring system)

L cable length, coupling length

Ly (external) inductance of the outer circuit

L texternabtrductance-ofthetrrercirout

M ‘>  mutual inductance related to direct leakage of the magnetic flux @7,

M7,  mutual inductance related to the magnetic flux @ 7, (or 2 @ ”;,) in the braid
Mo = % and wmy, :%%

M+ effective mutual inductance per unit length for braided screens
My =M13_M45
where M, relates to the direct leakage of the magnetic flux and M|y relates to the
magnetic flux in the braid [24]

n near end

P, sending power

Po¢ far end measured power

P, near end measured power

P, radiated power in the environment of the cable,\which is comparable to P,,+P, of
the absorbing clamp method of 12.4 of IEC/61196-1:1995

Py radiated power in the normalised enyironment of the cable under test
(Z5=150 Q and |Av/vy [=10 % or gi4/E0,=1,21)

R load resistance of secondary_circuit (input resistance of receiver)

Rt screen resistance per unitdlength

T coupling transfer function

T; far end transfer fungtion

T, near end transfer function

U, the disturbing-voltage induced by @74,

U’ the disturbing voltage induced by 2 @ 7, of the right hand lay contribution

U”n the disturbing voltage induced by 2 @ 74, of the left hand lay contribution

u7, is\equal to U 7, and U 7}, (= the disturbing voltage induced by 2 @”,,)

% phase velocity

Vy phase velocity of the "primary" system (feeding system)

V5 phase velocity of the "secondary” system (measuring system)

Vi relative phase velocity of the "primary" system (feeding system)

Vo relative phase velocity of the "secondary” system (measuring system)

Z, characteristic impedance of the "primary" system (feeding system or line (1))

Z, characteristic impedance of the cable under test (CUT) (measuring system or line
(2))

Zys terminating impedance of the line (1) in the far end

terminating impedance of the line (2) in the near end
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Zy¢ terminating impedance of the line (2) in the far end (in a matched set-up
Zy=2Zyand Z,, = Zy = Z5)
Zy, = \/ﬁ
Zy surface impedance of the braided cable
Z capacitive coupling impedance per unit length
Z; capacitive coupling impedance
Z7 surface transfer impedance per unit length
Z1h transfer impedance of a tubular homogeneous screen per unit length
Z; surface transfer impedance
Z1en effective transfer impedance (= | Zg + Z¢ |) per unit length in the near end
Z1gs effective transfer impedance (= | Zg — Z1 |) per unit length in the far end
Z1gnf  effective transfer impedance (= | Zg + Z1 |) per unit length in the néar'end or in the
far end
Z1E effective transfer impedance (= max | Zrg,, Z1gs |) per unit length
Zio effective transfer impedance (= max | Z; = Z; |)
Zien normalized effective transfer impedance of a cable

(Z4,=180Q and | v4 — v, |/ v5 < 10 % velocity difference in relation to velocity of CUT

4 Electromagnetic phenomena

It is assumed that if an electromagnetic field is incident on a screened cable, there is only
weak coupling between the external field and that inside, and that the cable diameter is very
small compared with both the cable lehbgth and the wavelength of the incident field. The
superposition of the external incident field and the field scattered by the cable yields the total
electromagnetic field (Et,/—?t) in Figure 1. The total field at the screen's surface may be
considered as the source of thé-tCoupling: electric field penetrates through apertures by
electric or capacitive coupling;\also magnetic fields penetrate through apertures by inductive
or magnetic coupling. In addifion, the induced current in the screen results in conductive or
resistive coupling.
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Key

(ai,Fli incident electromagnetic
field

( s’Hs) scattered electromaghetic
field

(at,FIt) total electromagnetic field

X positive axialcable direction
o induced surface charge
density? (C/m?)
it unit vector normal to the
"""" IEC 3105/13 surface
&y & permittivity, free space and
relative

Figure 1 — Total electromagnetic field (Et,ﬁt)

E.A,)=E A, )+ E,F) 1)
J=n-H, (2)
o= ﬁ-Etgogr (3)

where the symbols are describeddn-the key of Figure 1.

As the field at the surface:of’the screen is directly related to density of surface current and
surface charge, the coupling may be assigned either to the total field (Et,lflt) or to the surface

current- and charge-.densities (J and o). Consequently, the coupling into the cable may be
simulated by repraducing, through any suitable means, the surface currents and charges on
the screen. Because the cable diameter is assumed to be small, the higher modes may be

neglected and it-is possible to use an additional coaxial conductor as the injection structure,
as shown inEigure 2.
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L
- -
D1
IEC 3106/13
Key (for Figures 2,3,4,5)
(1), (2) outer circuit (1), tube, respectively inner circuit (2), cable
Zy, characteristic impedance of the outer circuit (1), tube, respectively inner bircuit (2), cable
€1 dielectric permittivity of the outer circuit (1), tube, respectively inner ciréuit (2), cable
B2 phase constant of the outer circuit (1), tube, respectively inner cifeuit (2), cable
/11’2 wave length of the outer circuit (1), tube, respectively inner circuit (2), cable
L coupling length
D, diameter of injection cylinder-tube
\Y voltmeter
A ammeter
Zi Zis load resistance at the near end, respectively far end of the outer circuit (1), tube
Zy Zos load resistance at the near end, respectively far end of the inner circuit (2), cable
E, EMF of the generator
1, 1y current in the outer circuit (1), tdbe) respectively inner circuit (2), cable
Ui Uss voltage at the near end, respégctively far end of the outer circuit (1), tube
Uy Uy voltage at the near end, respectively far end of the inner circuit (2), cable

Figure 2 — Defining\and measuring screening parameters — A triaxial set-up

Figure 2 shows the cgoncept of a triaxial set-up. The outer circuit (1) is formed by an injection
cylinder-tube and_the’screen under test, with an characteristic impedance Z,. The inner circuit
(2) is formed byJ)the screen under test, and centre conductor, with an characteristic
impedance Zs. The screening at the ends of circuit (2) is not shown. Observe the conditions
Zys, Zon, Zyp@nd A in Figure 3 and Figure 4. Also note that diameter of the injection cylinder
tube (D1) shall be much smaller than the coupling length (L).

5~ The intrinsic screening parameters of short cables

5.1 General

The intrinsic parameters refer to an infinitesimal length of cable, like the inductance or
capacitance per unit length of transmission lines. Assuming electrically short cables, with
L << A which will always apply at low frequencies, the intrinsic screening parameters are
defined and can be measured as indicated in the subclauses 5.2 and 5.3.

5.2  Surface transfer impedance, Z;

As shown in Figure 3, where Z,; and Z,; are zero, the surface transfer impedance (Z1 in Q/m)
is given:
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Z; = ,Llj " (4)
where
Zt is the transfer impedance, U,, is the voltage at the near end of the
inner circuit (2),
L is the coupling length 1 is the current in the outer circuit (1).

The dependence of Z; on frequency is not simple and is often shown by plotting log Z¢
against log frequency. Note that the phase of Z; may have any value, depending on braid
construction and frequency range.

NOTE In circuit (2) of Figure 3, the voltmeter and short circuit may also be interchanged.
5.3 Capacitive coupling admittance, Y.

As shown in Figure 4, where Z; and Z,; are open circuit, the capacitive coupling admittance
(Yc in S/m) is given by:

YC:J"CUCT:UI:ZL ()
where
Yc is the coupling admittance Ct is.the’through capacitance;
w is the radian frequency; j is the imaginary operator
L is the coupling length Iy is the current in the inner circuit (2).

The through capacitance Ct is a real capaeitance and has usually a constant value up to
1 GHz and higher (with aperture a << 1).

While Z; is independent of the characteristics of the coaxial circuits (1) and (2), Cy is
dependent on those characteristicsZiThere are two ways of overcoming this dependence:

a) The normalized through elastance Ky (with units of m/F) derived from C; is independent
of the size of the outer coaxial circuit (2), but it depends on its permittivity:

K, =C;I(C,-C,) (6)

K, ~1/(s, +¢,) (7)

where Cjand C, are the capacitance per unit length of the two coaxial circuits.

b) The, capacitive coupling impedance Zg (with units of Q/m) again derived from C; is also
independent of the size of the outer coaxial circuit (2) and, for practical values of ¢4, is
only slightly dependent on its permittivity:

Z.=22ZY,=227,joC, (8)

ZF ~ \/(ng ’ grz)/(grl + 5r2) (9)

Compared with Z;, Z¢ is usually negligible, except for open weave braids. It may, however, be
significant when Z,, and Z,; >> Z, (audio circuits).
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Injection cylinder-tube

+
E C) ircuit (1)
circui
U1n
]
li shield Zrek
1 1
-
circuit (2) U- -
@ o T
Zyp =0 Centre conductor
L<<2 IEC 3107/13
Key
See Figure 2.
Figure 3 — Equivalent circuit for the testing of Z;
Injection cylinder-tube
+
E, () circuit (1)
U
[] " Zyg= o0
Shield with apertures
circuit (2)
- _—=C;-L
A) Z,,=0 T sz =0
I
Centre conductor Yo L=jaCr-L
L<<M IEC 3108/13
Key
See Figure 2.
Figure'4 — Equivalent circuit for the testing of Y, = j oCt
Z1 Wwvbg,]
+
E, Ui, U, (x) Z,, 5, Uy Z, circuit (1)
v 4. v
b oo AW A
V4 JoRseoN [T
2 Uy, 5 () 2,5, Uy Z, circuit (2)
I—X> L
Uy, s L: arbitrary AN
IEC 3109/13
Key
See Figure 2.

NOTE Z; and C; are distributed (not correctly shown here). The loads Z4, Z, at the ends may represent matched
receivers.

Figure 5 — Electrical quantities in a set-up that is matched at both ends



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV - 17 —
© IEC 2020

5.4 Injecting with arbitrary cross-sections

A coaxial outer circuit (2) has been assumed so far in this report, but it is not essential
because of the invariance of Z; and Zg. Using a wire in place of the outer cylinder, the
injection circuit (2) becomes two-wire with the return via the screen of the cable under test.
Obviously the charge and current distribution become non-uniform, but the results are
equivalent to coaxial injection, especially if two injection lines are used opposite to each

other, and may be justified for worst-case testing. Note that the IEC line injection test uses a
wire.

