IEC TR 61156-1-2:2009-05+AMD1:2014-09 CSV(en)

IEC IEC TR 61156-1-2

o
®

Edition 1.1 2014-09

CONSOLIDATED

VERSION 5

=
‘19'\
r\’ .
»
q"v
q/QQ oA
o EV

e

o
Multicore and symmetrical pair/quad cables fd(%igital communications —
Part 1-2: Electrical transmission characten@ips and test methods of
Symmetrical pair/quad cables g\\

o



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2014 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or

IEC Central Office
3, rue de Varembé
CH-1211 Geneva 20

Switzerland www.iec.ch

youriocdal 1ew miernioer Natiormat-Commmitteefor further-mformatiorn:

Tel.: +41 22 919 02 11
Fax: +41 22 919 03 00
info@iec.ch

About the IEC

The International Electrotechnical Commission (IEC) is the leading global organization that prepares and ‘publishes
International Standards for all electrical, electronic and related technologies.

About IEC publications

The technical content of IEC publications is kept under constant review by the IEC. Please makesure that you have the
latest edition, a corrigenda or an amendment might have been published.

IEC Catalogue - webstore.iec.ch/catalogue

The stand-alone application for consulting the entire
bibliographical information on IEC International Standards,
Technical Specifications, Technical Reports and other
documents. Available for PC, Mac OS, Android Tablets and
iPad.

IEC publications search - www.iec.ch/searchpub

The advanced search enables to find IEC publications by a
variety of criteria (reference number, text, technical
committee,...). It also gives information on projects, replaced
and withdrawn publications.

IEC Just Published - webstore.iec.ch/justpublished

Stay up to date on all new IEC publications. Just Published
details all new publications released. Available online ,and
also once a month by email.

Electropedia - www.electropedia.org

The world's leading online| dictionary of electronic and
electrical terms containing“more than 30 000 terms and
definitions in English andrFrench, with equivalent terms in 14
additional languag€s.~Also known as the International
Electrotechnical Voeabulary (IEV) online.

IEC Glossary'< std.iec.ch/glossary

More than 65 000 electrotechnical terminology entries in
English“and*French extracted from the Terms and Definitions
claus€ of |IEC publications issued since 2002. Some entries
have ‘been collected from earlier publications of IEC TC 37,
77,86 and CISPR.

IEC Customer Service Centre - webstore.iec.ch/csc

If you wish to give us your feedback on this publication or
need further assistance, please contact the Customer Service
Centre: csc@iec.ch.



mailto:info@iec.ch
http://www.iec.ch/
http://webstore.iec.ch/catalogue
http://www.iec.ch/searchpub
http://webstore.iec.ch/justpublished
http://www.electropedia.org/
http://std.iec.ch/glossary
http://webstore.iec.ch/csc
mailto:csc@iec.ch
https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

IEC TR 61156-1-2

Edition 1.1 2014-09

CONSOLIDATED

VERSION

colour
inside

Multicore and symmetrical pair/quad cables for, digital communications —
Part 1-2: Electrical transmission characteristics and test methods of
Symmetrical pair/quad cables

INTERNATIONAL
ELECTROTECHNICAL

COMMISSION

ICS 33.120.20 ISBN 978-2-8322-1857-0

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

IEC TR 61156-1-2:2009-05+AMD1:2014-09 CSV(en)

IEC TR 61156-1-2

Edition 1.1 2014-09

REDLINE VERSION

2
A
P
N -
W
XX
QQ) colour
Q/Q inside
Q)’\ .
e

o
Multicore and symmetrical pair/quad cables fd(%igital communications —
Part 1-2: Electrical transmission characten@ips and test methods of
Symmetrical pair/quad cables g\\

o



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

-2- IEC TR 61156-1-2:2009
+AMD1:2014 CSV © IEC 2014

CONTENTS
O T O I S 5
LS Yo oY o 1= PPN 7
2 NOMMALIVE FEIEIENCES ... e 7
3 Terms, definitions, symbols, units and abbreviated terms ... 7
3.1 Terms and definitionNs .. ..o 7
3.2 Symbols, units and abbreviated terms ... 8
4 Basic transmission [ine eqUatioNS ..........iiiiiiii e ) 11
4.1 INIFOAUCHION o N e 11
4.2 Characteristic impedance and propagation coefficient equations ...........\......... 11
421 GENEIAl .o N 11
4.2.2 Propagation coefficient.........cccoiiiiiiiiiiii S 11
4.2.3 Characteristic ImpedancCe ....... ..o e 12
4.2.4 Phase and group veloCity ......cocovviiiiiiiiiiiii Ot 13
4.3 High frequency representation of secondary parameters .. s........ccoooieiiiiiiiinennnnn. 14
4.4 Frequency dependence of the primary and secondary{parameters ........................ 15
4.4.1 ReSIStanCe .....oouviviiiiiii e B 15
4.4.2 INAUCIANCE. ...t e e e e 16
4.4.3 Characteristic ImpedancCe .............o /8 i 16
4.4.4 Attenuation coefficient ... ... e 16
4.4.5 Phase delay and group delay. .0y 17
5 Measurement of characteristic impedance .\ ... ... 18
51 GeNEIAL e s 18
5.2 Open/short circuit single-endedimpedance measurement made with a balun
(reference Method) ...t e 19
5.2.1  PrINCIPIE e e 19
5.2.2 TSt eqUIPMEN . 20
B.2.3 PrOCEAUIE (e e 20
5.2.4 EXPressSion Of reSUILS ......couiiiii i 21
5.3 Function fitting the impedance magnitude and angle ............ccoooiiiiiiiiinneen, 21
B.3.1  GEIEIAl oo 21
5.3.2_ Nimpedance magnitude ..o 21
5.3.3. Function fitting the angle of the characteristic impedance.......................... 23
5.4 _.Characteristic impedance determined from measured phase coefficient and
AP ACI AN CE et 23
5.4 GENEIAI i 23
5.4.2 Equations for all frequencies case and for high frequencies....................... 24
5.4.3 Procedure for the measurement of the phase coefficient ........................... 24
5.4.4 Phase delay ..o 26
0.4.0  PRAsS@ VEIOCIHY et 26
5.4.6 Procedure for the measurement of the capacitance .................................. 26
5.5 Determination of characteristic impedance using the terminated
measurement method ... 26
5.6 Extended open/short circuit method using a balun but excluding the balun
[ X=T o] 4 =T o o7 SRR 27
5.6.1 Test equipment and cable-end preparation............cooooiiiiiiii 27

5.6.2 BasSiC €QUAtIONS ...ieiiiii 27



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

IEC TR 61156-1-2:2009 -3-
+AMD1:2014 CSV © IEC 2014

5.6.3 Measurement prinCiple ... ..o 27
5.7 Extended open/short circuit method without using a balun.................... 29
5.7.1 Basic equations and circuit diagrams............coooiiiiiiiiiiii e 29
5.7.2 Measurement prinCiple ... ..o 31
5.8 Open/short impedance measurements at low frequencies with a balun.................. 32
6-0—Gharacteristicimpedance-and-propagation—coefficient-eblainedfrom-medal
decomposition teChNIQUE ... 33
.01 GBNEIAl e 33
5.9.2  PrOCEAUIE .. e 34
5.9.3 Measurement prinCiple .........cooiiiiii e KN 34
5.9.4 Scattering matrix to impedance matriX.............cocooiiiiii WA 36
5.9.5 Expression of results..........cooiiiiii e AN 38
6 Measurement of return loss and structural return 10SS.........coooiiiiiii i S 38
6.1 General ... e SN 38
B.2  PrINCIPIE oo e P e 38
7 Propagation coefficient effects due to periodic structural variation(rglated to the
effects appearing in the structural return 10Ss .........cooiiiii i NS 39
7.1 General. oo 39
7.2 Equation for the forward echoes caused by periodi¢ structural
inhomogeneities ........ooviiiiiiii e L 39
8 Unbalance attenuation ..o N T 40
8.1 General ... 40
8.2 Unbalance attenuation near end and farend ... 41
8.3 Theoretical background ... ) 43
9  Balunless test method ... N 46
9.1 Overall test arrangement. ... 0 46
9.1.1  TestinstrumentatiaR . . .o 46
9.1.2 Measurement pra&CautioNs ... .. ..ot 47
9.1.3 Mixed mode S-parameter nomenclature .............cccooiiiiiiiiiiii 47
9.1.4 Coaxial cablgs and interconnect for network analysers ...............c..oooan. 48
9.1.5 Reference loads for calibration ... 49
9.1.6  Calibralion ..o 49
9.1.7 Termination loads for termination of conductor pairs.................cocooiiin. 50
9.1.8 \Termination Of SCrEENS.......c.iiiii e 51
9.2 Cabling and cable measurements ... ... 52
9.2.1 Insertion 10ss and EL TCTL ..o 52
0.2, 2 NEXT o 53
0.2.3 A R-F o 55
9.2.4 Return 10ss and TCL ... 57
9.2.5 PS alien near-end crosstalk (PS ANEXT-Exogenous crosstalk) ................. 59
9.2.6 PS attenuation to alien crosstalk ratio, far-end crosstalk (PS AACR-
F- EXOQENOUS CroSSTalK ... o e e e e ee e ennnenannnnnennns 62
Annex A (informative) Example derivation of mixed mode parameters using the modal
decompPoOSItioN tECHNIQUE. ... ..o e 66
L2710 e Te | =1 o 2 )Y/ PP 69
Figure 1 — Secondary parameters extending from 1 kHzto 1 GHz..............cc.ooiiiiiiiiinnnn, 18
Figure 2 — Diagram of cable pair measurement CirCuit................ocooiiiiiiiiiiiici e 20



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

-4 - IEC TR 61156-1-2:2009
+AMD1:2014 CSV © IEC 2014

Figure 3 — Determining the multiplier of 2z radians to add to the phase measurement .......... 25
Figure 4 — Measurement configurations ..o 28
Figure 5 — Measurement principle with four terminal network theory.................cocooiinn 28
Figure 6 — Admittance measurement configurations.............coooiiiii 31
Figure 7 — Admittance measurement prinCiple ... 31
Figure 8 — Transmission liN@ SYStem ... e 35
Figure 9 — Differential-mode transmission in a symmetric pair...............cooceiiiiiiiii e, 41
Figure 10 — Common-mode transmission in @ symmetric pair............cooooviiiiiiininiii i 41
Figure 11 — Circuit of an infinitesimal element of a symmetric pair ..............c.oo O 43
Figure 12 — Calculated coupling transfer function for a capacitive coupling of 0,4 pF/m

and random £0,4 pF/m (£ =100 M; &4 = 2 = 2,3)ccueeiiriairiaieieeneenenese e et e 45
Figure 13 — Measured coupling transfer function of 100 m Twinax 105 Q ... iieenn. 46
Figure 14 — Diagram of a single-ended 4-port device ..........oovviieieine OV 47
Figure 15 — Diagram of a balanced 2-port device ...........cooiiiii Y 48
Figure 16 — Possible solution for calibration of reference loads.......,....c.cociiiiiiiinn. 49
Figure 17 — Resistor termination networks ..o MO 50
Figure 18 — Insertion loss and EL TCTL measurement....... e i 53
Figure 19 — NEXT measurement ...t S 55
Figure 20 — FEXT MeEasSUIremMENt ..o (e gttt e e ae 57
Figure 21 — Return loss and TCL measurement ., NS/ . e 59
Figure 22 — Alien NEXT measurement......... ... 0 e 61
Figure 23 — Alien FEXT .o ) e 64
Figure A.1 — Voltage and current on balanced DUT ...... ..o 66
Figure A.2 — Voltage and current on Gitbalanced DUT ........oooiiiiiiiii e 67
Table 1 — Unbalance attenuation at near end............oooiiiiiiii 42
Table 2 — Unbalance attenuation at far end ... 42
Table 3 — MeasUremM e N S e U ..o e e 42
Table 4 — Mixed mQde S-parameter Nnomenclature ... 48

Table 5 — Requiréments for terminations at calibration plane ..., 51



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

IEC TR 61156-1-2:2009 -5-
+AMD1:2014 CSV © IEC 2014

INTERNATIONAL ELECTROTECHNICAL COMMISSION

MULTICORE AND SYMMETRICAL PAIR/QUAD CABLES FOR DIGITAL

9)

COMMUNICATIONS -

Part 1-2: Electrical transmission characteristics and test methods of
symmetrical pair/quad cables

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 andrelectronic fields. To
this end and in addition to other activities, IEC publishes International Standards, fechnical 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 Natiohal Committee 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. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with 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 committee has representation from all
interested IEC National Committees.