5.5 Reciprocity and symmetry

Assuming linear shield materials, the measured Z; and Zg values will not change iwhen
interchanging the injection circuit (1) and the measuring circuit (2). Each of\the two
conductors of the two-line circuit can be interchanged, but in practice the set-up ‘Will have to
take into account possible ground loops and coupling to the environment.

5.6 Arbitrary load conditions

When the circuit ends of Figure 3 and Figure 4 are not ideally a short\or open circuit, Z; and
Zg will act simultaneously. Their superposition is noticeable in the\low frequency coupling of
the matched circuit (1) and circuit (2) (see Figure 5 and Table 1).

6 Long cables — coupled transmission lines

The coupling over the whole length of the cable is obtained by summing up (integrating) the
infinitesimal coupling contributions along the cableswhile observing the correct phase. The
analysis utilizes the following assumptions and cenventions:

— matched circuits considered with the valtage waves U4, U,,,, Uy, see Figure 5,

— representation of the coupling, using the normalized wave amplitudes U/\/E[\/Watt],

instead of voltage waves. i.e. the coupling transfer function, in the following denoted by
"coupling function", will be defined as

T_gzn/\lzz T_g2f/VZ2
T >3 P = (11)
U, 1z u,1yz

The square of the_¢oupling transfer function, |T|2, is the ratio of the power waves travelling in
circuits (2) and (1). Due to reciprocity and assuming linear screen (shield) materials, T is
reciprocal,i:e. invariant with respect to the interchange of injection and measuring circuits (1)
and (2). The'quantity |1/T|2 or in logarithmic quantities

(10)

a, =—20xlog,|T| (12)

may be considered as the "screening attenuation" of the cable, specific to the set-up.

Performing the straight forward calculations of coupled transmission line theory, the coupling
function T, given in Table 1, is obtained. The term S{L~f} is the "summing function" S, being
dependent on L and f. (The wavy bracket just indicates that the product L-f is the argument

of the function S and not a factor to S). S represents the phase effect, when summing up the
infinitesimal couplings along the line, and is:
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. fL+

Sin
. BL
2

BL+=(B,+B) L (14)
PLE=(B,£p) L (15)
BLE=2nLf-(1/v,£1/v,) (16)

BLt=2rlf (e, +\e, )c (17)

subscript + refers to near/far end respectively; i.e. + indicates the near end”and - indicates
the far end;

+ refers to both near/far ends.

Note that weak coupling, i.e. T << 1, has been assumed. This caseyincluding losses, is given
in [1]2.

Equation (18) and the representation in Table 1 illustrateéctie contributions of the different
parameters to the coupling function T:

T, =(Z +Z;) == =SS, L-fe.6,) (18)

2 Figures in square brackets refer to the bibliography.
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Table 1 — The coupling transfer function T (coupling function)?

Set-up parameters °

(z,) Lo

N

n
f Z1 'Z2 f
\ / \ /
""" \/7TTTTTT \/
Intrinsic Cable parameters °
screen parameters Z,.L) &
\ / \ /
\/ \/
"Low-frequency coupling”, "HF-effect",
short cables ° cut-off  (Lf) Vo

X/

Length_+ frequency effect

a8 T?is the power coupling from circuit (1)-o circuit (2).

n

The stacked subscripts ; are associated to the stacked operation symbols * in

the obvious way: upper subscript — upper operation, lower subscript — lower
operation.

&4 and ¢, contained in S as parameters.

¢ forL<< A, S{Lf}—>1*

Note especially the followingoints.

a) There may be a directional effect (T,, = T;) in the whole frequency range if Zg is not
negligible. (But, Zg'is usually negligible except with loose, single braid shields.)

b) Up to a constant factor, T is the quantity directly measured in a set-up.

c) For low frequencies, i.e. for short cables (L << 4), the trivial coupling formula is obtained
that is directly proportional to L:

7-n :(ZF iZT)

L
5 (19)

1
ZIZ
where

Z1g =212

d) The summing function S{L-f} is presented in Figure 6.

e) S{L-f} has a sin(x)/x behaviour. A cut-off point may be defined as (L-f),:

c

L.f) =
( )c? ﬂ_‘\/gi\/g (20)

f) The exact envelope of S{L-f} is
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(21)

gy T e firstmmmimum (zero) of O{L~T} occurs at
(L ) f)min = TE(L ’ f)c (22)
h) As seen from Equations (13) and (21), below the cut-off points (L~f)cn is S{L-f} yh.and
f
above them it starts to oscillate and its envelope drops asymptotically 20 dB/decade,
(L ’ f)cn (23)
Env|s, {L-f}|~~ "/
f (L ’ f)

i) S is symmetrical in L and f, i.e. L and f are interchangeableFor a fixed length a cut-off
frequency f, and vice versa, for a fixed frequency a cut-0ff length L, may be defined.
Substituting ¢/, for f, we obtain the cut-off length as

L, = o
o [+ [0 (24)
: n grl T grz

j) The effect of S in the frequency range ([% = constant) is illustrated in Figure 8. The
coupling function is proportional to Z¢, only“if f < f,. Note also the typical values indicated
for f..

k) The minima and maxima of S are not‘resonances, they are due to cancelling and additive
effects of the coupling along the line:

I) The far end cut-off frequency.ls significantly influenced by the permittivity of the outer
system (g.4). Selecting & ', we obtain (L-f)y — o, i.e. no cut-off at the far end. Due
to practical aspects (tolerances, homogeneity, etc.), an ideal phase matching(gm zgrz) is
not feasible.

m) The effects of Zy.and Zg on the coupling transfer functions T, and T; are shown in
Figure 8.

n) The total effeet of L on the coupling is not contained in S alone, but in the product

L-S{L-f}. The product L-S is presented in Figure 12 for f = constant. The coupling

function_T which can be measured in a set-up is proportional to L if L < L,. However, for
appropriately long cables (L > L;), the maximum coupling is independent of L and we
obtain a length independent shielding attenuation above the cut-off point (L-f)c. But we

should remember that (L~f)C as well as Ag are still dependent on the set-up parameters
(6r1,24)-
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SA

Log scale

N %
Sn Sf

| h\m | =

(L'f)cn (L'f)min,n (L‘f)cf log; (L.f)cn
IEC 3110/13
Key

(Lf)en.§ cut-off point at near (n) respectively far (f) end

Sn,f summing function at the (n) respectively far (f) end

NOTE S > S|, above near end cut-off, yielding a directive effect.

Figure 6 — The summing function S{L-f}\for near and far end coupling

A

log,, ‘ZT‘

(slope is 20dB per decade)

-
!

f, f log,, (f)
IEC 3111/13
Key.
log;,lZ;| magnitude of the transfer impedance drawn on a logarithmic scale
log,,(f) frequency drawn on a logarithmic scale

fAv frequency of the intersection of the DC resistance of the screen and the 20dB slope at higher

frequencies

Figure 7 — Transfer impedance of a typical single braid screen

Figure 8 gives the result of adding (on a log scale) the frequency responses from Figure 6 and
Figure 7. It is assumed the cable has a negligible capacitive coupling impedance Zg (Zg<<Z7).
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A og,, ]

Env (T))

Env (T,)
Tn

| | | -

\ | | -

fr fcn fcf Iog10 (f)

IEC N3112/13

Key
Tot coupling transfer function at the (n) respectively far (f) end

Env(T, ;) envelope of the coupling transfer function at the (n) respectively far {(f) end

f

on.f cut-off frequency at the (n) respectively far (f) end

Example: ¢, = 1 (set-up), &, = 2,2 (cable), L =1 m; results in f = 40-MHz; f =200 MHz

Figure 8 — The effect of the summing-function on the coupling
transfer function of a typical single braid screen cable

-40 i I
T [dB]
-60
-80|—=
ThztdBk
| | |
110°  1.10° 110’ 110P 1
fi

IEC 3113/13

In-calcuiations the 1olfowing parameters are used.

Z71 (d.c.) =15 mQ/m and Zt (10 MHz) = 20 mQ/m increasing 20 dB/decade (see Figure 7), cable length 1 m, and
velocities of the outer and inner line: v4 = 200 Mm/s and v, = 280 Mm/s corresponding to a velocity difference of
40 %.

Figure 9 — Calculated coupling transfer functions
T, and T; for a single braid - Z =0
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IEC 3114/13

T, is 3,5 dB higher and T, is 6 dB lower than in reference Figure 9 because

T ~Ze+ 2, | =15xZ; and

T ~Z-Z; 1 =05x2Z;
Figure 10 — Calculated coupling transfer functions T,, and T; for a single braid -
Im(Z;) is positive and Zg = +0,5 x\Im(Z;) at high frequencies
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TidBk

TfztdBk
-60|—

110° 1.10° 1107 1.1p8 1-1m9
fk

ThztdBk U
ThdBk

-80 —]
| | | ‘

1EC 3115/13

T is 3,5 dB higher and T_is 6 dB lower than in reference Figure 9 because
T~z -2, 1=15x 12, | and
T ~lz.+2,1=05x% |2 |

Figure 11 — Calculated coupling transfer functions T,, and T; for a single braid — Im(Z;)
is negative and Zy = -0,5 x'Im(Zy) at high frequencies

In Figure 9, Z¢ = 0 and Zy is positive:
In Figure 10 and Figure 11, Z is significant ( Zg = (1/2) xZ7).
In Figure 11, the imaginary part of Z; is negative at high frequencies.

The following notes-apply to Figure 9 to Figure 11.

NOTE 1 T, for hear-end, T, for far-end and dB means that T ; are calculated in dB (20 x log,, | T, ¢ |).

NOTE 2 7, dB: near-end when Z_=(1/2)xZ_ and T,

nzt dB: near-end when Z_ = 0.

NOTE'8" T,dB: far-end when Z_=(1/2)xZ_ and T, dB: far-end when Z = 0.
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A

logy, |L- S|

/r\ mm Env(L-Sf)

- Env (L-Sn )
f = constant

| | -
! 1 o

Len Y log,, (f)
IEC 3116/13

NOTE 1 For L > L, the maximum value of T is attained, i.e. the maximum coupling. (or the screening attenuation)
is not dependent on L.

NOTE 2 L strongly depends on £ ;.