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

In order to promote international uniformity, IEC{National Committees undertake to apply IEC Publications
transparently to the maximum extent possibled 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”of conformity. Independent certification bodies provide conformity
assessment services and, in some aréas, 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 natufre 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
indispensablé.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 IEC TR 61156-1-2 bears the edition number 1.1. It consists
of “the first edition (2009-05) [documents 46C/853/DTR and 46C/889/RVC] and its
amendment 1 (2014-09) [documents 46C/993/DTR and 46C/1000/RVC]. The technical
content is identical to the base edition and its amendment.

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions and deletions are displayed in red, with
deletions being struck through. A separate Final version with all changes accepted is
available in this publication.

This publication has been prepared for user convenience.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC 61156-1-2, which is a technical report, has been prepared by subcommittee 46C: Wires

and symmetric cables, of [EC technical committee 46: Cables, wires, waveguides, R.F.
connectors, R.F. and microwave passive components and accessories.

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

A list of all parts of the IEC 61156 series, under the general title: Multicore and symmegtrical
pair/quad cables for digital communications, 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 the data related to the specific publication.yAt this date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued'at' a later date.

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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MULTICORE AND SYMMETRICAL PAIR/QUAD CABLES FOR DIGITAL
COMMUNICATIONS -

Part 1-2: Electrical transmission characteristics and test methods of
symmetrical pair/quad cables

1 Scope

This technical report is a revision of the symmetrical pair/quad electrical transmijssion
characteristics present in IEC 61156-1:2002 (Edition 2) and not carried into IEC 61156-1:2007
(Edition 3).

This technical report includes the following topics from IEC 61156-1:2002:

— the characteristic impedance test methods and function fitting procedures of 3.3.6;
— Annex A covering basic transmission line equations and test methods;
— Annex B covering the open/short-circuit method;

— Annex C covering unbalance attenuation.
2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies”For undated references, the latest edition
of the referenced document (including any ametndments) applies.

IEC 60050-726, International Electrotechnical Vocabulary — Part 726: Transmission lines and
waveguides

IEC 60169-15, Radio-frequency~connectors — Part 15: R.F. coaxial connectors with inner
diameter of outer conductor 4,13 mm (0,163 in) with screw coupling — Characteristic
impedance 50 ohms (Type SMA)

IEC 61156-1:2007, Multicore and symmetrical pair/quad cables for digital communications —
Part 1: Generic specification

IEC 61169-16, ‘Radio-frequency connectors — Part 16: Sectional specification — RF coaxial
connectors_with inner diameter of outer conductor 7 mm (0,276 in) with screw coupling —
Characteristics impedance 50 ohms (75 ohms) (type N)

IEC/TR'62152, Background of terms and definitions of cascaded two-ports

3 Terms, definitions, symbols, units and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-726—an4d,
IEC TR 62152 and the following apply:

3.11
single-ended
measurement with respect to a fixed potential, usually ground
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Symbols, units and abbreviated terms

For the purposes of this document, the following symbols, units and abbreviated terms apply.

Transmission line equation electrical symbols and related terms and symbols:

R pair resistance (O/m)

L pair inductance (H/m)

G pair conductance (S/m)

C pair capacitance (F/m)

a attenuation coefficient (Np/m)

p phase coefficient (rad/m)

% propagation coefficient (Np/m, rad/m)

W phase velocity of cable (m/s)

VG group velocity of cable (m/s)

™ phase delay time (s/m)

76 group delay time (s/m)

Zc complex characteristic impedance, or mean characteristic impedance if the pair
is homogeneous or free of structure (also Used to represent a function fitted
result) (Q)

ZZs angle of the characteristic impedance-in radians

Z, high frequency asymptotic value of\the characteristic impedance (Q)

/ length (m)

j imaginary denominator

Re real part operator for a complex variable

Im imaginary part operator-for a complex variable

w radian frequencys(fad/s)

f frequency (Hz)

R’ first derivative of R with respect to

C’ first derivative of C with respect to w

L’ first\derivative of L with respect to w

Ry d.c. resistance of a round solid wire with radius r (Q/m)

R¢ constant with frequency component of resistance which is about 1/4 of the d.c.
resistance (Q/m)

Rg square-root of frequency component of resistance (Q/m)

L external (free space) inductance (H/m)

L internal inductance whose reactance equals the surface resistance at high
frequencies{H/my

o specific conductivity of the wire material (S/m)

p resistivity of the wire material (Q2/m2)

U permeability of the wire material (H/m)

r radius of the wire (m)

) skin depth (not to be confused with the dissipation factor tan 6) (m)
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1

T uo

o=

tan o dissipation factor
tan § = G/(wC)

¢ forward-echocoefficientatthefarend-of-thecableataresonrantfrequency

p reflection coefficient measured from the near end of the cable at a
resonant frequency, p = 10 7SRE/20 _ —izx ;iz

Aq forward echo attenuation at a resonant frequency (dB)

Aq=-201og lg|

PSRL structural return loss at a resonant frequency (dB)
PSRL =—20log p |

K =2al — 1 when 2al >>1 (Np)

Aq =2 x PSRL — 20 log(2al — 1) (dB) where 2al is in-Np

Zoc complex measured open circuit impedance (Q)

Zsc complex measured short circuit impedance(Q)

VALY characteristic impedance as measured (with structure) (Q)
zem=+ Zsc Zoc

ZMEAS complex measured impedancé/(open or short) (Q)

ZIN input impedance of the cable‘when it is terminated by Z, (Q)

Zout output impedance of<the cable when the input of the cable is terminated by
Zg (Q)

ZcN nominal characteristic impedance of a cable and is the specified Z¢c value at a
given frequency with tolerance and the structural return loss SRL limits in dB in
a frequeney range (Q)

AN, nominal (reference) impedance of the link and/or terminals (the system)
between which the cable is operating (Q)

ZRrR (nominal) reference impedance that is used in measurement. Normally (for
actual return loss results), Zr = ZN. When using a return loss measurement to
approximate SRL, it is practical to choose Zr to give the best balance in the
given frequency range (Q)

A terminated impedance measurement made with the opposite end of the cable
pair terminated in the reference impedance Zp (Q)

I reflection coefficient measured in the terminated measurement method

_ZrR—Zc
C ZrRtZc
VAc) termination at the cable input when defining the output impedance of the cable

Zoyr (Q)
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ZL termination at the cable output when defining the input impedance of the cable
ZN (@)

Lo, L4, Ly, Ly least squares fit coefficients for angle of the characteristic impedance
Ko, K4, K5, K3 least squares fit coefficients of the characteristic impedance

|ZC | fitted magnitude of the characteristic impedance (Q)

|Z(:|v|| measured magnitude of the characteristic impedance (Q)
Z(V4N) input angle relative to a reference angle in radians

Z (V1) output angle relative to the same reference angle in radians
k multiple of 2r radians

S11 reflection coefficient measured with an S parameter test set
RL return loss (dB)

SRL structural return loss (dB)

Attenuation unbalance electrical symbols:

TA transverse asymmetry

LA longitudinal asymmetry

Ry Ry resistance of one conductor per unit length ()

Ly, Ly inductance of one conductor per unit length (H)

Cyq. Co capacitance of one conductor to earth (F)

Gq. Gy conductance of one conductor togarth (S)

a, unbalance attenuation (dB)

T, unbalance coupling transferfunction

Zcom characteristic impedance of the common-mode circuit ()
Zgife characteristic impedance of the differential-mode circuit ()
Zunbal unbalance impedance (Q)

14 length of transmission line (m)

X length coGrdinate (m)

Yeom propagation factor of the common-mode circuit (Np/m, rad/m)
Yqiff prepagation factor of the differential-mode circuit (Np/m, rad/m)
Qi operational differential-mode attenuation of the cable (dB)
Qcom operational common-mode attenuation of the cable (dB)

AR resistance unbalance of the sample length (Q)

AL inductance unbalance of the sample length (H)

AC capacitance unbalance to earth (F)

AG conductance unbalance to earth (S)

S summing function

Uyite voltage in the differential-mode circuit (V)

Ucom voltage in the common-mode circuit (V)

n, f index to designate the near end and far end, respectively
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4 Basic transmission line equations
41 Introduction

A review of the relationships between the propagation coefficient and characteristic
impedance and the primary parameters R, L, G and C is useful here. Characteristic impedance

is—commonlhthought of asbeingamagnitudeguantity While this conceptmaysufficefor high
frequency applications, this quantity is actually a complex one consisting of real and
imaginary components or magnitude and angle. The associated propagation coefficient is
readily viewed as being complex, consisting of the real attenuation and imaginary phase
coefficient components. The four secondary components are readily related to the primary
components. Frequency dependence of these parameters is also developed.

The cable pair parameters are represented as frequency domain dependent quantities. The
measurement methods are based on frequency domain techniques. Measurement methods
based on time domain techniques and combinations of time and frequencysywhile useful in
many cases are not covered here. The present-day availability of excellentftequency domain
equipment such as the network analysers and impedance meters supports the frequency
domain approach.

4.2 Characteristic impedance and propagation coefficient equations
4.2.1 General

The frequency domain of the complex characteristic jifmpedance Z. relates to the primary

’R+ja)L
- 1
Ze G+ joC (1)

The propagation coefficient, y, relates.to the primary parameters as:

parameters as:

P=a+ jB=yR+ joL)G+ joC) (2)

4.2.2 Propagation coefficient
4.2.21 Attenuation and phase coefficients

Equation (2) is.separated into its real and imaginary parts, the attenuation coefficient « and
the phase ceefficient g

1 1
a \/—E(szc—RG)+5\/(R2+w2L2)(G2+w2c2) (3)

1 1
ﬂ:\/;(a)ZLC—RG)+7\/(R2+a)2L2)(G2+a)2C2) (4)

=

Further, by factoring out w+ LC we obtain:

~ 1 R G 1 R? G?
proiLc E[*‘EEJ*E\/(”szz}[”wzCzj )
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af=wLC [g\/g] (6)

It can be shown that:

4.2.2.2 Equations useful at high frequencies

From Equations (5) and (6) we can solve for « and thus obtain for « and g the following
expressions, valid within the entire frequency range:

R/C+G/L
2\VL 2\C

a= (7)
1 R G\ 1 R? G2
— |- +—= |1+ 1+
2 ol oC ) 2 w212 w2 C?
1 R G 1 R2 G2
=wVLC |=|1-——|+—= || 1+ 14
B=w+LC 2[ — ij 2\/( a)szJ( 202 (8)

Equations (7) and (8) are well suited for evaluation of high frequencies.

4.2.2.3 Equations useful at low frequencies

For low frequency evaluations, the expressionsgiven by Equations (9) and (10) are suitable.

RC G L 272 2
P e N I P L 1+ G (9)
2 wC R R2 a)2C2

B wRC oL G a)2L2 G2
o2 (T‘E}\/(” 2 J[szczj (10)

4.2.3 Characteristic impedance

4.2.31 Real and imaginary parts

The characteristic impedance Zc can also be separated into its real and imaginary parts as
devetoped in Equations (11) and (12).

R+ jol a+jp

=R + 71 = = 11
Ze=Re zeTjim Ze G+ joC G+ joC ()
ooz o))
oC oC oC
Zc= = (12)
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4.2.3.2 Equations useful at high frequencies

After substituting Equations (7) and (8) into Equation (12), the real and imaginary parts of the
characteristic impedance are obtained as given in Equations (13) and (14) respectively.
These are well suited for simplification (see 4.3) at high frequencies:

— [
4 Z
3N (A P O P
C |2 ol oC 2 0212 w2 2
2 2 2
149 1[1_RG]+1 1+ R 14+_G
22 20 oL oC) 2 22| 22
2 2
R, 6 [ G [L1f kR G\ 1 R 0
20JLC 20CNC @oC\NC | 2 ol oC ) 2 % L2 w2 C?
2 2 2
1+ G 1(1_RG J,-l 1+ R 14 G
w0?C? )\ 2 ol oC 2 W2 L2 02 2

4.2.3.3 Equations useful at low frequencies

(13)

—Im z¢= (14)

On the other hand, by substituting Equations (9) and (20) into Equation (12), the real and
imaginary parts given in Equations (15) and (16) respectively are obtained. These are useful
for simplification in the low frequency range:

2.2 2 2,2 2
L iL—i+ 1+60 L 1+ G +i i_%+ 1+0) L 1+G7
20C R oC R? 5202 oC oC R R? w2 C?

Re Zc = 2 (15)
[1+ g 2]
C
2,2 2 2,2 2
L i_iL+ 1+a) L 1+ G _i iL_i+ 1+0) L 1+ G
20C | oC _® R? w?c?) oC | R oC R? @2 C?
—Im Zc = D) (16)
(1+ 2G ZJ
o C

4.2.4 Phase and group velocity

The phase propagation time (per unit length) is:

TPZE (17)
a)

By introducing g from Equations (8) and (10), we obtain:

2 2
p=+LC 1 1—ii +l 1+ R 1+-G (18)
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2,2 2
and TP:‘/R—C (w—L—i}L 1+ 2 2L 1+ g 5 (19)
2w R oC R o C

The group propagation time (per unit length) is:

a8
=4 20
6= (20)
. , R G? R G R? G
rG:*ﬂ +1(L +7jﬂ+ w?LC G oL T a)2C2] d(wL) R oC [1+w2L2] d((uC] (21)
w 2 L + +

The phase and group velocities are, respectively,

1
vp=— (22)
TP

1
vG=— (23)
TG

The above expressions are accurate and valid within the whole frequency range. If C and
G/(wC) can be regarded as frequency independent coefficients, then we obtain:

2
RL[H G]
£+£l’_+£ _i-q- @ w C
w 2 L

45 oC R2 G2 (

The above expressions, which are valid within the entire frequency range, can be simplified
into approximate expressions, which are valid at high or low frequencies only.

G

4.3 High frequency representation of secondary parameters

The high frequency representations of the formulas are useful over a broad range of
frequencies \extending from voice frequency on up because of the range of values for the
dissipation factor. G/(wC) = tan § < 0,03 (< 3 %) even for PVC insulated cables up to 1,5 MHz
and fern'the polyethylene (PE), insulation is very small at about 0,000 1 (0,01 %). This results
in_dpproximations, which in practice are valid for the whole frequency range as follows:

L (1 1 R?
ReZCz1E1 7+T11+ 2 92 (25)
v C Z z=\ o L
G L
—Imzch—iRechrM (26)

20C Re ZC oC Re ZC
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I 2
~ R (27)
2 Rezc 2 Rezc
sl O Doz (DO
P~ T CZT \=Y)
rp=ALC (29)
R
rox L B O G el [ pipo-LtR, (30)
w 2 L 4p oC R2 L
1+ 2 3
o L

when also R/(wL) < 0,1, which is true for high frequencies (f > 1 MHz for 0,5 mm wire), the
formulas holding better than about 1 % accuracy can be further simplified as shown below.

Re 7c= 1/% (31)

; R G » L R G (32)
- mZC~2a)CReZC_E eZCNV 20l  20C
R /C G / (33)
2 ReZC eZCN_
fr~oC Reze~wLC (34)
prVLC (35)
e TP+£L_+£ _i-',-i —R+R’a)—ﬂa) (36)
2 L 48\ oC oL L

4.4 Frequency dependence of the primary and secondary parameters

4.4.1 Resistance

The high frequency resistance (surface resistance) of a solid round wire for frequencies where
the wire radius r is greater than twice the skin depth & can be regarded as consisting of two
parts where one is constant and the other £9.5 dependent.

1
R=RC+RS:RC+P\/;zR0£Z+%j (37)
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__Rs _ Ror
=== 2uoc 38
P 2u (38)

The above is true for a solid wire alone. In a pair, the proximity effects and the presence of
other pairs and possible screen contribute both to the resistance and inductance. These
effects can increase the R by about 15 % at 1 MHz and follow also approximately the square-

root or irequency Iaw. AISO, the constant component or resistance wnlie orien negliecied, 1S
about 15 % of the frequency dependent component at 1 MHz for a 0,5 mm diameter copper
pair.

4.4.2 Inductance

The total inductance consists also of two main components such that

LzLE+L|:LE+%:LE+L (39)

Jo

The external free space inductance is reduced by the proximity effect ofjthe pair and the free
space limiting effects of the nearby shield and/or other pairs. These inductive components are
negative and fairly frequency independent at high frequencies.

4.4.3 Characteristic impedance

The characteristic impedance high frequency asymptoticvalue Z_ is given by Equation (40).

LE
o= ] X 40
Z S (40)

The high frequency impedance formulas are)given by Equations (41) and (42):

L Rs P
ReZcm |~ Zo| 1+ =Zpt——— (41)
e [ Za)LE) 2 J1eC Vo

i ze \/Z(LL)
C \20L 20C
. RC+p\/Z E[H el ]tan&
2LE\/; 2

(42)

Ro _, _»p _ﬁngtm
2(()\/LEC 2\/LEC\/5 2 [ LE

ﬁtan&

P
21/LEC\/E 2

Q

4.4.4 Attenuation coefficient

Using the above approximations with Equations (31) through (36) results in the remaining
equations of this subclause:

2
Rc———
[ °Le J+p\/5 +p\/;tanéer LeC tans

27, 27, 47 2

(43)

a=
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which is of the form:

axA+BJo +Co (44)

where 4, B and C are constants.

The first term of Equation (44) indicates that at the low end of the high frequency range the
attenuation increases a little more slowly than the square-root-law. The first o 0.5 term in
Equation (43) which is dominant in the high frequency attenuation formula also appears in the
phase coefficient, Equation (45).

Br~aoLC ~oJ[cC [1+ sz\/LEm& (49)

R

4.4.5 Phase delay and group delay

The phase and group delay are given in Equations (46) and (47) respectively:

R
~yLC =\[gC |1+ ~4L C+2f 46
P VLE 20 e VLE 57 Jo (46)
BL  C( G.NE
~ ity = | L -r+R -2
re L) 4,8( o€ wL]( wj
~ [ R ) RLOHR G
4L 8oL \ oL w@C
R
e~ 1—-—=
TP( 4a)LJ (47)

Q Q
=~ =~
m m
:‘ :‘
HEEGN
by +
S~
N
8
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Figure 1 — Secondary parameters extending from 1 kHz to 1 GHz

Figure 1 shows the secondary parameters of a JUIP pair with 0,5 mm conductors versus
frequency. At voice frequencies, the attenuationand phase coefficients are substantially
equal. At these frequencies, the absolute valug of the characteristic impedance and the real
part of the characteristic impedance differ{by the square-root of 2. At frequencies above
100 kHz, attenuation is much less than the\phase coefficient on the Nepers and radians scale,
and the characteristic impedance is mastly real. The total attenuation (Alpha) differs from the
conductor attenuation (Alpha-R) by the dielectric component of attenuation for this example,
where the dissipation factor is assumed to be 0,01.

5 Measurement of characteristic impedance

5.1 General

The characteristicimpedance Zc of a homogeneous cable pair is defined as the quotient of a
voltage wave and current wave which are propagating in the same direction, either
forwards (f) .or_backwards (r). For homogeneous cables (with no structural variations), the
characterigtic-impedance can be measured directly as the quotient of voltage U and current
at the cable’ends.
zo=Yr_ U (48)
I I

A number of methods for obtaining characteristic impedance are described. Some of these

mathaodes offar convaniance—{(nerhans at tha caost of accuracy in nartioane Af thg froniigneyy
RetRoaS—o+HeH Rr-eHeRee—(periaps—at—He—685t+—+—a6etiaey—th—potHehs —He—HegHehcy

range). Others offer capability beyond what is currently needed for routine product inspection
but are useful in laboratory evaluation where measurement throughput is not as critical.

The open/short circuit single-ended impedance measurement made with a balun in 5.2 is
viewed as the reference method for obtaining the data. Alternative methods are listed below:

a) characteristic impedance determined from coefficient and capacitance

measurements (see 5.4);

phase

b) terminated cable impedance measurements (see 5.5);
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c) extended open/short impedance measurements excluding balun performance (see 5.6);
d) extended open/short impedance measurements made without a balun (see 5.7);

e) open/short impedance measurements at low frequencies with a balun (see 5.8;

f) impedance measurements obtained by modal decomposition technique (see 5.9).

It is intended that impnrlanr‘n measurements will be Innrfnrmnri ||cing cllffir‘innfly r\lnenly
spaced frequencies so that impedance variation is adequately represented. Either a linear
sweep or a logarithmic sweep may be used depending on whether the high end or low end,
respectively, of the desired frequency range is to be more fully represented. Typically, several
hundred points (such as the available 401 points) are required depending on frequency rangé
and cable length.

The balun used for connecting the symmetric cable pair to the coaxial port ©n)the test
instrument shall have a pass-band frequency range adequate for the desired_measurement
range. It shall be capable of transforming from the instrument port impedance,to the nominal
pair impedance. The three step impedance measurement calibration is-‘performed at the
secondary (pair side) of the balun.

Function fitting (discussed in 5.3) of the impedance data is useful f0r separating structural
effects from the characteristic impedance when such effects are.substantial. Where function
fitting is used, the concept is that measurements from neéarby frequencies aid in the
interpretation of the values obtained at a particular frequency. Function fitting of the
impedance magnitude or real part results in high values. (typically 0,5 Q or less) because of
the positive and negative deviations not being symmetrical on the impedance scale. Function
fitting can be carried out on the S-parameter values, ‘which are linear responses, if more
rigorous results (both impedance and SRL) are desired.

5.2 Open/short circuit single-ended impedance measurement made with a balun
(reference method)

5.2.1 Principle
Open and short circuit measurements made with a balun from one end of a symmetric cable
pair is the reference method for*obtaining characteristic impedance values. The characteristic

impedance is the geometric .mean of the product of the open and short circuit measured
values and is defined as:

Zc =+Zoc Zsc (49)

When the cable is-not homogenous, an impedance inclusive of structural effects is obtained:

Zem =+ Zoc Zsc (50)

wheré Zcwm is the complex characteristic impedance together with structure (input impedance),
expressed in ohms (Q).