NOTE 3 See also Table 1 and list item n)

Figure 12 — | -S: the complete length dependeéent factor in the coupling function T

7 Transfer impedance of a braided wire-outer conductor or screen

Typical transfer impedances of cables with braided wire screens are shown in Figure 13. The
constant Z; value at the low-frequency-end is equal to the DC resistance of the screen, the
20 dB per decade rise at the high-frequency end is due to the inductive coupling through the
screen and the dip at the middlefrequencies is caused by eddy currents or skin effect of the
braid. Some braided cables may behave anomalously having less than a 20 dB per decade
rise at high frequencies. By Using an extrapolation of 20 dB per decade we are in most cases
on the conservative side. This extrapolation can be used up to several GHz.
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20 dB/dec.
A

sb sbo,
Log scale

21|

Ss

| : -
‘ —
fi log; (f)

IEC B117/13

Key

f: typically 1....10 MHz
sb: single braid

sbo: single braid optimized
sba: single braid 'anomalous’
db: double braid

SS. superscreen

Figure 13 — Transfer.impedance of typical cables

An electrically short piece of braided ¢oaxial cable (2) is considered to be placed in a triaxial
arrangement as in Figure 2.

It is assumed that the outer circuit (1) is the disturbing one. As stated, a braided cable has a
transfer impedance Z; that.increases proportionally to frequency at high frequencies, because
of the leakage of the magnetic field through holes in the braid.

The total flux of the magnetic field induced by the disturbing current /, is @,. A part of it, @’,
leaks directly through the holes and includes a disturbing voltage U% in the inner circuit.
However, a part @7, of @, flows in the braid and complicates the mechanism of the total
magnetic leakage by the following additional phenomenon.

The braiding wires alternate between the outer and inner layer. It means that the inner and
outer, braid wires are likewise ingredients of both the inner (2) and outer (1) circuit of Figure
14
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Figure 14 — Magnetic coupling in the braid —
Complete flux
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IEC 3119/13

Figure 15 — Magnetic coupling. in'the braid —
Left-hand lay contribution

%o, 0
w
() ?
U

IEC 3120/13

Figure 16 — Magnetic coupling in the braid —
Right-hand lay contribution

Therefore it is necessary and unavoidable that @ 7, is partly also in the inner circuit (see
Figure 14). Beth- the left hand (Ih) (see Figure 15) and right hand (rh) lay (see Figure 16) of
the braiding\wires bring into the inner circuit (2) an equal disturbing voltage U 7, induced by
@ "4, 1 2( he voltages are in parallel:

U”I’h = U”|h = U”z = %ja)@”12 (25)

This phenomenon is similar to the "magnetic part" of the coupling through a homogeneous
screen.

The two induced disturbing voltages oppose each other.
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Figure 17 — Complex plane, Z; = Re Z; + j Im Z1, frequency f as parameter
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Figure 18 — Magnitude (amplitude), | Z; (f) |
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In Figure 17 and Figure 18, the d.c., resistance Zt (d.c.), is set to the value of 10 mQ/m.

| |
IEC 3123/13

Figure 19a — Overbraided cable

| |
IEC 3124/13

Figure 19b — Underbraided cable
Top trace: Injection step eurrent (100 mA/div)
Time base: 50 ns/diy
Amplifier gain: 30 dB, therefore Z; (time) = 12,5 mQ/m/div
Lower trace: /Fhe height of the spike corresponds to
a) - Z; (3 MHz) = -4,7 x 12,5 mQ/m = -59 mQ/m;
b) — ZR3'MHz) = +4 x 12,5 mQ/m = +50 mQ/m.

Figure 19 — Typical Z; (time) step response of an overbraided and underbraided
single braided outer conductor of a coaxial cable

be described by mutual inductances:

Mr — 1’2
S (26)
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2 jol,

Clearly it is possible to make braided-wire screens where either M’;, or M”;, are dominant or

where fhny canceleach other Tharnfnra, ||nr1arhr:xirinri, overbraided or npfimi7nr| braids may

be considered. Figure 17 shows measured transfer impedances in the complex plane of such
screens and the main transfer impedance components of a braided screen can be observed.
From the optimized case, it can be concluded that at low frequencies the braid behaves
approximately as a homogeneous tubular screen. The same can be concluded from Figure)48
where the transfer impedance amplitudes are shown as a function of frequency, but from it
cannot be seen directly if the screen is underbraided or overbraided.

The transfer impedance of a braided wire screen consists of the followingithree main
components (mentioned above).

a) At low and medium frequencies, the tubular screen coupling behaviour (Zy,,) varies with
eddy currents and decreasing Z. In [2] it is stated that a good approximation for Z¢,, is a
tubular homogeneous screen [3] with the thickness of one wire diameter and the same
d.c. resistance as the braid.

b) The mutual inductance M’,, is related to direct leakage of the magnetic flux @7 ,.

c) The mutual inductance M”, (negative) is related to the(magnetic flux @7, in the braid.

By adding these components, a good approximation is’ebtained for the transfer impedance Z;
of a braided wire screen:

Ze=Zi +j oMY - M"y,) (28)

and the first approximation of the equivalent circuit is shown in Figure 20a.

l Zy, M, My, Iy
1 .
| S |
—_— —_— -— T U
Uy, Uy U 2

Uy = Uppp + U - U
IEC 3125/13

Figure 20a — Contributions to the transfer impedance

I, Ly-(Myy-M"yp) Zyq-Zyy,
. ~NY YL —
| | M)
U1Y | {Q—I— My, -M" z M
; 12-M", Th
1

Zap = Z1h @ I Uy
1

—_
IEC 3126/13

Figure 20b — Significant elements of circuits (1) and (2)

Figure 20 — Z; equivalent circuits of a braided wire screen

A more complete equivalent circuit where the through capacitance C; and surface
impedances Zg of the braided cable are incorporated is shown in Figure 20b. L, and L, are
the (external) inductances of the outer and inner circuit.
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Many attempts have been made to calculate the transfer impedance of a braided coaxial
cable. Most of the literature ([2], [4], [5]) have concentrated on models of braided screens and
calculation of direct leakage of the magnetic field induced by /4, and of M’,,. Satisfactory
results have been achieved.

There exists very little literature ([6], [7]) on M 74, but the matter has been studied by experts

of stardardizatiombodiesEspeciatty thecatcutatiomrand-stabitity of M55 trave beemrstownto
be very problematic because of so many uncertain and unstable parameters, e.g. the
resistance of the crossover points of the wires, which have an effect on the magnetic field
distribution in the braid. Also the pressure of the jacket has an effect on the small space
between the right hand lay and left-hand lay of the braided wires. Not to mention the number
of wire ends per carrier and the braid angle and the tightness and optical coveragerof’the
braid.

After understanding the magnetic coupling mechanisms, it is not surprising that\the transfer
impedances of braided wire screens vary considerably and are unstable for :imany braid and
cable constructions whether or not they are optimized. It is also clear that a"perforated tube
cannot be used as a model for a braided screen.

It is clear that a loose highly optimized braid can have a very unstable Z; during bending,
twisting and/or pressing. An overbraided screen with a high, filing factor or optical cover
normally has a (pure) negative transfer impedance at high frequencies because of a large
M ” 5 coupling through the mutual "space" between the deftr and right lays of the braid in
comparison with a small leakage through the braid M.,5. Pressure on the jacket would
improve the screening performance by diminishing the‘mutual "space" and decrease the Zg.

The manufacture of a good stable optimized cable“requires the control of braid parameters
such as:

— braid angle, tension (and lubricant) of the strands;

— number of strand in a spindle;

— wire diameter;

— plating;

— pressure of the jacket on the braid in manufacturing.

8 Test possibilities

8.1 General

A number of fest procedures are used to test cables for their screening properties, some of
which will be*found in IEC standards. Each procedure has benefits for some users which for
historical_reasons may not be widely appreciated. Table 2 summarizes the test procedures
available; some of which will be discussed here, with special reference to their applicability to
cables, cable assemblies and connectors.

8.2 Measuring the transfer impedance of coaxial cables

Al tacte lictad in Tahla 2 can ha 11cad an caavial cahlac hut if 0 cinala tact 1o naadad ta cavar
AHtOStSHSte e HH—aBte—=—6caHBEeu58 6060 iar-6ab 8 5o tt—HaSHgre 8 st151He8 e a8a+0-60Vey

frequencies above and below 100 MHz, tests 1, 4, 7, 9 and 10 can be dismissed. Of the
others, those with 's' under 'grouping' (column 3) have better intrinsic isolation between
measuring and injection circuits, while in those with 'o' under grouping the injection circuit is
unscreened. The difference is the line interchange referred to in 4.5 above. One benefit of an
unscreened injection line is that better access may be obtained for inspection of the cable
under test, which may be useful if the sample is in any way flawed. The two test methods with
unscreened injection lines are test 3 and test 8. The latter, with its wide frequency coverage is
recommended for future testing.
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8.3 Measuring the transfer impedance of cable assemblies

Even with a restricted frequency range, many of the tests listed in Table 2 are not suited to
tests on cable assemblies. Tests 1, 4, and 6 are unsuitable because an electrically short
sample may be needed to achieve the upper frequencies, while test 10 is still limited to
frequencies above 100 MHz. Tests with screened injection wires (test 2 and test5) are
difficult to set up due to the varying cross section of the assembly, a difficulty which also

applies to test 3. Such objections leave tests 7, 8 and 9. To set against its low (effective)
upper frequency limit, with test 7 it is easy to distinguish between connector and cable
contributions, so it is ideal in a diagnostic role. Test 9 works only above 30 MHz, which may.
be restrictive. Test 8 will require several measurements on each sample, as it is unreasonable
to assume that a cable assembly has circular symmetry.

It is only fair to state that in any frequency domain test on cable assemblies where signal
phase is not recorded, a test is only valid if the sample length is not varied (tests\carried out
on a sample of one length cannot be used to assess a sample of another length-— whether it
be longer or shorter). Of the transfer impedance tests being discussed, only test 7 can be
used in this way.

Multi-conductor cable assemblies are more complex, because the 'core' cannot be considered
to be coaxial. A test for such cable assemblies has not yet been addressed.

8.4 Measuring the transfer impedance of connectors

In principle, all the tests in Table 2 can be used on coaxiat)connectors.

As with tests on cable assemblies, there is much<benefit to be gained from using a test with
an unscreened injection circuit, though other tests will remain in the standard, because they
have become accepted. If it is possible to distinguish the screening of a connector from that
of the attached cable, this will considerably-ease the test procedure.

Multi-pin connectors are far more numerous and varied than coaxial connectors. However,
non-circular connectors cannot be tested by the means implied by the test procedures of
Table 2, though by suitable variation test 7 and test 10 would become appropriate. This
problem is under study.

NOTE These methods give onlylan outline for measurement of symmetrical multicore cables, multipin connectors
and cable assemblies made with these components.
The problems to be addressed come from the fact that:

a) a connector is electrically short, while the parameters of a cable are distributed, and it may be electrically
long;

b) multi-core_¢ables rarely have circular symmetry. This applies both physically and to the signal paths on their
conductors)

c) most multi-pin connectors have no circular symmetry; nor are they equally spaced from other conductors,
whieh  might couple to them;

d)economics will dictate that a cable assembly test should apply to other assemblies using the same
components, even though of differing overall length.

8.5 Calculated maximum screening level

It is important to know the exact theoretical limitation of the test equipment. By knowing the
limitations, it is possible to calculate the maximum measurable screening effectiveness. This
should be calculated to check the strengths and weaknesses of the test setup or even to
optimize the test setup.

The following test equipment specifications are required for the calculation:

e minimum input (noise floor);

e maximum input;
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e amplification/attenuation;

e maximum output.

Figure 21 gives a comparison of the different signal levels in a generic test setup. The
maximum screening is the difference between the maximum obtainable input signal to the
DUT and the minimum detectable signal from the DUT, in this case 131 dB. The noise floor

LALL £

:UVG: \IVI_} Ul thc IIIUGDUI;IIH DyDtUIII |||uct bU :UVV cnuuyh tU a”uvv thc IIIUGOUIGIIIGIIt. :II th;a
case, lower than —122 dBm. Measurements at the noise floor result in a maximum error of
3 dB. When measured 6 dB above the noise floor, the error is only about 1 dB.

The triaxial tube column is divided in two to show both the loss in the tube and the actual
maximum screening.

Analyzer
output
+25dB

50-75Q Triaxial Amplifier Analyzer:

li .
Splitter converter tube input

+30dBm
+20dBm
: +9dB +10dBm

0dBm
-10dBm
-20dBm
-30dBm
-40dBm
-50dBm
-60dBm
-70dBm
-80dBm
-90dBm

[ ——6dB

Max.screening= 131dB

+30cy -100dBm
!Kndsm i

IEC 3127/13

Figure 21 — Comparison of signal levels in a generic test setup

Taking Mmto consideration the nolse level of T HZ bandwidtih at room temperature bemng —
173 dBm, (increase 10 x log(bandwidth) dB) and adding the noise figure of the amplifier, we
get the theoretical noise level of the test setup. Assuming that the amplifier in the Figure 21
example has a noise figure of 11 dB, we can then calculate that the bandwidth (Af) of the
network analyzer shall be smaller than 10 kHz.

This can be expressed as a general formula:
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NL = (=173 + F +10 x log4q Af) (29)
where
NL is the noise floor level of receiving side of the measuring system in dBm;
F is the noise figure of the pre amplifier in dB;

Af is the bandwidth of the receiver in Hz.



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

— 35—

IEC TS 62153-4-1:2014+AMD1:2020 CSV

© IEC 2020

poyjaw }se) Bujusalos

9|qIXa|} pue }S0d MO N ZHIN 00Z 0} ZHY 0L ZH9 | 0} 'O°p o [21] Jojosuuod uidyinw uadQ 2|
dn-1es auo
yiim palpisesw aq ueo uoljenuaje
Buiusalog pue aouepaduwl Jajsuel| (¢ a10U)
‘wool paliealos e Jnoylm apew aq [91] poyjaw }s8} uoljenuaje
ued sjuatiainseaw Ayanisuas-ybiy E ZH9 € 0} ZHY 0L ZH9 G 03 O°p s'w ¥-¥-€5129 03I Bulusaios papleIys ||
papaau aiem}os 1sa) pajeolisiydos
ylm Ja||ojjuo9d 1aindwod aAlsuadxs [G1] poylaw
pue xa|dluood e jng ‘@sn ul 8|qIxa|4 48N ZHO 0% 0} ZHO €°0 < ZHOWS0 P Uy 92/.19 O3l laquweyo uonjelaqiersy 0l
(dweo Buiqiosqe)
sBuiplinosins ayy uo juspuadep ZHO G‘Z 0} ZHW 00§ poyjaw }s8} uoljenusjie
s1 Se Jo Bliunses|y “Ayanisuas sood 4N ZHO | 0} ZHWN 0 | ZHD §'C O ZHIN 0¢ ow S-7-£6129 O3l Buiusesos uedp 6
papl|aiys [|Igm ag o} spesu juswdinbs 143 (urewop
‘dn-jas Buunpsesaw deayd pue 9|qixa|4 aN ZHO € 0} ZHY 0 ZHO 0Z 0} 0P o w 9-¥-€G129 D3I Aousnbauy) uonosfursulm g
Jayduje Buunseaw ul Bulusalos (g aj0u) [eL] (urewop aw)
poof] speaN "asn o} Ases A1op iN ZHIN 08 0} ZkP, L ZHW 00} 03 0P ouw [e€l 1-+-96009 03I uonosfursury /£
dooj paxoo| aseyd (s1oyywsg)
10 Jaijdwg salinbai | ND Hoys A1ep d ZHIN 00€ O}ZHY 01 ZHIN 00% 0} "0°p s P [z1] lexeuyve3 9
ZHIN Q0L 01 ZHX 0L (1]
Bulusaliog poob spesu Bif 1se} p1bry 4N ZH9-0[y0} ZHIN 00) ZHO ZL 0} ZHY | s w €-1-69109 031 | (Jeboeis) |eixely | psyoley g
ZH9S | 0} dr] sa1ouanbauj je Bujusalos
Buissagse 10} pasn usaq sey }s9)
8yl "o|qisspdwi Aj|eonei08y} ZHIN 0
anoge agn ayew saoueuosal deaQ N ZHSO | 0} ZHY 00L | ZHIN 0S 0} ZHY 001} s w [o1] |leixelpend ¢
wajsAs Bulinseaw uo (181m04)
Bulusaliog poob spasu }s8} 8|qIx8|4 4N ZHIN 005 0} ZHX 01 ZHIN 00G 0} O°p ow [6] uopoalul presg ¢
[ee]
9861:1-96009 O3
so}11ie} uo sallad Bif 3s8) 8|qIxa|4 4N ZHIN 006G 01 ZHX 001 ZH9 | O} ZHY 0L sw Jo Gy ainbi4 | (quowig) |eixely pajeulwta] g
(preug
uo pax|iYi) 8|qixa|y Jo Bl }s8) PIBTY d ZHIN 0€ 01 ZHX 0L ZHIN 0G 0} 0P s P €-¥-€591¢29 03I leixey 931 |
(z @30N 99s) pasn Kjjenjoy a|qissod (1 o30N 00S)
sBujwodjioys 10 sabejuespy 410N 90Ud13}9Y 9|31} Moys
Buidnoig
uonoalu] abues Aouanbaiy

17 aouepaduwi Jojsues) 9oeLINS 10} SPOY}OW }SB) ]I JO SSBUDAIJIYD Bulusalag — Z ajqel



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV

— 36 —

© IEC 2020

‘PONNDTIO JOYS pusd I

‘st 09| 0} dn uoneInp pue su g'¢ = ¥ yym as|nd Ajjenjoy "paisa}

"1IN0J10 Alepuooas 0} aAllejas Arewlld jo Buipasy pus Jej sajousp 4

‘oouepadw

2 1nouio Arewd, jo

‘pap|aIys 1o pausalos
‘pausaiosun uo uado
13S14810BIBYD Y}IM payolew
‘pus Jej je 1INoJIo Joys

olpuod Aq Buidnolig

boU 1IN0410 AlepuodasS  § J1ON

salouanbaly aA30943 € J1ON
"}IN0J10 Alepuooas o} @Alre]al Alewnd jo Buipad) pus Jesu sajousp N Z 31ON

=S

(o)
w

P

‘pus Jeau }e }NolI0 JoYS = Uy
1 310N

woolJ pe

199108 B JNOY}IM Bpew aq

S}

(2]

poyjaw [eixeod a|gnop —
pyseb onjapubewoljosje pue
16N 0.1)po9a) JO SSOUBAIJ0DYLD

Bulusalos ay) Buunsesw
0} poyjlaw }sa) uoljenualie

ueo syusliainseaw AjlAljIsuss-ybiH ZH9 ¢ 0} 'O'p ZHO ¢ 0} 'O°p s w 0L-¥-€5129 D3I Buiusslos paplaiys G|
poylsw
aqgn} ul agny ‘zHo ¢ aAoge
pue 0} dn sJ0}09UU0D 4y
Jo Se uonenusye Buiussios
dn-jaq 1s9} U0 YlIMm uollENUS}IE ayy pue L7 souepaduwi
Bulusslog pue souepadwi Jajsuel | Jo1SUEl) 8Y) BuLINSESW
wooJl paliealos e Jnoyjim apew aq Joj poylow }sa) ,co:.m:co:m
ued syualiainseaw AjlAljsuas-ybiH ZH9 ¢ 0} "O°p ZH9 0Z 0} 'O°p s w /-¥-€G129 23| Bujuealos pap|aiys i
€l-¥-€5129 O3l
Z¢l-¥-€6129 O3
ZHO §°Z LL-¥-€G129 O3l poylew
Ayaisuas Jood ZHO G‘C 0} ZHIN 0§ 0} ZHIN 0§ S-¥-€G129 O3l dwejo Buiqiosqy ¢'¢l
wooJ paliealos e Jnoyym spew aq [zz] poyjaw
ued sjuathiainseaw Ajalisuas-ybiH ZH9 | 0} 'O°p ZH9 ¢ 0} 'O°p 6-¥-€5129 03I 188} |eixel} pap|slys Z'¢l
papuswwoosl sl poyjow
wooJ pauspios e ing AjAisuss ybiy ZH9 | O} ZHIN 0S| ZHO | O} ZHIN 0S Z--€G129 031 | ugnosfur dwejo jusung gl
alempley Bunosuuod
‘sal|quesse-a|qeo ‘sa|qeo
baoue|eq Jo sjuswalinseaw
uonenusye Bundnoy ¢
(Z 230N 99s) pasn Ajjenjoy a|qissod (1 @30N @9s)
sBujwodiioys 1o-Sabejueapy 440N Buidnod EETIEYETEN| 9|31} Moys
uonoaluj] abues Aouanbaiy : o



https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

IEC TS 62153-4-1:2014+AMD1:2020 CSV - 37 —
© IEC 2020

9 Comparison of the frequency response of different triaxial test set-ups to
measure the transfer impedance of cable screens

9.1 General

Different triaxial test set ups for the measurement of the transfer impodanr\o exist as

described in EN 50289-1-6 and the IEC 62153-4 series. All of them are based on the same
principle but are using different load conditions. In one method for example the cable under,
test is matched, while in the other the cable is short circuited at the far end. Furthermore,
generator and receiver may be interchanged in the different set-ups. The following
investigation analyses the frequency response of the different set-ups and their influencé on
the cut-off frequency up to which the transfer impedance could be measured.