Equation (49) represents the characteristic impedance, Zc, when structural effects are

negligible. The fitting of the open/short impedance data with a characteristic impedance such
as function of frequency can be employed to obtain Zc from the input impedance, Zcwm,
Equation (50) when structural effects are substantial. Equations (49) and (50) (and this
measurement technique) are valid for frequencies extending from low values, where the cable
length is only a fraction of a wavelength, to high frequencies where cable length represents
many wavelengths.
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5.2.2 Test equipment

A network analyser (together with an S-parameter unit) or an impedance meter can be used to
obtain the data. Figure 2 shows the main components of an impedance measurement circuit
where the generator and receiver are parts of the network analyser. An S-parameter unit,
where the key component is the reflection bridge, is used with a network analyser to separate
the reflected signal from the incident signal. A balun with the appropriate frequency range,

impedance (such as 50 Q to 100 Q for 50 Q equipment and 100 Q pair) and balanced at least
as well as the pair under test facilitates making measurements on symmetric pairs under
balanced conditions. Three terminating conditions, open, short and the nominal load
resistance, are used as appropriate for the type of measurement being made (open, short or
terminated).

N
7
/e /

%
G t Reflection
enerator bridge Cable'under test

e
Open Short |Load
_9

o/

“Receiver

IEC 840/09

Figure 2 — Diagram of cable pair measurement circuit

5.2.3 Procedure

A three step calibration. procedure using the same open, short and load terminations as used
for the actual measurements is carried out at the secondary of the balun with the cable pair
disconnected. Upen-completing the 3-step calibration procedure at the secondary of the
balun, the network)analyser is capable of measuring directly the complex reflection coefficient
(S-parameter).or-impedance of a cable pair. An internal 3-step calibration procedure including
calculations\is provided by most network analysers when an S-parameter unit is used. The
method presented in 5.6 covers a similar 3-step calibration procedure by using the F-matrix
principle .Where all the quantities are stated as impedances. This method is useful when the
network analyser is not suitably equipped, in which case the computations can be
accomplished external to the analyser.

The measured impedance (open or short) is computed from the reflection coefficient
measurements S11 by means of Equation (51) either by the network analyser or by a computer

(on acquired data):

1+S11
1= 544

ZMEAS = 2R (51)
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5.2.4 Expression of results

Conceptually, several approaches are possible. On the one hand, the input impedance
consisting of the combined characteristic impedance and structural effects can be viewed as
needing to meet a broader single requirement (such as the 85 Q to 115 Q range) over the
specified frequency range. Alternatively, a narrower range (such as a 95 Q to 105 Q range)
can be viewed as being a requirement for the asymptotic component of function fitted

characteristic impedance. In this case, RL or SRL specifications are used to control structural
effects. The advantage of a broad single requirement in many instances is measurement
simplification.

The advantage of separating the two effects is that of obtaining quantitative information for
the two effects. The requirements for the impedance and structural effects are given.in the
relevant cable specification.

5.3  Function fitting the impedance magnitude and angle
5.3.1 General

Function fitting of the impedance data is useful for separating structural effects from the
characteristic impedance when such effects are substantial. Where function fitting is used, the
concept is that measurements from nearby frequencies aid in theJinterpretation of the values
obtained at a particular frequency. Function fitting of the impedance magnitude or real part
results in high values (typically 0,5 Q or less) ,because of the positive and negative deviations
not being symmetrical on the impedance scale. Function fitting can be carried out on the
S-parameter values, which are linear responses, if mofrewrigorous results (both impedance and
SRL) are desired.

5.3.2 Impedance magnitude
5.3.21 Function fitting the magnitude _of the characteristic impedance

While function fitting can be applied to-the real and imaginary components of Zc, the usual
situation is that interest in the magnitude is greater than interest in the two separate
components or the angle. The impedance magnitude tracks the real component closely at
high frequencies where the imaginary component is small.

Function fitting of the impédance magnitude or real part results in fairly high values (typically
0,5 Q or less), because-of the positive and negative deviations not being symmetric on the
impedance scale. Function fitting can be carried out on the S-parameter values, which is a
linear response scale, if more rigorous results (both impedance and SRL) are desired.

This methaodtdiffers from smoothing in that a characteristic impedance like function (based on
transmission’ theory) is used to fit the measured data (obtained from Equation (50) or
terminated impedance data). The function is stated as follows.

The fitted characteristic impedance magnitude is calculated with a least squares curve fit to
Zg, based on Equation (52):

)
pawn |

Zcl= Ko+ /72 +7+ 132 (52)

NOTE Where terminated cable impedance data is used instead of open/short data, round-trip loss of measured
length should be sufficiently large (in the 10 dB to 20 dB range for desired accuracies in the 5 Q to 1,5 Q range
respectively when maximum deviation is 15 Q — see 5.5).

Discreet point data equally spaced according to the log of frequency is advantageous for
function fitting in that it results in appropriate weighting of the lower and upper ends of a multi-
decade frequency sweep. Linear frequency spacing with logarithmic weighting may be used in
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the calculations when log of frequency spacing leads to concern about undersampling at high
frequencies. Plotting the data versus the log of frequency is helpful here (as it is in network
theory). The function fitting for individual data sets can readily be accomplished by importing
ASCII format data obtained from the network analyser directly into a spreadsheet program
and using the built-in regression procedures. Optimized software for analyzing numerous data
sets is desirable for use in a production setting.

The terms of the right hand side of Equation (52) generally diminish in importance from left to
right. The first two terms have strong theoretical basis. The constant term has the strongest
basis in that it represents the space (external) inductance (largest component of inductance)
and the capacitance of the pair (see Clause 4). The second term is significant in that“t
represents the component of characteristic impedance resulting from the internal induetance.
The last two terms are supplied to provide for second order effects such as the capacitance
decreasing with frequency, as with polar insulation materials or the effects of a shield. In the
latter case, the low frequency end function fitting range is limited to frequenciesswhere slope
is increasing with frequency (2nd derivative positive).

The fit coefficients are calculated from Equation (53) where all summations are performed
over N data points.

Sz IR YR e
ZcM N —_ —
I B G A e

ZcMm 1 1 1 1

- - R Ky

; \/f_z _ ; fz ;fl ;.](1'3/2 i=1 fz’2 % K4 (53)
i|zCM| i 1 i 1 i 1 i 1 1[?
i]:v1 | Ji | i=1 Ji i=1 f13/2 i=1 fi2 i=1 fi5/2 ’

ZcMm N1 N A N1 WA
_; fi3/2_ _; 1302 ;f;z ;ﬁsm ;’fl?’ ]

5.3.2.2 Obtaining log spaced.data

Choose to acquire equally spaced data points on a log frequency basis when possible. This
approach provides better \Weighting emphasis for data spanning several decades. Most
network analysers offer this type of sweep. Convert the data being fitted to log spacing by
interpolation, when it is-'equally spaced on a linear frequency scale. Alternatively, use 1/f
weighting (this means weighting a 10 MHz data point by 0,1 when a 1 MHz data point is
weighted by 1) in performing the summations to simulate log frequency spaced data points.
The 4th order-system of equations and unknowns is solved by the computer, by using
determinants-or matrix inversion techniques.

5.3.2.3 Fewer terms

Depending on the measurement frequency range and the amount of structural variation,
usage of one or more of the higher order terms may not be justifiable. The contributions from
the higher order terms are intended to be second order. Where the data spans one decade or
less, only the first two terms (or perhaps only the constant term) may be justified. The

resuttamt—functiom fitis—considered—vatid—if it has—a negative stope at tow {Tequencies, 1S
asymptotic at higher frequencies and is free of oscillation with frequency.

Two or three terms may be sufficient when the data spans only one or two decades of
frequency. This is accomplished by discarding one or more lower rows of Equation (53) and
the same number of rightmost columns of the square matrix. While a four term fit is indicated
by Equations (52) and (53), in some cases fewer terms may suffice. It is shown in 4.4.2 that
just associating the inductance variation of a cable pair with frequency, calls for the first two
terms of Equation (52). This is particularly true when the low frequency range of the data
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being fitted extends below about 3 MHz. If the capacitance is changing with frequency as it
does when polar dielectric material is present, more terms are generally justified.

Four criteria indicate use of fewer terms — check or have the computer program determine if
the fitted function obtained by solving Equation (53) meets the following set of four criteria.

a) The fitted function, nyr‘np’r when it is nnly a constant _has nngnfi\/n anpn for frnnllmnr‘ine

below 3 MHz.

b) The 10 MHz fitted value is within the impedance range of +5 to —2 of the high frequency,
asymptote (fitted constant value).

c) The area under the fitted function supplied by the frequency dependent terms on@log
frequency basis, exclusive of the constant area, is positive (constant component is not
above the data).

d) The sum of the negative areas (those due to negative coefficients) is less_than the total
area due to the frequency dependent terms.

If all four criteria are not met, the number of terms in the function (Equation (52)) shall be
reduced by one by omitting the highest order term. Otherwise, data spahning a wider range of
frequencies and generally resulting in a better fit must be obtained, and fitted. The fit for
impedance magnitude shall have a monotonic downward behaviour with increasing frequency
and approach a high frequency asymptote to a reasonable extent;

5.3.2.4 Compute and plot fitted results

Compute values for the magnitude of the characteristicimpedance, according to coefficients
obtained from the fit at the desired frequencies, and plot the results and/or tabulate the fitted
results at specification frequencies as desired.

5.3.3 Function fitting the angle of the characteristic impedance

This is useful when the characteristic impedance is to be specified as a complex quantity. The
fitting equation for the angle of the characteristic impedance, £Zc, is given in Equation (54).
The equation should contain the ;same powers of frequency as those being used for the
magnitude of the characteristic impedance.

11 L2 L3

ZZC:LO"'W 7 ]"37 (54)

The coefficients fon the impedance angle can be calculated with Equation (53).

Plot the results as desired.

NOTE.._This procedure is necessary only if the angle of the characteristic impedance is of interest or if structural
returnlloss (SRL) is being calculated at frequencies low enough to result in a significant angle (degrees).

5.4 Characteristic impedance determined from measured phase coefficient and
capacitance

5.4.1 General

The mean characteristic impedance (homogeneous line) at any frequency can be obtained
from the ratio of propagation coefficient to shunt admittance. At high frequencies, the real part
of Zc can be obtained by dividing delay by capacitance. This method is expedient for
dielectric materials which do not change with frequency (non-polar) permitting a readily
obtained low frequency value of capacitance to represent the high frequency range but is
more difficult to apply when the capacitance changes with frequency as it does for polar
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dielectric materials. It results in characteristic impedance values free of structural effects.
Justification for this method is supplied in Clause 4.

5.4.2 Equations for all frequencies case and for high frequencies

Characteristic impedance Zc may be expressed as the propagation coefficient divided by the

shunt admittance as gi\/nn in Fqnnfinn (RR) This rnlafinnehip holds at any frnr\llmnr‘y
Characteristic impedance is readily separated into the real and imaginary components when G
<< wC.

At high frequencies, where the imaginary component of impedance is small, “and the real
component and magnitude are substantially the same, Equation (55) can be written as:

B Tp
=_rF _°pP 56
Zc=_ =G (56)
s
—Im Zcr——~Re Zc—Zx= oC Lo (57)
L
Zoo= —CE (58)

5.4.3 Procedure for the measurement of.the phase coefficient
5.4.3.1 General

The phase coefficient measurement procedure, in the situation where the complex
characteristic impedance is desired; is similar to that outlined for attenuation measurement in
6.3.3 of IEC 61156-1, Edition 3,(2007).

5.4.3.2 Phase coefficient
The phase coefficientLof a pair of conductors is a measure of the phase shift incurred by a

sinusoidal signal as\it propagates over a length of pair and is affected by the materials and
geometry of the insulated conductors.