9.2 Physical basics
9.21 Triaxial set-up
9.2.1.1 General

The triaxial set-up is of the “triple coaxial” form, see Figure 22 and)Figure 23. A short length
of the screen under test forms both, the inner conductor of the outer system and at the same
time the outer conductor of the inner system. The coupling between the two coaxial systems
is caused by the transfer impedance and the capacitive eoupling admittance of the screen.
The matching circuit, load resistor and series resistor are _used to change the load conditions
of the set-up. Also the generator and receiver may be~-interchanged between the different
methods.

5 6
4 L ; 8
9
|
LSS LS LSS S S LSS S LSS, 7
Ui I / I\ LR ///
f%/ | & XX XX i _X — S—l b Uz
o —7! ==\l
1 YA AL S LSS S L S LSS S LSS S, A 2

Key
Cable screen

Tube

4, Signal generator

Calibrated receiver or network analyzer

Matching circuit Terminating resistor

© oo N O

Cable under test Series resistor

Cable sheath

a b N

Figure 22 — Triaxial set-up for the measurement of the transfer impedance Z;
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21, &1, By
%D Ug Rt
ZrL 3
@ \ 2 «
YL Ror &
2
22 &2, B2 l l
@
IEC ™ 3129/13
Key
1 inner circuit, cable
2 outer circuit, tube
3 screen
2112 characteristic impedance of the inner circuit, cable, respectivelyouter circuit, tube
&9 dielectric permittivity of the inner circuit, cable, respectiyely outer circuit, tube
/3112 phase constant of the inner circuit, cable, respectivelyouter circuit, tube
L coupling length
Z; transfer impedance
Y: capacitive coupling admittance
Rin load resistance at the near end of the.inper circuit, cable. Equal to the output impedance of the generator
respectively input impedance of the_ receiver including an eventually used feeding resistor
Ry load resistance at the far end ofithe inner circuit, cable. Depending on the used method either equal to
the characteristic impedance of the cable or a short circuit.
Rys load resistance at the farend of the outer circuit, tube. Equal to the output impedance of the generator
respectively input impedance of the receiver including an eventually used feeding resistor
Ug EMF of the generator
Uy voltage at the far-end of the outer circuit

Figure 23 — Equivalent circuit of the triaxial set-up

9.2.1.2 Load conditions of the different set-ups

EN 50289-1-6 is using a method, where the cable under test and the far end of the secondary
circliit are matched. The signal is fed to the cable under test and the disturbing voltage is
measured at the far end of the outer circuit. A simplified method is to neglect the matching
resistor at the far end of the outer circuit, which results in a higher dynamic range.

IEC 61196-1 describes two methods:

Method 1: Feeding through a resistance, where the signal is fed via a resistance into the outer
circuit and the disturbing voltage is measured at the far end of the cable under test.

Method 2: Direct feeding, where the signal power is fed directly into the outer circuit and the
disturbing voltage is measured at the far end of the cable under test.
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With the revision of IEC 61196-1, the standard IEC 62153-4-3 has been published which also
describes several methods:

Method A “Matched-Short” is equal to EN 50289-1-6.

Method B “Short-Short” is the double short circuited method, where the load resistance of the

cable IS replaced by a Short circult, thus having two snort cifcuits in the set-up. One 1s at the
near end of the outer circuit (between the cable screen and the tube) and the other is at the
far end of the cable. The advantage of this method is the simplification of the sample
preparation. A short circuit is easier to make than to solder a resistor, especially if the sample
is a multi-conductor cable. Furthermore, the measurement sensitivity is improved. Compared
to the “matched-short” method, the dynamic range is improved by about 16 dB. In the milked
on braid” method, an additional braid, the measuring braid, is pulled over the cable sheath
instead of using the measuring tube. The advantage is that the sample could be bhent under
test, however the preparation is more laborious than with the measuring tube.

The load conditions of the different methods are given in Table 3. The impédance of the outer
circuit, Z, is varying with the diameter of the screen under test. Using the’measuring tube Z,
is in general higher, and in the “milked on braid” method Z, is lower, than’the input impedance
of the receiver.

Table 3 — Load conditions of the different'set-ups

Method Generator | Receiver ‘ R,./Z, | R,/Z, ‘ Z,/Ry;
EN 50289-1-6
Standard IC ocC 1 1 0,71
1...5
simplified IC ocC 1 1
depending on the tube diameter
IEC 61196-1
Method 1:
ocC IC 1 1 0,71
feeding through a resistance
Method 2: 1...5
<N IC 1 1 depending on the tube diameter

direct feeding

IEC 62153-4-3 Double short circuit methods

1...5
HEL e ocC IC 1 0 depending on tube diameter
0,1...0,4
With milked on braid IC ocC 1* 0 depending on screen and sheath
diameter of the cable
IC:  inngr circuit (cable under test)

OC: _outer circuit (tube)

* only if the cable impedance is equal to the generator impedance. For other cable impedances, the value
may vary, e.g. 0,67 for cables with an impedance of 75 Q.

——9:2:2———Coupting equations

The equations for the coupling between the inner circuit and outer circuit for any load
conditions are described in [18] and [19]. By taking into account the short circuit at the near
end of the outer circuit (between the cable screen and the measuring tube), neglecting the
attenuation of the disturbing and disturbed line, assuming non ferromagnetic materials and
introducing further variables, the following equations are defined.


https://iecnorm.com/api/?name=ae5e32dc671840f7dbc830e8670c5dec

—-40 - IEC TS 62153-4-1:2014+AMD1:2020 CSV

© IEC 2020
Ui L [z,.9+7-n] (30)
u, R; +R,,
I o o
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Zl

is the characteristic impedance of the inner circuit (cable) respectively outer
circuit (tube);

is the dielectric permittivity of the inner circuit (cable) respectively outer circuit
(tube);

is the phase«constant of the inner circuit (cable) respectively outer circuit (tube);
is the wave length in the inner circuit (cable) respectively outer circuit (tube);

is the‘coupling length;

is-the transfer impedance;

is the capacitive coupling admittance;

is the load resistance at the near end of the inner circuit (cable). Equal to the
output impedance of the generator respectively input impedance of the receiver
including an eventually used feeding resistor;

load resistance at the far end of the inner circuit (cable). Depending on the used
method either equal to the characteristic impedance of the cable or a short circuit.

The factors g and h (see Equations (31) and (32)) describe the frequency response of the test
set-up. At low frequencies, when A>>L, the factors g and h are equal to 1. However, with
increasing frequency, the factors g and h start to oscillate and thus also the measurement
results. The maximum frequency to which the transfer impedance could be measured without
oscillations, caused by the set-up, is defined as the 3 dB deviation from the linear
interpolation of the measurement results. Or in other words, the maximum frequency is
reached when the factor g respectively h becomes >V2 respectively <1/72.
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9.3 Simulations
9.3.1 General

For the following investigations, simulations have been chosen rather than a pure
mathematical solution because they are easier to grasp and clearly illustrate the differences in
the set-ups given in Table 4. In general, the capacitive coupling can be neglected compared

to the magnetic coupling (Zg<<Z7). i.e. the cut-off frequency is mainly determined by the
frequency behaviour of the factor g. Thus the following simulations are limited to the factor g.

Due to the reciprocity of the materials, it is possible to interchange the generator and receiver
without changing the results. Thus the standard EN 50289-1-6 method gives the same results
as IEC 61196-1, method 1: “feeding through a resistance” and the simplified EN 50289-1-6
method gives the same results as IEC 61196-1, method 2: “direct feeding”.

Table 4 — Parameters of the different set-ups

Method | w=R,jz, | =R, JZ, | v=Z,IR,, n=Ns,a,,
EN 50289-1-6, IEC 62153-4-3 method A
Standard 1 1 0,71
1...5 0,66 (0,45)...0,91
Simplified 1 1
depending on the|tube diameter
IEC 61196-1
Method 1:
1 1 0,71
feeding through a resistance
0,66 (0,45)...0,91
Method 2: 1...5
1 1
direct feeding depending on the tube diameter

IEC 62153-4-3 Double short circuit methods

1...5
With tube 18 0 0,66 (0,45)...0,91
depending on tube diameter
0.1...0,4
i i i a
With milked on braid 1 0 depending on screen and sheath 1,02...2,0

diameter of the cable

a  only if the cable impedange is equal to the generator impedance. For other cable impedances, the value may
vary, e.g. 0,67 for cables with an impedance of 75 Q.

In the tube .methods, the factor n is given by the dielectric permittivity of the cable (inner
circuit) as(the dielectric permittivity of the outer circuit is nearly independent on the sheath
materialland can be assumed to be 1. However, in the “milked on braid method”, the factor n
is dependent on both the dielectric permittivity of the cable insulation and the sheath, as the
“‘measuring braid” is directly put on the sheath of the sample. The values for the factor n are
given for typical insulation materials (PE, foam PE, PTFE ...). The values in brackets are
given for an insulation material of PVC, which may be used in multi-pair/conductor cables. For
the “milked on braid” method, typical combinations of insulation and sheath materials
(DIZ/D\/(“’ PE/| Q7|—|, PTEE/FEP ) are taken into Qr‘("ﬁllhfy rnclllfing inavalue n 1

9.3.2 Simulation of the standard and simplified methods according to EN 50289-1-6,
IEC 61196-1 (method 1 and 2) and IEC 62153-4-3 (method A)

In EN 50289-1-6, IEC 61196-1 method 1: “feeding through a resistance” and IEC 62153-4-3
method A: “Matched-Short”, the factor v=Z,/R, is specified at 1/2. The following simulations
show that this factor is a good compromise with respect to the maximum frequency to which
the transfer impedance could be measured.
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Coloured lines correspond to indicated factors of v=Z2,/R,;.
Simulation parameters
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2,3 (solid PE) 1,0 0,569
Figure 24 — Simulation of the frequency response for g
EN 50289-1-6 respectively IEC 61196-1 method 1 "feeding through a resistance"
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Figure 25 — Simulation of the frequency response for g
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EN 50289-1-6 respectively IEC 61196-1 method 1 "feeding through a resistance"
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Figure 26 — Simulation of the frequency response for g
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Figure 27 — Simulation of the frequency response for g

The highest frequencies (respectively shortest wavelengths) are obtained if the factor v=1/v2
respectively v=n, whichever is smaller. In Figure 24 and Figure 27, the highest frequency is
obtained for v=n (=0,659 respectively 0,447). But in Figure 25 and Figure 26, the highest
frequency is obtained for v=1/42=0,71. Below that value, the factor g overshoots, i.e.

becomes higher than one. Above that value, the cut-off frequency is decreasing.
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Figure 28 gives the calculated, by iteration, 3 dB cut-off wavelength (L/14) at which the factor
|g| becomes 1/v2. The graph is given as a function of the factor n=\/gr2/\/gr1 and for different
factors v=Z,/R,;. The curves show a linear behaviour and could be interpolated by straight
line.

This has been done in Figure 29 for v=1/2, v=1, v=1,8 and v=3,6. The factor v=1/32

a resistance” and IEC 62153-4-3 method A “Matched-Short”. The other values of the factor v
correspond to the simplified set-up, i.e. direct feeding. For common diameters of the
measuring tube (around 40 mm) and common cable screen diameter (2 mm to 9 mm), the
impedance in the outer circuit is 90 Q to 180 Q and v=1,8...3,6.

y (3dB) as a function of n and v

0,7
~_ — 0,50
0,6 — 0,66\
— 0,71
05 —_— N
L8 — 20,88
g T ~ 1,00
E 04 - —1,80
3 —— | —— 2,00
" 0,3 B —— A | —300 L
@ IR 5= [ |—3,60
= R
a e~ 4,00
= 0,2 —
— |
e
-‘_—_‘_-—
0,1 _ ==ma==L
]
0 |
04 0,5 0,6 0% 0,3 0,9 1

n = lambda™, flambda 2 IEC 3134/13

Key

Coloured lines correspond to indicated factors of\w=2,/R,;.

Figure 28 — Simulation of the 3 dB cut off wavelength (L/4,)

The graphs for v=0,5 and v=0,66 are only given for n up to 0,5 respectively 0,66 because
otherwise the factor g overshoots as described above.

v (3dB) as a function of n and v
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Figure 29 — Interpolation of the simulated 3 dB cut off wavelength (L/1,)
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The linear interpolation equation is used to derive an equation to calculate the cut-off
frequency length product up to which the transfer impedance could be measured in a given
triaxial test set-up.

Table 5 — Cut-off frequency length product

TFrietat-testset-up ¥ Cut-offequation
EN 50289-1-6
“ . . 200 120
IEC 61196-1 method 1 “feeding through a resistance v=1/2 (fL)z 4 = -~ |*MHz-m
& &
IEC 62153-4-3 method A “matched-short” r "
v=1 (FL)yg ~| 22 - 80 | o
& &
L r1 |'1d
v=1,8 (fL)s4g = 80 158 | MHz-m
€ &
Simplified EN 50289-1-6 LN
IEC 61196-1 method 2 “direct feeding” r 7]
v=3 (f-L),\s = 0 _3% | MHz-m
& &
LVTrt
v=3,6 (fL)s s = 40 _30 | MHz.m
& &
LVTr ]
The equations given in Table 5 are drawn in the~graphs of Figure 30.
cut-off frequency length product as a function of epsrand v
90
80 —0,71
—1,00 | |
70 1,80 |_|
—3,00
60 3,60 | |
—_—
—__‘—_—‘———'———h
£ 40
30
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o
o 1 2 3 4 5 6

dielectric contant of the inner circuit (cable)
IEC 3136/13

Key

COIOUTeU Tes COrTespunia to maitdicu TdUlurs Ul V—L2Iﬁ2f.

Figure 30 — 3 dB cut-off frequency length product as a function
of the dielectric permittivity of the inner circuit (cable)

For example, if a cable with a PE insulation — dielectric permittivity of, &4 = 2,3, and a screen
diameter of 3,5 mm is measured in a triaxial set-up according to EN 50289-1-6 or IEC 61196-
1 method 1 “feeding through a resistance” with v=0,71, then the cut-off frequency length
product is about 80 MHz-m. Therefore for a coupling length of 0,5 m, the maximum frequency
to which the transfer impedance could be measured is around 160 MHz.
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If the same cable is measured in a triaxial set-up according to IEC 61196-1 method 2 “direct
feeding” or the simplified set-up according to EN 50289-1-6 where v=3, then the cut-off
frequency length product is about 18 MHz-m. For a coupling length of 0,5 m, the maximum
frequency to which the transfer impedance could be measured is around 36 MHz.

Figure 31 and Figure 32 show the measurement results of the normalised voltage drop — i.e.

tha attanuiation ~canicad hy tha cariac racictar hac hoaon talcan 1Nt aco~int m-tha triavial cat
tHe—atteHoatror Dyt oS oo oTeototor—at cecrtakerrit Tt et Xrat—Sot

TTorootTo y L=~ T oo Too

up for different factors of v. Both figures show the results of the same screen design, however
one with a solid PE insulation (&4=2,3), the other with a foam PE insulation (&4=1,6). The
measurement results confirm the simulations. From the equations given in Table 5 one
obtains cut-off frequency length products for v=3 of about 18 MHz-m and for v=1 of about
55 MHz-m for both the solid PE and the foam PE. This is also found from the measurement
results.

~-48
v={0,56 /
~4 5 »//
ve 635 ;
-se. ‘,,
2 w1l A
© \
e}
S -e0 ZAANN
©
O g5 ‘/4—‘./\'\/“\_‘.‘J
g 7 e
g 70 /
. o~ Y,
-80;
20 UE
-85 Wazad,
&. ES g Eg bl ] NV ] T mg g"‘ E-g%
Frequency MHz
IEC 3137/13
Key
Indicated lines correspond to factors of, v=2,/R,
Measurement set-up parameters
£r1 £r2 n 2 L
2,3 (PE) 1,0 0,659 130 Q 1m

Figure-31 — Measurement result of the normalised voltage drop
of a single braid screen on a solid PE dielectric in the triaxial set-up
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Figure 32 — Measurement result of the normalised voltage drop
of a single braid screen on a foam PE djelectric in the triaxial set-up

9.3.3 Simulation of the double short circuited methods
9.3.3.1 General

For the double short circuited methods, one has either a measuring tube or a “milked on
braid”. When using a measuring tube, the dielectric permittivity of the outer circuit (tube) is
nearly independent on the sheath material and could be assumed to be 1. However in the
“‘milked on braid” method, theldielectric permittivity is given by the sheath material. Thus the
factor n is different for bothimethods. Also the impedance of the outer circuit is different for
both methods, first due to.the different dimensions, second due to the different permittivities.

9.3.3.2 Simulation of the double short circuited method using a measuring tube

The double short circuited method using a measuring tube is shown in Figure 33. The outer
circuit is fedtover a fixed — i.e. the same value for all cable types — feeding resistor, the value
of which~is/equal to the output impedance of the generator (e.g. 50 Q). Thus the load
impedance of the outer circuit at the far end is equal to 2 times the output impedance of the
generator. The factor v is then only dependent on the diameters of the screen and of the
measuring tube.
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Figure 33 — Triaxial set-up (measuring tube),.double short circuited method

Table 6 — Typical values for the factor v, for an inner tube diameter
of 40 mm and a generator output impedance of 50 Q

Screen diameter Z, v=Z,IR,
mm Q
9 89 0,89
8 97 0,97
5 125 1,25
3,5 146 1,46
2 180 1,80

Those values have’ been used in the following simulations. The graphs in Figure 34 to Figure
37 show the simulated frequency response for different dielectric permittivities of the cable
and for the-different factors of v given in Table 6.

Figure.38 plots the results of calculation by iteration for the 3 dB cut-off wavelength (L/14) at
whishthe factor |g| becomes 1/v2. The curves have then been interpolated by straight lines.
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double short circuit method with a measuring tube
" [ []]
1,2 —0,8911]
0,97
1 _ 1,25 ||
i Sl —1.46
NN -
0.8 ™ 1,80 L1
= I -
0,6
\ ||k
04 77
02 J A /\.
| VIV WA
\. 4 ]
0 T
0,01 0,1 1 10
L/Lambda IEGN\3740/13
Key

Coloured lines correspond to indicated factors of v=Z2,/R,;.

Simulation parameters
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n

2,3 (solid PE) 1,0

0,659

Figure 34 — Simulation of the frequency response for g of a cable having

solid PE dielectric((g,4=2,3)

double short circuit method with a measuring tube
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Figure 35 — Simulation of the frequency response for g of a cable having

foamed PE dielectric (g,4=1,6)
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Figure 36 — Simulation of the frequency response for g of a cable having

foamed PE dielectric-(g,4=1,3)

double short circuit method with a measuring tube
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Figure 37 — Simulation of the frequency response for g of a cable having

PVC dielectric (g.4=5)
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Figure 38 — Interpolation of the simulated 3 dB cut 6ff-wavelength (L/1,)

From the found linear interpolation, one can derivate following equations to calculate the cut-
off frequency length product, to which the transfer itnpédance could be measured in the
“double short circuit” triaxial set-up using a measuring tube.