The phase/coefficient, g, relates to the measurements as:
B=Z(Vig)—4(ViNn)+2nk (59)

The phase coefficient can be obtained as a result of the same measurement procedure used
to obtain the attenuation (see 6.3.3 of IEC 61156-1:2007 (Edition 3)) by using a network
analyser (which measures vector quantities). For balanced pairs, the transmit and receive

ports of the measurement instrument shall supply balanced voltage with respect to ground
and balanced currents (commonly accomplished with a balun). Pairs under test shall be
terminated in their nominal impedance =1 %.

5.4.3.3 Determining multiplier &k

The multiplier £ in Equation (59) may be determined either by examining the analyser display
or numerically with the aid of a computer.
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5.4.3.4 Determining k by examination

To determine the multiplier k, examine the analyser display and interpret the acquired data
over the range of frequencies as appropriate. The phase meter or network analyser normally
yields only the difference between the first and second terms shown on the right hand side of
Equation (59). Figure 3 shows the total phase and the sawtooth representation obtained from

o _nafa k analvucar Whan o notwark analucar o oad o trann Af tha nhacn annffininnt ~Avalin

a-hetwork—arabyser—Whenra-retwork—analyseris—used—atrace—erthephase—coeffieienteyeling
through the 2x radians (360°) range is generally displayed on a CRT display, facilitating the
determination of k. A frequently used technique in the interactive mode is to start at a low,
frequency where k£ = 0, by counting the number of 2% to On traversals to obtain the value for &.

3,0

2,5

2,0

1,5

Phase (x 2n Rad)

1,0

0,5

0,0
0,0 0,5 7,0 1,5 2,0 2,5 3,0

Frequency (MHz)
IEC 841/09

Figure 3 — Determining the multiplier of 2n radians to add to the phase measurement

5.4.3.5 Obtaining £ numerically

Determine/ k>~ numerically by acquiring the phase information obtained with the network
analyser( digitally using an interface with a digital computer as was done with the points
plottedtin Figure 3. Follow the data acquisition with a program procedure which starts by
establishing a starting slope from several points in the £ = 0 (multiple of 2= radian) frequency
region. Let the program continue by examining each remaining point in succession. If the
point is not within 2n radians of the continuous phase line being established, increment & until

it is. This approach works even when intermediate values of k£ are passed over, once the
carrect Q’rar’ring anlnp is established

5.4.3.6 Obtaining total phase from the length function

To obtain the total phase, use the procedure called the "length" function, which is built into
many network analysers. This internal procedure subtracts the specified length, which can be
expressed as seconds of delay (actually a constant time frequency), from the internally
established total delay and displays it. The phase trace is conveniently kept within the 0 & to
2n (or alternately —n to +m) range over the whole frequency range by supplying the
appropriate length value to the analyser.
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5.4.4 Phase delay
Phase delay is a measure of the amount of time a simple sinusoidal signal is delayed when

propagating through the length of a pair or cable. As with the phase coefficient, it is affected
by the materials and geometry of the insulated conductors.

I:qllafinn (Rn) is used to calculate the phaen Hnlgy R, —as—2a function of frnqllonr\y from the

phase coefficient g, measured in 5.4.3.2.
=t (60)
w

5.4.5 Phase velocity

Phase velocity (reciprocal of phase delay) is a measure of the velocity with which-a sinusoidal
signal propagates through a cable and is normally reported in units of distance per second
such as m/s.

Equation (61) is used to calculate the phase velocity w, as a function’of frequency from the
phase coefficient g, measured in 5.4.3.2.

vp=— (61)

NOTE Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided by the velocity of
light in a vacuum (c). It is then reported as, for example, 034/, meaning 0,71 x speed of light. A variation is to
report it as a percentage such as 71 %.

5.4.6 Procedure for the measurement-of.the capacitance

The capacitance of the same length as.that measured for the phase coefficient (delay) shall
be measured between the two conductors of the pair in accordance with 6.2.5 of IEC 61156-1,
Edition 3 (2007).

5.5 Determination of characteristic impedance using the terminated measurement
method

A single terminated .impedance measurement can be made in place of the open and short
circuit measurements)when the terminating impedance is sufficiently similar to the impedance
being measured( (within 15 Q) and when the roundtrip loss of the measured length is
sufficiently large.(at least 10 dB). This measurement is useful when the convenience of using
the networkKtanalyser in a stand-alone mode is desired. Use of this method is with the
understanding that the open and short circuit method is the reference method.

Understanding the difference between the measured terminated impedance and the
open/short circuit impedance is facilitated by the following equations. The equation for the
terminated input impedance Zy is:

4 2.4
IT™¢e
Z1=72Cc — 57 (62)
T=Zc 1o 2
where the reflection coefficient ¢is given by:
_ZrR™Zc

63
7Rt Zo (63)
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Zr and Zc are the terminating impedance (usually a resistance) and the actual characteristic
impedance respectively. Having a closely matched termination or sufficient roundtrip
attenuation is adequate for making the terminated measurement yield results close to those
obtained by the open and short circuit method.

Equation (62) can be restated as follows:

s (2127
Z1-Zc=(Zr-Zc) ¢ 2" | L1£C (64)
ZR1TZc

Equation (62) indicates that a 15 Q difference between the termination resistor and the |cable
impedance is reduced to a maximum error of approximately 5 Q with a round ftrip™loss of
10 dB. A 20 dB round trip loss insures that a 15 Q impedance difference is reduced\to a rather
minimal 1,5 Q error.

5.6 Extended open/short circuit method using a balun but excluding:-the balun
performance

5.6.1 Test equipment and cable-end preparation

The equipment required for the impedance and S-parameter measurement is that defined in
5.2. For this balanced form of measurement, the termination.condition for other pairs and a
shield, if present, is of little consequence. These conduetors are close to ground even when
permitted to float because of the pair twist of the pait_under test. Letting these conductors
float is acceptable.

5.6.2 Basic equations

Characteristic impedance and the propagation coefficient are expressed in Equation (65) and
Equation (66) respectively:

2
Zo= ZRz Zitr — Zitf Zitcef — Zits | | Zites — Zits (65)
Zitr — Zits Zitef — Zitf Zites ~ Zitf
7’=0!+jﬁ=—tanh_1 itcf its itcs its (66)
l Zitef — Zitf ) \ Zitcs — Zitf

where
Zy is the input impedance measured by leaving the balanced output of the balun open (Q);
VA

its isthe input impedance measured by shorting the balanced output of the balun (Q);

Zyye (1S the input impedance measured by terminating the balanced output of the balun in a
non-inductive, resistive load (Zg Q) which value is balanced to =1 % (Q);

Zics Is the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair open (Q);

Zics Is the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair shorted (Q).

5.6.3 Measurement principle
Extended single end, open/short circuit method using a balun, but excluding the balun

performance. The input impedance measurements are implemented by means of an
impedance bridge or network analyzer and S-parameter test set (see Figure 4 and Figure 5).
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Zitg 9 Oz Balun Open

Zits 9 @- Balun Short

Zitr 9 @- Balun ﬁ

Zitef 9 (@~ Balun Ze.v Open

o
Zitcs 9 ©- Balun Zc I Short

IEC 842/09

Figure 4 — Measurement‘configurations

o—
Zin .> @- Balun :ﬁ 7 Equals Zin 9 :ﬁ VA

o—

o>
ow

IEC 843/09

Figure 5 — Measurement principle with four terminal network theory

AZ+B

= el 67
Zn= 074D (67)
where

Z,, s the-input impedance;

Z is'the load impedance such as open, short, termination, cable pair open or cable pair
shorted.
Zitt= Zin| 2= = A/C, A=7is C (68)
Zits = Zin| z=0 =B/D, B=Zys D (69)
~ Zulger = AR+B (70)
Zitr=Zin| z=R CR+D

Zitcf:Zin‘ (71)

Z=Zit CZis+D
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_ AZis+B

Tuwoa=Zi| o =228 72
itcs in|Z=zis CZis+D ( )
where
Zi is the impedance presented by cable pair with far end open (Q);
ZiS ib tilﬁ illlpcu‘dllbb‘ plcaclltc:u' by Ladll)ib' pdil Vv;til fdl Ulld bilUltUu‘ (,2)
Substituting Equation (68) and Equation (69) into Equation (70),
D R(Zi—Zi
D (Zitf — Zitr) 173)
C Zitr — Zits
From Equation (71),
B —Z‘t f D
Zit=— (74)
Zitef C—4
From Equation (72),
B — Zites D
Zis= itcs (75)
Zites C—4
Finally:
72 - 2 Zis = B ~Zitet D\ B—Zites D
¢ e Zitef C—A |\ Zites C—4
2
% 2 Zitef — Zits || Zitcs — Zits
C )\ Zitet = Zitf )\ Zitcs — Zitf
2
_ g2 Zitr — Zitf Zitef — Zits || Zitcs ~ Zits
Zitr — Zits Zitef — Zitf )\ Zitcs ~ Zitf
Zi Zitef — Zitf || Zites ~ Zits
2 is i
tanh“ k= — =
Zif [Zitcf_zits]( Zitcs_Zitf)

5.7 Extended open/short circuit method without using a balun
5.71 Basic equations and circuit diagrams

Charagteristic impedance and the propagation coefficient are defined by Equation (76) and
Equation (77) respectively:

1 1 1
P L (e 7o

(77)
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Y is the admittance measured with measurement mode a (S);
Y;s is the admittance measured with measurement mode b (S);

Y, is the admittance measured with measurement mode ¢ (S);
Y,s Is the admittance measured with measurement mode d (S).

The measurement configurations are given in Figure 6.

A-leg of a pair
1
I ° é/ ®

L
\B-Ieg of a pair

\Other pairs and/or shield if any
IEC 844/09

Figure 6a — Measurement.mode a: Y

st% ®

— IEC 845/09

Figure 6b — Measurement mode b: Y

g |

"

— TEC— 8%#0/09

Figure 6¢c — Measurement mode c: Y ¢
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Yus =>

oy l

IEC 847/09

Figure 6d — Measurement mode d: Y ¢
Key

- connecting inner conductor of unbalanced type measuring equipment
G connecting outer conductor of unbalanced type measuring equipment

The above set of four admittance measurement configurations assumes the pair is pefrfectly balanced. Generally,
some degree of unbalance is present. This method can be used without additional measurements if the pair
unbalance is less than 1 %.

Figure 6 — Admittance measurement configurations

5.7.2 Measurement principle
The measurement principle is given in Figure 7¢/Jhe input admittance measurements are
implemented by means of an impedance bridge or hetwork analyzer and S-parameter test set.

Yin 9 ® ! Equals e

Ybin =>

Yin 9 Ybin Va Yuf

G [
g IEC 848/09
Figure 7 — Admittance measurement principle
For the\open circuit case, the measured admittance is given by:
1 1
Yin:YbinJFZ Yy tanh }/ul:YbinJ"Z Yuf (78)

where
Yu is the unbalanced (common mode) propagation coefficient;
Y, s the unbalanced (common mode) characteristic admittance;

Ypin is the input admittance of the balanced circuit (open or short).
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Y =Yinlyy =y = Y1 T Yur (79)
Yts=Yin \ybin=ys: YS+Z Yus (80)
where
Y  is the balanced open circuit admittance;
Y is the balanced short circuit admittance.
From Equation (79),
1 1 (81)
Yi=——=Y&—7 Y
f 7 =g Yuf
From Equation (80),
1 1 (82)
Ys Z_s Yts 7 Yus

1 1 1
——=Yc=+Ys Ys:\/(Yﬁ_ZYuf][st_ZYus] (83)

(84)

5.8 Open/short impedance*measurements at low frequencies with a balun

For the measurement, 0f the characteristic impedance of a cable, the open/short-circuit
method can be applied, especially in the frequency range up to 1 MHz. An impedance

measuring set withian accuracy of £2 % is recommended

The measurement is carried out at the relevant frequenc

y by connecting the pair (or one side

of the quad)“at one end through a balun to the test set. At the other end, the conductors

should be jsolated (open-circuited) or short-circuited.