Table 7 — Cut-off frequency length product

v=0,89 (FL)y g ~| -2 | MHz -m
\/gr‘l r
70 25
v=0,97 (f-L)3 . . -MHz-m
gr1 r
68 32
v=1;25 (f-L)y4g = =—=—— |MHz:m
Er1 r1
65 35
v=1,46 (f-L)y g =| =—=-—|MHzm
L Ver1 r1
60 35
v=1,80 (f-L)3 . T -MHz-m
€ ot

The equations given in Table 7 are plotted in the graphs of Figure 39. For example, if a cable
with a PE insulation — dielectric permittivity of £4=2,3 — is measured in a triaxial set-up with
v=1,46 (screen diameter=3,5 mm, tube diameter=40 mm), then the cut-off frequency length
product is about 27 MHz-m.: i.e. for a coupling length of 0,5 m, the maximum frequency to
which the transfer impedance could be measured is around 60 MHz. If the same cable is
measured in a triaxial set-up according to IEC 61196-1 method 2 “direct feeding” or the
simplified set-up according to EN 50289-1-6 where v=3, then the cut-off frequency length
product is about 18 MHz'm: i.e. for a coupling length of 0,5 m, the maximum frequency to
which the transfer impedance could be measured is around 36 MHz. That is to say, that the
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double short circuit method (using a measuring tube) facilitates the sample preparation, has a
6 dB higher dynamic range and also allows to measure the transfer impedance up to higher
frequencies, compared to the simplified EN 50289-1-6 or IEC 61196-1 method 2 “direct
feeding”.

cut-off frequency length product as a function of epsr and v

30
15 —0.89| |
—0.97
40 1.25 [
%5 —1.46| |
1.80
@ 30
3
20
15
10
5
0
1] 1 2 3 4 5 6
1,80

Dielectric constant of the inner circuit (cable)
IEC 3145/13

Key

Coloured lines correspond to indicated factors of v=Z2,/R,;.

Figure 39 — 3 dB cut-off frequency length product as a function
of the dielectric permittivity of the inner circuit (cable)

9.3.3.3 Simulation of the double short-circuited method using a “milked on braid”

In the “milked on braid” method, a measuring braid is used instead of a measuring tube. The
measuring braid is put directly over¢he' sheath of the sample. Thus the dielectric permittivity
of the outer circuit is given by the, dielectric permittivity of the sheath (g,=2...5), and the
impedance of the outer circuit is\given by the dielectric constant and the diameter over the
sheath of the sample.

In this method, the innereircuit is fed over a 10 dB attenuation pad instead of a 50 Q feeding
resistor while using a measuring tube. However, using a 10 dB attenuation pad instead of a
feeding resistor doesn't affect the cut-off frequency, as described below.

For cable screen diameters between 1 mm to 10 mm, sheath thickness between 0,2 mm to
1 mm and gy between 2 and 5, the impedance in the outer circuit is between 5 Q and 20 Q,
i.e. v between 0,1 and 0,4.

A cleser look on the coupling equations (Equation (30) to Equation (38)) shows that for small
values of the factor v and at low frequencies, the frequency response of the test set-up (factor
g) becomes nearly independent of it. The worst case with respect to the 3 dB cut-off is
reached if v=0. This is drawn out in the equations below and in Figure 40. Thus, in the

following the simulations are daone for v=0
o B

j-sinx

N =<cos x +
r+w

~[1+r-w]}~{cosnx+j-v~sinnx} (39)

for small values of v, i.e. v<<1 and low frequencies, i.e. x<<1 one gets
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Figure 40 — Simulation of the frequency response for g

Taking into account typical combinations of insulation and sheath materials (PE/PVC,
PE/LSZH, PTFE/FEP...), one gets values for the factor n between 1,02 and 2. Those values in

Table 8 have been used for the iteration of the 3 dB cut-off wavelength (L/14) shown in

Figure 41.

Table 8 — Material combinations and the factor n

411 42 n=\l€r2/\/gr1
5 (PVC) 1,47
2,3 (PE)

3 (LSZH) 1,14
5 (PVC) 1,77

1,6 (foam PE)
3 (LSZH) 1,37
5 (PVC) 1,96

1,3 (foam PE)
3 (LSZH) 1,52
2,0 (PTFE) 2,1 (FEP) 1,02
1,3 (expanded PTFE) 2,1 (FEP) 1,27
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Figure 41 — Interpolation of the simulated 3 dB cut off wavelength (L/1,)

From the interpolation, one can derive following equatiop-given in Table 9 for the 3 dB cut-off
frequency length product. The equation in Table 9 is plotted in Figure 42.

Table 9 — Cut-off frequency length product

—1,204
v<<t (fD); 5 ~ [50”’} “MHz - m

V‘Sr]

cut-off frequency length product as a function of epsr and n
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Coloured lines correspond to indicated factors of n=\/gr2/\/gr1, for v=22/R2f <<1.

Figure 42 — 3 dB cut-off frequency length product as a function of the dielectric

permittivity of the inner circuit (cable)

For example, a cable with PE insulation and PVC sheath (n=1,47) with the dimensions of a
RG 58 (screen diameter around 3,5 mm) measured with the “milked on braid” method results
in a cut-off frequency length product of 20 MHz-m. The same cable measured in the double
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short circuit method with a measuring tube results in a cut-off length product of 27 MHz-m. If
measured in the simplified EN 50289-1-6 method respectively one gets a cut-off frequency
length product of 18 MHz-m. Thus the major advantage of the “milked on braid” method is that
it allows for bending of the sample under test.

9.4 Conclusion

The best compromise between a simple test set-up and the cut-off frequency is given for the
“‘double short circuit” method using a measuring tube. It covers the usually required frequency
range of 100 MHz (see Table 10) for the transfer impedance measurement (using a 30 cm
tube) and has the highest dynamic range of all triaxial methods.

The “milked on braid” method has a limited frequency range, requires a long\ sample
preparation but allows for bending of the sample under test.

The matched method according to EN 50289-1-6, IEC 62153-4-3 method A #*matched-short”
respectively IEC 61196-1 method 1 “direct feeding” has the highest cut-offiMfrequency but also
the lowest dynamic range. An additional error source in that method js\the accuracy of the
series resistor which might have unknown frequency behaviour jand thus an unknown
attenuation.

Table 10 — Cut-off frequency length product for some typical cables
in the different set-ups

Cable type Sheath EN 50289-1-6 Double short circuit | Double short method
IEC 61196-1 method 1 method using a using a milked on
IEC 62153-4-3 method A tube braid
PVC 20 MH:%m
RG 58 80 MHz-m 28 MHz'm (n=1,47)
(8r1=2,3) (V=0,71) (V=1,46) 28 MHz'm
LSZH (n=1,14)
PVC 20 E/I1H7z%m
Thin Ethernet 83 MHz'm 30 MHz'm (n=1,77)
(€r1=1,6) (V=0,71) (V=1,46) 28 MHz-m
LSZH (n=1,37)
PVC 20 MH:%m
RG 214 80 MHz-m 35 MHz'm (n=1,47)
(8r1=2,3) (V=0,71) (V=0,97) 28 MHz'm
LSZH (n=1,14)
PVC 20 E/I1Hgém
RG 8 83 MHz'm 42 MHz'm (n=1,96)
(€r1=1,3) (V=0,71) (V=0,97) 26 MHz-m
LSZH (n=1,52)

10-/Background of the shielded screening attenuation test method
(IEC 62153-4-4)

10.1 General

In many cases, above all in the lower frequency range, the screening effectiveness of cables
is described by the transfer impedance Z. It is, for an electrically short length of cable,
defined (see Figure 43) as the quotient of the longitudinal voltage measured on the secondary
side of the screen to the current in the screen, caused by a primary inducing circuit, related to
unit length [23]. Although the transfer impedance Z; covers only the galvanic and magnetic
couplings, it is common practice to use it also as a quantity which includes the effect of the
coupling capacitance C; through the cable screen [24]. In this case, it is named equivalent
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transfer impedance Z;g which includes the effects of galvanic, magnetic and capacitive
coupling.

For the determination of the proper coupling capacitance there is, as standardised quantity,
the capacitance coupling admittance Yt. The coupling admittance (see Figure 44) for an
electrically short peace of cable is defined as the quotient of the current in the screen caused

hv tha canacitivia caunlnain-tha cocondarn circenit 1o thao yaltaoaao 1n thao nrimar, oieonit ralatad
oy—tHe—-Ccapaorr-e—-couprg— eSS 6o aary— oot O~ ge—r—He—prriary—Greort—Teratea

to unit length [23].

With electrically short cables, where wave propagation can be neglected, the screening
quantities related to unit length can directly be used to calculate an induced disturbing
voltage. In the higher frequency range, the implications get similar complicated @s-the
transmission characteristics of a simple line, dependent on the impedance and admittance per
unit length as well as on the terminating resistors.

1 I /4
' L << 14 ) L <<
i

TU1 V- Cr
I j
IEC 3150/13
IEC 3149/13 }
2 .
zT=—U2 o=y heCr

I -L 1
1
Figure 44 — Definition of coupling

Figure 43 — Definition of transfer admittance

impedance

10.2 Objectives

It is desirable to measure and evaluate _the screening efficiency of cable screens also in the
wave propagation frequency range such that its characteristics can be directly applied. This
requires a closer examination of therconditions of such applications.

In general, a system of electtomagnetic induction consists of a transmission circuit in the
cable, which is assumed to\be fully defined, and of a surrounding transmission system, which
is assumed to be universal with respect to the definition of cable screening. The screening
effectiveness may be “universally described by the maximum power output into the
surroundings of the(cable related to the power propagating in the cable. The power ratio is
best expressed logarithmically as screening attenuation.

An often usedprocedure to determine the screening attenuation is the well-known “absorbing
clamp method“ given in IEC 62153-4-5. The drawback of this method is that the set-up
requires_.relatively much space, does not exclude environmental effects — unless the
measuring area is enclosed in a shielded cabin —, and that the available absorbing clamp
transformers considerably limit the measurement sensitivity.

It suggests itself to limit the free space such that the said problems don’t occur but wave
propagation near the cable surface is not Qignifir‘an‘rly changed A triaxial measuring set-up is

the solution. It has a one-sided short circuit between the metal tube and the cable screen.
Power is fed into the terminated inner circuit of the cable and the disturbing power is
measured at the opposite end of the outer circuit.

10.3 Theory of the triaxial measuring method

On the basis of the known reversibility of primary and secondary measuring circuits, the
proposed measuring set-up, presented in Figure 45, is similar to the triaxial set-up for
measuring the transfer impedance. The benefits of feeding the inner system, which is
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terminated by its characteristic impedance, are the matching of the generator and reflection
free wave propagation over the cable length.