Inth€e open-circuited condition:

Zco = R et (85)
In the short-circuited condition
Zcc = Rk €%k (86)
The modulus of the characteristic impedance is:
|Z| = [ R x R]"2 (87)
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Arg |z =172 (¥ + ¥) (88)

The attenuation constant is derived from:

BE |
8.686 2 A
o= x arctan h | ————— x cos [1/2(d5K—cD|_)] (dB/km) (89)
K
1+ —
R

where [ is the length of the cable under measurement (km).

The phase constant is derived from:

R
2 |[ZK
R
21 R
R

xsin[1/2 (@ —@ )]|+nxn| c(tad/km) (90)

As the function arctan is ambiguous, the value of n has 0 be determined. In practice, the
following formula gives, in most cases, the exact value of/n:

n = integer [|(1/n) (b — 28fZ,C5/500)| + 0,2] (91)
where

C3 is the mutual capacitance of the test specimen (nF).

R
2 &
B = arctan L «sin [1/2 (o -2 )] (92)
K
1_R7L
The phase velocity.is derived from:
v=2nflp (93)

5.9 Characteristic impedance and propagation coefficient obtained from modal
decomposition technique

501 General

This more involved method results in data for the characteristic impedance and propagation
coefficient if desired. Furthermore, it yields data for the unbalanced (common) mode as well

as cross modal coupling. All combinations of S-parameters are measured using a conventional
unbalanced instrument without the use of baluns, with other conductor ends terminated. The
balanced- and unbalanced-mode components (impedance element of the matrix) are derived
from the measured S-matrix by a mathematical operation ("mathematical balun").
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5.9.2 Procedure
The procedure is as follows.

a) Calibrate the network analyser system. Full-2-port calibration is recommended.

b—veasureeachetementof threS-matrix of the Equatiom (94 e g5 537 53D and—=S33are
measured by connecting the one end of the conductor of the pair to the other port of the
network analyser. All the rest of the ends of the conductors of the twisted pair, which may,
be terminated to the receptacle of the standard connectors respectively, should be
terminated with the standard dummy of the network analyser.

S14 S31 S33

Zou Sar Q%ZOU [S11 S21 S31 Sa1)
5 S4s S21 S22 S32 S42

E S; < S31 S32 S33 Sa3 (94)
Zoy Sa2 Zoy S41 Sa2 Sa3 Sas)

c) Transform the § — matrix into the Z — matrix (Y. &/matrix) using the following equations.

Z=20u [EXSIE-S ] (95)

Y=

[E-SJ[E+S ] (96)
Z0u

where

E  is the unit matrix of'4/ x 4;

Zy, is the system impedance of a scalar value.

d) Once the impedance matrix is obtained, the characteristic impedance and the propagation
coefficient for-the balanced mode are calculated by the following equations:

Z11—2Z21% Z22
Zc= 2\/ (97)
Y11—2Y21+ Y22

1
2 V(Z11=2 221+ Z22) (Y11-2 Y21+ Y22) +1
(98)

T

1
> V(Z11-2 221+ Z22) (Y11-2 Y21+ Y22) —1

5.9.3 Measurement principle

This method utilizes the modal decomposition theory, which has been established in the field
of analyzing a multi-conductor system.

Notation of secondary coefficient: The secondary coefficient is expressed using an impedance
matrix Z and an admittance matrix Y. The transmission line system illustrated in Figure 8 is
presumed linear and symmetrical to show simple expression.
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< / >
m m
I I
—> @ >
A A
m m m
12 Zc.y Vo
m m
I4 I
<+— @ ® <+—

IEC 849/09

Figure 8 — Transmission line system

o cosh(y) zWsinh() || y]
- (99)
17| |sinh(y)/ z@  cosh(y) || m
When modified, the second part of the matrix equation is:
m
m——2C_m_ zmedth i) 1 (100)
sinh(7) \
Substituting this into Equation (100), the following impedance matrix is derived:
o z@coth(ApOZE /sinh(y) || 1| | Z0 Zoy || 1
- = (101)
vD| | zR/sinb()  zRcoth() || - 13| |23y 2R |- 1%
Similarly, the admittance_expression is derived:
Voa coth(y0)/ 28 -1/ zBsinh(y) || [vTy y3 || T
- = (102)

15| |-V zgsinh(7) coth(y)/ zg || VS| |Yoy YH||VT

Thus we can get the secondary constants Z-™ and y as:

zy 1 1 | yzZhyh +1
ey =eoth 2Ry = 57| S (103)
Y11 V2V~

m_
Cc

Because Z{| can be obtained by measuring the ratio of V" to I} with the other terminal

opened, that is, by letting /"= 0,

T

z
i

17 1
=23 coth(yl), yTi=—— =— coth () (104)
1

3=0 yp=0  ZC
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thus, Z{N = Zgpen and Y4 =YJ ..
which are well known to us as equations for the open/short method.

This shows that Equations (103) are identical to those

For the case of a twisted pair cable, the impedance and the admittance matrix in the modal
domain shall be derived.

5.9.4  Scattering matrix to impedance matrix
5.9.4.1 General

The impedance and admittance matrices of the modal domain of the balanced modé “can
calculate the secondary constants of the pair.

The following three steps are required:

a) measure the scattering parameters of multi-conductor circuit;

b) calculate the impedance and admittance matrix (Z-matrix and Y-matkix respectively) from
the scattering matrix (S-matrix); and

c) calculate the impedance and admittance of the balanced mode according to the modal
decomposition theory.

5.9.4.2 Step 1: S-matrix measurement

The measurement is as follows.

a) Calibrate the network analyser system. Full 2-port calibration is recommended.

b) Measure each element of the S-matrix of the Equation (105), e.g. S11, S31 (S31), and S33
are measured by connecting the one end of the conductor of the pair to the other port of
the network analyser. All the rest of the ends of the conductors of the twisted pair, which
may be terminated to the receptacle<of the standard connectors respectively, should be
terminated with the standard dummy of the network analyser.

S11 Si_ W S11 821 8§31 S41
Z
Zou Sur O% “ | |S21 S22 S32 Sa2
s S. 105
3 * S31 S32 S33 S43 (105)
S22 53 Sa4
e — | S41 S42 S43 S44]
Zoy Saz Zou
5.9.4.3 Step 2: Transform S—matrix into Z—matrix
Transform the S — matrix into the Z — matrix (Y — matrix) using the following equations:
Z=rou [E+SJIE-S ] Y=—\ [E-Sj[E+s ] (106)

Z0u

where E is a unit matrix of 4 x 4, zg is the system impedance of a measuring equipment and is
defined as a scalar value (typically 50 Q system).
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5.9.4.4

— 37 -

Step 3: Modal decomposition

According to the modal decomposition theory, the impedance matrix ZM™ and the admittance
matrix Y™ for a twisted pair cable can be obtained from the multi-conductor line circuit
impedance (Z) and admittance (Y) as follows.

zm=plzg ym=-plyp (107)
where the diagonalizing matrices P and Q are 4 x 4 real matrices and given as follows:
il 1 0 O 1 l 0 O
2 2

1 1 0 O -1 il 0 O

p=| 2 ;. o=l 2 ] (108)
0o 0 — 1 0O 0 1 —
2 2
0 O 1 1 0 0 -1 il
L 2 L 2

When the line circuit is assumed to be linear, the matrices. are symmetrical and their

expressions become:

731t Za1—Z32—Z42 |

Z11—Z22
Z11—2Z21% Z22 — Z31=Z4a<Z32+  Za2 >
Z11—Z22 Z11+t2Z21% Z22 Z3NZ41VZ32—Z42 Z31TZytZ321Z42

M 2 4 2 4
7311t Z32—Z41—Z42 233~ Z44
Z31=Z32—Za1 " Z42 > 733—2743% Z44 — %

Z31= 7232V Za1—Z4a2 Z31+Z32tZa1tZag Z33—Z44 73372743% Zaa
L 2 4 2 4

ZN= 2112211 Z22

Y31+ Ya1—Y32— Va2 |

[ Y11—2Y21+ Y2 Y11—Y22 Y31=Y41~ Y321 Y42
4 2 4 2
Y11- Y22 Y31=Y411TY32-Ya2
" o Y11+ 2Y21t Y22 2 Y31t Y41+ Y32+Ya2
Y =
Y317Y32 - Y41t Ya2 Y31TY32-Ya1-Ya2 Y33-2Y431 Y44 Y33-Y44
4 2 4 2
Y31=Y32tY41-Ya2 Y33—Y44
> Y31+tY32tY41TYa2 — Y331T2Y431 Y44

ym = Y11=2Y21+ Y22
1" 4

The following equations are derived from Equations (103).

(109)

(110)

(111)

(112)

Zm— z% _9 Z11=2Z21%Z22
C qym Y11—2Y21+ Y22
11

(113)
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[>m ym
lCOth_1 ,(Zm Ym) = i In M
/ min 2] mym _ 4

VZi1Ya —

<
I

1 PN LL:
L \ /J \ll_r}
1
1I 5\/(211—2221+Zzz)(Y11—2Y21+Y22)+1
= —In
21

1
> N(Z11=2 221+ Z22)(Y11—-2Y 21+ Y22) -1

5.9.5 Expression of results

When the secondary transmission parameters deal with frequency domain data and show that
the data varies substantially versus frequency, the least squares function fit method is used to
extract the secondary transmission parameters as theoretic ideal parameters of the trans-
mission line.

6 Measurement of return loss and structural return loss

6.1 General

Return loss and SRL are both useful for quantifying the level (amount) of the reflected signal.
Return loss combines the effects of reflections due~to both the deviation from the nominal
impedance (such as 100 Q) and structural effects. It is specified when system performance is
the primary interest.

While return loss characterizes the pérformance of the channel or link, SRL is used to
represent the structural effects of the cable medium itself relative to Z and is useful for cable
evaluation.

6.2 Principle

The same measurement principles apply as in 5.2. Many network analysers yield return loss
in a direct manner as a<menu item. The circuit given in Figure 5 is suitable for the RL and SRL
measurements. Where-calibration of the network analyser and S-parameter unit is performed
relative to the referénce impedance, the return loss, RL, is given by Equation (115):

RL = -20 log |S4] (115)
Statedin'terms of the impedances the return loss, RL, is given by Equation (116):

71 - 7

RL =-20log
ZT + ZR

(116)

NOTE Open/short circuit data is not appropriate for return loss since both ends of the circuit must be terminated
with the reference impedance. The difference between the Z; used here and the Z used for SRL is obviously small
when roundtrip loss is large enough to render the distant-end reflection negligible.

The SRL is obtained by Equation (117), where Zc is the fitted characteristic impedance being
used as the reference value.

Zem —Zc

SRL =-20 log
ZCM +ZC

(117)
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7 Propagation coefficient effects due to periodic structural variation related to
the effects appearing in the structural return loss

7.1 General

The characteristic impedance Zc of a cable is defined as the quotient of a voltage wave (U)

F P +h A N H LE) —h

ard-eurrent-wave{H—which—arepropageating—inthe—same—directon—forwards{Hor backwards
(r). For homogeneous cables with no structural variations, the characteristic impedance can
be measured directly as the quotient of voltage and current at the cable ends.

Zc=Us /It =Ur / Iy (118)

The other characteristics which are important for a cabling system are the input<@nd output
impedances and the corresponding return losses and the structural return loss<ef*the cable.
These characteristics include structural variation in the cable. They are measured by the S,
and S,, parameters of the cable, as described in the following.