The characteristic impedance of the outer circuit depends on the diameter of the measuring
tube and the cable design. The effect of the mismatch in the outer circuit is discussed later

on.

The equivalent circuit using lumped circuit elements (shown in Figure 46) facilitates the
understanding of the theoretical relationships.

L~2m 7

)
AL LIS 2

1.4 — %
1 % i >< :‘I_ :" U
"D (7 1 ] |""'«."' 7,
7777777777777 2777777

Key
1 signal generator 5 cable screen
2 calibrated receiver or network analyzer 6 tube
3 input voltage to cable under test 7 terminating resistor R,=Z,
4 cable sheath

Figure 45 — Triaxial measuring set-up for screening attenuation

inner conductor

U1 V4 1
ZrL
YT L R Uz
 J

J_ tube

IEC 3152/13

Figure 46 — Equivalent circuit of the triaxial measuring set-up

Based on the conditions of the objects to be measured, it is assumed that the transfer
impedance Z; is low and the reciprocal quantity of the coupling admittance Y7 is high in
comparison with the characteristic impedances Z; and Z, and the load resistance R.
Therefore, the feedback of the secondary circuit on primary circuit can be neglected.
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When the frequency is low, one may consider the primary circuit shown in Figure 46 as a
voltage divider and read the disturbing voltage ratio directly. The one-sided short circuit in the
measuring circuit prevents the efficiency of the capacitance coupling admittance Y.

U, Z;-L
TR (1)

N

In the high frequency range, where wave propagation has to be considered, one may expect
the transfer impedance to be proportional to the frequency in most cases. Therefore jit\is
expedient to use the following equation:

Z; =R;+j-oM; = j-oM; (42)

and consider the effective mutual inductance per unit length My at high,frequencies as an
approximated constant quantity as it is usually done with the through capacitance Cr.

It is common practice to describe the capacitive coupling in the form\of the capacitive coupling
impedance Zg, which is nearly invariant with respect to the geometry of the outer circuit
(tube). [24], [27].

Z.=22Y,=27,j oC- (43)

Furthermore, the attenuation constants o4 and o»‘f the circuits may generally be neglected
as, for example, the value of nearly 1 dB/m ofthe common cable type RG 58 at 3 GHz is
relatively small compared to the usual measuyring uncertainty.

In the relevant literature it is commonypractice to describe wave propagation in the form of
phase constant [24], [25]. If the ratio® between effective length and wave length is used
instead of the phase constant, the¢periodic phenomena become clearer. With wave length 4,
in free space or 14, 4, in the circuits 1 and 2, the following relation exists:

Pio-L=27- ¢, T 27— (44)

According to the theory of wave propagation [25] and line crosstalk [26], a wave propagates in
the matchedsibner circuit towards the matched end. In the outer circuit, a part of the induced
wave propagates forwards to the measuring receiver and the other part is moving backwards
to the short circuit. The total reflection at the short circuit reverses this backward wave and
supefposes it to the original forward wave, i.e. the sum can be obtained as measured value.

Hxthe second circuit is matched at both ends, the backward wave would be measured at the
generator end (near end) and the forward wave at the opposite end (far end) separately.

Hence equations for the near end are derived from [24]:

U, Z.+Z c Aalfenfaa )y

0
U, B 2Z, Ja)( €r1+\/§

l-e (45)
)
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and for the far end:

. L . L
sz _ ZF _ZT Co ) 1_6‘1'2”(51—@)% 'e*J'ZHZ )

U 22 jols, e )

Equations (47) and (48) are depicted in Figure 47 with the indicated parameters.
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Z, = 50 Q &,y = 2,3
Z, = 120 Q £, = 1,1

Figure 47 — Calculated voltage ratio for a typical braided cable screen

With a short circuit and an unmatched-measuring receiver, these original voltage waves cause
additional voltage portions. The sum of all voltage portions is zero at the shorted end (near
end) and U, at the receiver end (far end). By use of the wave parameter and reflection factors
or terminating resistors, it is passible to calculate all voltage portions and the voltage U, from
the primary induced voltagewaves, see Equation (45) and Equation (46):

CO |

U2 1]
|0 Zi| |24 (2, /1R-1)-1-e71 (47)

or in consideration of Equations (42) and Equation (43)

M/ MV
Uz Z4 CTZZ[1_ej~¢1] A +CTZZ[1 e i | Co ' | (48)
| e e Jer +4enn 2+(zy/R-1)-[1—e77%2
where

%:2”(\/;_\/5% ¢2=2”(ﬁ+@% P3 =02~ =4z Srzi

Calculated results for a typical braided cable screen are given in Figure 49. Another way to
obtain the related induced voltage is given in [21].
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The functional equation (see Figure 48)

‘1 - e‘j""‘ = |2 X sin(¢/2) with ¢ = ¢4, 90, 03 (49)

shows that the equation of the voltage ratio contains three periodic partial functions of the

ratio effective length L to wave length A:

2
‘l—e”“" D
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Ij \' .I/ /‘- \ ! “
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I\\ ) | \/ /!
"\ ,' / \ X i
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i N NN
P2
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/2 IEC 315413

Figure 48 — Calculated periodic functions forg 4 = 2,3 and g, = 1,1

For low frequencies, when L<<ly and, consequently,/sin(¢) =~ ¢, Equation (48) changes into
Equation (42), the result of the common measuring.method for the transfer impedance.

An example of the theoretical curve of the v@ltage ratio is shown in Figure 49 in two diagrams:
The left one, a) with a logarithmic scale t® extend the lower frequency range and the right one
b) with a linear scale up to very high frequencies.
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Z, = 50 Q .4 = 2,3
Z, = 120 Q Eun = 1,1

Figure 49 — Calculated voltage ratio-typical braided cable screen

It is not useful to specify the induced power for an exact length of cable at a single frequency,
anywhere between a minimum and maximum of the function. Only the periodic maximum
voltage is important for the evaluation of the screening effectiveness. In the outer circuit, the
wave propagation shall be nearly the same as in free space. Therefore, the characteristic
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impedance Z, is higher than the common input resistance R of the measuring receiver, i.e.
50 Q or sometimes 75 Q.

Consequently, periodic maximum values of the voltage ratio are obtained from Equation (47)
and Equation (48), which are independent of the input resistance of the receiver R and of
effective cable length L:

(50)

1 Imax

or in consideration of Equation (42) and Equation (43):

M,
‘/ ¢,z éwz

‘ff Voo + e |

(51)

1

At first sight, Ct, Z,, &, and Zg appear as random quantities,"which depend on freely chosen
dimensions of the measuring tube. In reality, however, the(voltage ratio is independent of the
characteristic impedance of the outer circuit since Cy-Z4-and Zg are practically invariant with
respect to the dimensions of the measuring tube [24], [27]. Furthermore, the influence of the
cable sheath on the resulting relative permittivity_Js., is negligible if the design of the
measuring tube takes into account the requireément for a wave propagation which is
approximately the same as in the free space; incgonsequence &, ~ 1,0.

The periodic maximum value is independent of the effective length L and frequency f or wave
length 4. A measured frequency response would hint at a frequency-related quantity rather
than the pure mutual inductance M.

As it is seen from Figure 48, and Figure 49, the envelope rise is reached with the first
maximum of the wide period at:

or f>

;L%SZ-‘\/E_H— En

Co

52
2'L"\/‘9r1_\/‘9r2 (52)

In this frequency range, Z; can be calculated if Zg is negligible:

w-Z e, —& U
|ZT|z 1 | rl r2 2] (53)
2'CO.\I‘C”rl 1 lmax
10.4 Screening attenuation

The screening attenuation is defined as the logarithmical ratio of the maximum power in the
secondary (outer) circuit to the power propagating in the primary (inner) circuit.

j (54)

r,max

=-10x Iogl{Env

1
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The power coupled into the outer circuit depends on Z, although the peak voltage is
independent of it. Thus a normalised value of the characteristic impedance of the outer circuit
Z, must be defined. It is common practice to define Z; = 150 Q [24].

In the standardised “absorbing clamp method“ (see IEC 62153-4-5), the outer circuit is
matched with Z,, and the radiated power is the sum of the near end and far end crosstalk.

Erora-th BBt fib ot oo H 3 il th o oo oo iein o H £+t $et al-mathad

T TOTIT CIiT UUIIIPUIIOUII o orat IIIGCAOUIIIIB SHetHEWHR—thE IIIUCAGUIIIIH cHetHt o thetHadarethot

results the relation of the measured power to the radiated power.

The equivalent circuit for an electrical short part of the length AL and for a negligible
capacitive coupling illustrates the circumstances in Figure 50.

I

IEC 3157/13

Figure 50 — Equivalent ¢ircuit for an electrical short part
of the length Al and negligible capacitive coupling

The power in the primary circuit is:

Pl:U1'I12_2112'21 (59)

The power in the 'secondary circuit, which is coupled by the transfer impedance Z; is

. AU,
Al, = — 57
2 (57)

Thus

P_ZZ(AUg)Z_ 1 _(z ALy (58)
P 2.2z 17z 2.Z-Z

If the secondary circuit is short circuited at one end and terminated by R at the other end, the
power measured at R is
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—2 _ AT 7 59
P Z R (59)
Thus
A _R (60)
P, 27,

== — (61)

Thus the screening attenuation is calculated by:

P, P 27
a :10X|0910—1 =10X|°910—1'—s
r,max 2,max R
u, Y Gz

= 10 X IO 1 . S 62

glo U2,maxj Zl ( )
=20xlog, =4 +10xlog,, 300
2,max Z1

10.5 Normalised screening attenuation

From Equation (50), it is seefi*that the maximum voltage ratio and therefore the screening
attenuation is a function ofithe velocity difference between the primary and secondary circuit.
Therefore the test resultsymay also be presented for normalised conditions where Z; = 150 Q
and the velocity difference [Av/v4| = 10 % or &4/&, = 1,21.

The normalised screening attenuation is calculated by:

‘a)'\/ZI -z ‘\/‘C"—rl_\/a

Z:-C,

a,, = 20xlog,, (63)

With respect to Equation (50), Equation (62) and Equation (63) and assuming negligible Z,
the difference Aa of the normalised and the measured screening attenuation is given by:

&

r2,n

&

rl

Aa=a, —a, =20xlog,, V2 (64)
grz,t

1—

&

rl
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