Important cable-related parameters, which for their part describe the quality of the cable as a
transmission medium, are the characteristic impedance Zc and the structural return loss SRL.

System-related parameters are the input impedance and the'rpeturn loss at the input and
output of the cable, which are related to the scattering parameters S11 and S22. The insertion
loss is also a system-related parameter which is denoted.by-§,,.

The transmission (propagation) coefficient:
y =ackyp (119)
is only cable-related. It has already been{discussed in Clause 4.

7.2 Equation for the forward echoes caused by periodic structural inhomogeneities

The reflected signals down the line have normally little direct effect on the transmission but
through double reflections they influence the forward transmission causing forward echoes at
resonant spike frequencies!

With periodic inhomogeneities extending throughout the line, the forward echo coefficient ¢
can be calculated-ftem Equation (120) when the measured periodic structural return loss PSRL
coefficient is p at\@’resonant frequency.

| dlmax = K | PlPrax (120)

_ 2a1-1+2al

where K
(1- e—2al )2

(121)

WHen 2ot 4 (Np).
K=~2al -1 (122)
The above is only cable- and cable length-related.

Also to be considered is the forward echo caused by the mismatch between the generator
impedance Zg, and the input impedance ZiN, and between the load impedance Z. and the
output impedance ZourT of the cable.
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Return losses RL are defined by Equations (123) and (124):

Rin=-20 log | T8 (123)
RLouT=—20 log %I (124)
The echo attenuation Ag from these two reflections is:
Ag=2al+RLINT RLOUT (125)
The total echo attenuation 415t of the repeater or regenerator section is:
Ator=-10 Iog(1o—AQ”0+1o—AE”0) (126)

If Zc and Z_ are taken as reference impedances in the scatterings-parameters measurement,
then:

S11=(ZN-Zc)/(ZINt Za) (127)
S22=(Zout—ZL) /{ZeuT + ZL) (128)
The composite loss (same as insertion loss 4, ifZg = Z ) is:
Ac=—20 log | 521 (129)
Observe that the cable attenuation:
al # Ac or A, (130)

For a homogenous cable, the composite loss (attenuation) is:

+ + ,
do=al+20 log|-Z81ZC | 20 log|-Z-"ZC |1 20 log|l - p1ype 2@+ b1 | (131)

2\7ZcZc 2\7ZLZc
where m=(Ze—-2c)/(Zc+Zc) (132)
ro=(zZL-2c)/(ZL+Zc) (133)

8 Unbalance attenuation

8.1 General

Symmetric pairs may be operated in the differential mode (balanced) (see Figure 9) or the
common mode (unbalanced) (see Figure 10). In the differential mode, one conductor carries
the current and the other conductor carries the return current. The return path (common
mode) should be free of any current.
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In the common mode, each conductor of the pair carries half of the current and the return path
carries the sum of both these currents. All pairs not under test and any screens, if present,
represent the return path for the common-mode voltage.

H Zdift,t | Ugir,

Screen and/or other pairs

IEC 3258/02

Figure 9 — Differential-mode transmission in a symmetric pair

Ucom, n Return path /

Ucom, f

Zcom, n Zcom, f

&
—————%

|l|—1

IEC 3259/02

Figure 10 — Common-mode transmission in a symmetric pair

Under ideal conditions, both medes are independent of one another. In reality, both modes
influence each other. Differences in the diameter of the insulation, unequal twisting and
different distances of the conductors to the screen are some reasons for the unbalance of a
pair. The asymmetry is “caused by the transverse-asymmetry and by the longitudinal
asymmetry. The transverse asymmetry, 74, is caused by longitudinally distributed unbalances
to earth of the capaeitance and conductance. The longitudinal asymmetry, L4, is caused by
the inductance andiresistance unbalances between the two conductors of the pair.

8.2 Unbalance attenuation near end and far end

Unbalanece’ attenuation is measured as the logarithmic ratio of the common-mode power to the
differential-mode power at the near end and at the far end of the cable. The unbalance
attenuation is also often referred to as conversion loss:

LCL longitudinal conversion loss
LCTL longitudinal conversion transfer loss
TCL transverse conversion loss
TCTL transverse conversion transfer loss

Additionally, the equal level unbalance attenuation far end are defined as follows:

EL LCTL equal level longitudinal conversion transfer loss

EL TCTL equal level transverse conversion transfer loss
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The equal level unbalance attenuation is defined as an output-to-output measurement of the
logarithmic ratio of the common-mode power to the differential-mode power or vice versa. The
output-to-output measurements correspond to the difference of the input-to-output
measurement and the respective attenuation:

EL LCTL =LCTL - @¢om

ELFcH—TCGH

(134)

oL
A= — L=l

As it is not a common practice to measure the output-to-output ratios directly, the above
differences are utilized to determine the equal level unbalance attenuation. The measurement
of the common-mode attenuation of balanced cables is prone to error, and the differential
attenuation of the cables has to be measured anyway. Therefore, the measurement’ of the
equal level unbalance attenuation far end is limited here to the equal level transverse
conversion transfer loss.

The unbalance attenuation near end or far end is related to the conversion lgsses as indicated
in Tables 1 and 2, respectively.

Table 1 — Unbalance attenuation at near end

Power fed at the near end into the differential-mode and coupled power TCL
measured at the near end in the common mode

Power fed at the near end into the common-mode and coupled power LCL
measured at the near end in the differential mode

Table 2 — Unbalance attenuation at far end

Power fed at the near end into the differential-mode and coupled power TCTL
measured at the far end in the common mode

Power fed at the near end into the common-mode«and coupled power LCTL
measured at the far end in the differential mode

Same as TCTL but the measured common-mode power is related to the differential-mode power EL TCTL

at the far end (equal level)

Table 3 indicates the common- and differential-mode circuit of the input, and the receive
signal for the different types of unbalance attenuation.

Table 3 — Measurement set-up

Set-up
Unbadlance Near end Far end
atténuation N - - -
Common-mode Differential-mode Common-mode Differential-
circuit circuit circuit mode circuit
TCL Receiver Generator - -
Near end
LCL Generator Receiver - -
TCTL - Generator Receiver -
Ear end
LCTL Generator - - Receiver

Using the concept of operational attenuation, the generator and receiver on one port of the
network are interchangeable without any change in the results. Therefore, the measurements
of TCL are identical to those of LCL.

However, the measurement of LCTL or TCTL is inherently a two-port measurement.
Therefore, the measurements of LCTL are only identical to those of TCTL, if the longitudinal
distribution of the unbalances is homogeneous, and if the velocity of propagation of
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differential- and common-mode signals is identical. In this case, the twisted pair corresponds
to a reciprocal and impedance symmetrical two-port network.

If differential-mode transmission is considered, then the loss due to conversion of the
differential-mode signal into common-mode signal only is of interest. This yields an additional
advantage. Feeding the power into the differential-mode ports of the balun yields the benefit

that thao haliin than ranracantc A matohad aonaratar wwhich avnide tha nand of oy additianal
tHo e oo e T T e pTey oo et T et g e e Tt oW T e O ot e e e e oray et ot

matching pads.

The differential-mode impedance of multiple pair cables is a well-known design parameter.
However, the common-mode impedance depends largely upon the design of the cable.and
is influenced primarily by the insulation thickness, the dielectric constant of the insulation;’the
proximity and number of neighbouring pairs and finally by the presence of shields.: Thus
the common-mode impedance of nominally 100 Q cables can vary within the rangerof 25 Q to
75 Q depending on cable construction. For STP (individually screened twisted pair) cables, it
is approximately 25 Q. For FTP (common screened twisted pair) cables, it.is approximately
50 Q. For UTP (unscreened twisted pair) cables, it is approximately 75 Q.

The baluns used for measuring generally match the input impedanceé lof the S-parameter test
set to the differential-mode impedance of the cable under test. (CUT). It is, however,
impractical to measure first for each cable the common-mode jimpedance to match it then to
the corresponding common-mode impedance terminations used-on the balun. Therefore, the
terminations at the common-mode port are made throughout.in 50 Q, 60 Q or 75 Q for 100 Q,
120 Q or 150 ©Q nominal impedance cables respectively, to match the common-mode
impedance of the balun and the pair under test (cable Under test, e.g. CUT). For cables with a
nominal impedance of 100 Q, the 50 Q termination,i§ presented by the input impedance of the
network analyser. This proceeding entails due toeventual impedance mismatches a variation
of the unbalance attenuation due to the reflected\signal. Thus, a return loss of 10 dB yields an
uncertainty of about +1 dB.

8.3 Theoretical background

The transverse asymmetry, T4, is caused by longitudinally distributed unbalances to earth of
the capacitance and conductanice. The longitudinal asymmetry, L4, is caused by the
inductance and resistance unbalances between the two conductors of the pair.

R4 Lq
L1 L
G4/2 :: C4/2 Cq/2 :: G1/2
- Gol2 :: Col2 Col2 :: Gol2 -
Lz Rz
_ L}
I d ’l IEC 3260/02

Figure 11 — Circuit of an infinitesimal element of a symmetric pair
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The unbalance of a symmetric pair can be expressed by Equation (135) (see Figure 11):

TA:(G2 +j><a)><C2)—(G1+jxa)xC1)

(135)
L4=(Ry + jx0x L)~ (R + jx 0x Ly)

The coupling between the differential- and common-mode circuit is expressed by:

ayn =20xlogqg (Tyn (936)
u,f u,f
U
where Ty =20 (137)
u f U giff

With the definition of an unbalance impedance:

Zynbal = 4 Zdiff X Zcom (138)

The terms for the unbalance coupling functions represent, in principle, the same coupling
transfer functions as for the coupling through screens or the coupling between lines
(crosstalk). Hence, they can be formally written down.as:

=/
Typ = —x— [ [ 7406) x 28t + L) e+ ream )5 g (139)
4 Zynbal B
=/
TU,f = lx L X e—;/comX€ X J‘x: |:TA(_X)X Zgnbal - LA()C)1|>< e_(}/diff ~ Ycom )%x x dx (140)

When yx/?¢~ 0, the unbalance coupling functions can be separated into the following
equations for the unbalafices of the primary parameters:

Zunbal Zunbal
|TConductance| = —uz & x AG |TCapacitance| = % xw x AC
(141)
Zunbal Zunbal.
|TResistance| = uz & x AR |T|nductance| = % x @ x AL

Equations (139) and (140) represent, in principle, the same coupling transfer functions
compared to the coupling through the screen or the crosstalk between lines. The integral can
only be solved if the distribution of the capacitance, resistance and inductance unbalances
along the cable length are known. For longitudinally constant unbalances, the transfer
function gives comparable results as for the coupling through cable screens, or the crosstalk

between lines

Tu’? - (TA Z2 ot LA)- - . =S, (142)
u,

The phase effect, when summing up the infinitesimal couplings along the line is expressed by
the summing function S. When the cable attenuation is neglected S can be expressed by the
following equation.
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. V4
sin( Baifr + Boom ) X — =| 7 Bdift + Bcom L
¢ - 2xe[’(d“ ) 2) (143)

f ( Baiff +ﬂcom)xg

For high frequencies, the asymptotic value becomes

Sh = 2 (144)
f (ﬁdiff £ Beom )X 4
and for low frequencies, the summing function becomes
Spl > 1 (145)
f

In practice, we have small systematic couplings together with statistical couplings. Thus, T, ,
increases by approximately 15 dB per decade. Figure 12 shows. the calculated coupling
transfer function for a cable length of 100 m and a capacitancé unbalance to earth, which
consists of a constant part of 0,4 pF/m and a random +0,4 pF/m.tongitudinal variation.

The relative dielectric permittivity of the differential<<and common-mode circuit is here
assumed to be 2,3. The magnetic coupling and the.cable attenuation have been neglected.
Figure 13 shows the measured coupling transfer function for a length of 100 m of a Twinax?)
cable with 105 Q, and with a braided screen. The*conductors are PE insulated and have an
inner PE sheath. The resultant velocity difference'is, therefore, nearly zero.

80
,\ TCL “
60 \/ \I\\A g
o N .
3 A |
5 v e
g 40 :‘»
2 b“"’“n%;\\\ TCTL
[0]
é Mhﬁ \-‘\H
8 26 o,
c EL TCTL e
=) %""h‘.
e,
"y
0
0 1 10 100

Frequency (MHz)
IEC 850/09

Figure 12 — Calculated coupling transfer function for a capacitive coupling of 0,4 pF/m
and random £0,4 pF/m ({ =100 m; &4 = &, = 2,3)

1) Twinax is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of this product.
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0
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Frequency (MHz)

IEC 851/09

Figure 13 — Measured coupling transfer function of 100 m Twinax 105 Q

9 Balunless test method

9.1 Overall test arrangement
9.1.1 Test instrumentation

The test procedures hereby descriped require the use of a vector network analyser or similar
test equipment. The analyser shall” have the capability of full 4-port calibration and should
include isolation calibrations. \hé analyser should cover at least the full frequency range of
the cable or cabling under te8f (CUT).

Measurements are to betaken using a mixed mode test set-up, which is often referred to as
an unbalanced, modal' decomposition or balun-less set-up. This allows measurements of
balanced deviceg~without use of an RF balun in the signal path. With such a test set-up, all
balanced and unbalanced parameters can be measured over the full frequency range.

Such a gonfiguration allows testing with both a common or differential mode stimulus and
responses;, ensuring that intermodal parameters can be measured without reconnection.

A(Te' port network analyser is required to measure all combinations of a 4 pair device without
external switching; however, the network analyser should have a minimum of 2 ports to
enable the data to be collated and calculated.

It should be noted that the use of a 4-port analyser will involve successive repositioning of the
measurement ports in order to measure any given parameter.

A 4-port network analyser is recommended as a minimum number of ports, as this will allow
the measurement of the full 16 term mixed mode S-parameter matrix on a given pair
combination without switching or reconnection in one direction.

In order to minimise the reconnection of the CUT for each pair combination, the use of an RF
switching unit is also recommended.
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Each conductor of the pair or pair combination under test should be connected to a separate
port of the network analyser, and results are processed either by internal analysis within the
network analyser or by an external application.

Reference loads and through connections are needed for the calibration of the set-up.
Requirements for the reference loads are given in 9.1.5. Termination loads are needed for

N

toarminatinn Af natlre iond oand niicad aahioh ara ot torminatad by tha onaotaorl Aanalvcone
e e o o PoT o, o S oo o oo e ey oo e roTre et oy —tHe—Ttetw ooty L

Requirements for the termination loads are given in 9.1.7.

9.1.2 Measurement precautions ,\b‘
To assure a high degree of reliability for transmission measurements, the f ing
precautions are required: r\

a) Consistent and stable resistor loads should be used throughout the test sequ@e

b) Cable and adapter discontinuities, as introduced by physical flexing, he?;; bends and
restraints should be avoided before, during and after the tests. Q

c) Consistent test methodology and termination resistors should be| d at all stages of
transmission performance qualifications. :

4
The relative spacing of conductors in the pairs should be pre%m%d throughout the tests to
the greatest extent possible.

N
d) The balance of the cables should be maintained tm’fﬁe greatest extent possible by
consistent conductor lengths, pair twisting and lay up e screen to the point of load.

e) The sensitivity to set-up variations for these meas’&xements at high frequencies demands
attention to details for both the measurement e lﬁpment and the procedures.

9.1.3 Mixed mode S-parameter nomenclatué\\

The test methods specified in this documngre based on a balun-less test set-up in which all
terminals of a device under test are meQu ed and characterized as single-ended (SE) ports,
i.e. signals (RF voltages and currents&;}re defined relative to a common ground. For a device

with 4 terminals, a diagram is given igure 14.
2
Port 1 Q& Port 2
s or
\O cuT

\@ (single-ended) Port 4
O

oo® |
Q-
OQ. IEC

C)é Figure 14 — Diagram of a single-ended 4-port device

T 4 YN

4 Al H H | i 4.4 H L 4+ H Al I 40 4 o lal o H H
LA~ i }JUIL UtTVviIiuT LILILI 1 IHUIC ™= o vlraravicricou Uy uare LA™ A~ RER] L= == O TTTAUTA HIVCII LLILJ
Equation (146), in which the S-parameter S,, expresses the relation between a single-ended

@

response on port “b” resulting from a single ended stimulus on port “a”.

So1 So2 Sz Sos4 (146)
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For a balanced device, each port is considered to consist of a pair of terminals (= a balanced
port) as opposed to the SE ports defined above, see Figure 15.

Rort 4

CuT FOIt £

(balanced) C)%

IEC @Q

Figure 15 — Diagram of a balanced 2-port device Q
\)

In order to characterize the balanced device, both the differential m@ and the common
mode signals on each balanced port shall be considered. The device‘a,ah be characterized by
a mixed mode S-matrix that includes all combinations of modes ‘and ports, e.g. the mixed
mode S-parameter Spcy4 that expresses the relation between a differential mode response on
port 2 resulting from a common mode stimulus on port 1. Usjng, this nomenclature, the full set
of mixed mode S -parameters for a 2-port can be presente |n Table 4.

Table 4 — Mixed mode S-paralae't%r nomenclature

/
Qi\?&éntial mode Common mode
A stimulus stimulus

/\Q' ;ort 1 Port 2 Port 1 Port 2

P y S S S S
Differential mode response ‘Q SRAL pb1z pet petz
\%rt 2 Spp21 Spp22 Spcai Spca2
N
Port 1 S S S S
Common mode respong%\g cD11 cD12 cc11 cc12
Port 2 Scp21 Scpaz Scca1 Sce2z
¥
R\
A 4-terminal deV|ce be represented both as a 4-port SE device as in Figure 14

characterized by a e ended S-matrix (Equation (146)) and as a 2-port balanced device as
in Figure 15 cha ized by a mixed mode S-matrix (see Table 4). As applying a SE signal to
a port is mathe tlcally equivalent to applying superposed differential and common mode
signals, the and the mixed mode characterizations of the device are interrelated. The
conversiorcﬁi SE to mixed mode S-parameters is given in Annex A. Making use of this
conversi@, he mixed mode S-parameters may be derived from the measured SE S-matrix.

96@* Coaxial cables and interconnect for network analysers

'#ssuming that the characteristic impedance of the network analyser is 50 Q, coaxial cables
I“used to interconnect the network analyser, switching matrix and the test fixture should be of

50 O charactarictic imnadancg and of Inw traoncfar imnadancg (Aauhla coraan ar marg)
So——-GRaaeteHSHEHRpPeaa R e a a6 W Hahste i peaadh e aodste ¥ R—-o+—-e+6+)-

These coaxial cables should be as short as possible. (It is recommended that they do not
exceed 1 000 mm each.)

The screens of each cable shall be electrically bonded to a common ground plane, with the
screens of the cable bonded to each other at multiple points along their length.
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To optimize dynamic range, the total interconnecting cable insertion loss should be
minimised. (It is recommended that the interconnecting cable loss does not exceed 3 dB at 1
000 MHz.)

9.1.5 Reference loads for calibration

The N-nonnector shall he seen as a nassihble sample Qther connectars can be used for
T L

similar purposes such as e.g. SMA-connectors. Some test equipment even use no
standardized fixtures. Cj

To perform a one or 2-port calibration of the test equipment, a short circuit, an open r&b&\
and a reference load are required. These devices should be used to obtain a calibratio[r.ll
N\ -

The reference load should be calibrated against a calibration reference, which%@uld be a
50 Q load, traceable to an international reference standard. One 50 Q referen oad should
be calibrated against the calibration reference. The reference load for calibration should be
placed in an N-type connector according to IEC 61169-16 or a SMA-con@ or according to
IEC 60169-15, meant for panel mounting, which is machined-flat o (the back side, see
Figure 16. For frequencies higher than 1 GHz, a SMA-connector shoufd' be used.

\/
The load should be fixed to the flat side of the connector. Qjétwork analyser should be
calibrated, 1-port full calibration, with the calibration reference, -Thereafter, the return loss of
the reference load for calibration should be measured. verified return loss should be
>46 dB at frequencies up to 100 MHz and >40 dB at freguencies above 100 MHz and up to
the limit for which the measurements are to be carried&g .

O

Kﬁ/mhined flat
4P

‘::\; ’ jﬂ
SN

$\‘§\ / || Load for calibration
&Q{)e connector
IEC
xO
Figur — Possible solution for calibration of reference loads

N

For short and,open, the inductance and capacitance should be minimised.

9.1.6 (‘@jaration

Iso@’measurements should be used as part of the calibration.

e calibration should be equivalent to a minimum of a full 4-port SE calibration for
Q/C)measurements where the response and stimulus ports are the same (Sx¢1 and Syy22), and a
V' minimum of a full 4-port SE calibration for measurements where the response and stimulus

ports are different (Syx12 and Syx21)-

An individual calibration should be performed for each signal path used for the
measurements. If a complete switching matrix and a 4-port network analyser test set-up is
used, a full set of measurements for a 4-pair device (i.e. 16 single-ended ports), will require
28 separate 4-port calibrations, although many of the measurements within each calibration
are in common with other calibrations. A software or hardware package may be used to
minimise the number of calibration measurements required.
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The calibration should be applied in such a way that the calibration plane should be at the
ends of the fixed connectors of the test fixture.

The calibration may be performed at the test interface using appropriate calibration artefacts,
or at the ends of the coaxial test cable using coaxial terminations.

N

VWhere calibration 1S _periormed at ihe 1est inieriace, open, short and load measurements
should be taken on each SE port concerned, and through and isolation measurements should

™
Where calibration is performed at the end of the coaxial test cables, open, short and@')\ad
measurements should be taken on each port concerned, and through and is‘atation
measurements should be taken on every pair combination of those ports. In additi '\ﬁe test
fixture shall then be de-embedded from the measurements. The de-embeddi chniques
should incorporate a fully populated 16 port S-matrix. It is not acceptable totperform a de-
embedded calibration using only reflection terms (S41, S22, S33, S44) Or Only n%%end terms (Sy4,

S21, S12, S22). QQ

De-embedding using reduced term S-matrices may be used for post&ﬁb&ssing of results.

/
9.1.7 Termination loads for termination of conductor pair's\(o(b
9.1.7.1 General Q)'\

When this document is used for the measurement Cﬁ\%;rformance against standards, the
differential mode terminations applied to the de\@f; under test (DUT) shall provide the
differential mode and common mode reference t ination impedances specified in standards
for the cabling system where the DUT is used. C‘)\

50 Q wires to ground terminations shg@ be used on all active pairs under test. 50 Q
differential mode to ground terminati should be used on all inactive pairs and on the
opposite ends of active pairs for @end crosstalk (NEXT) and far-end crosstalk (FEXT)
testing. Inactive pairs for return lo esting should be terminated with 50 Q differential mode
to ground terminations. See Figb{@??.

N

%)
K\ 500+01%  50Q+01%

9 [ p——

O

o
. 50 Q differential mode to
()@ ground terminations

&. Figure 17 — Resistor termination networks

.

IEC

-@nall geometry chip resistors should be used for the construction of resistor terminations.
:)The two 50 Q DM terminating resistors should be matched to within 0,1 % at DC, and 2 % at
1 000 MHz (corresponding to a 40 dB return loss requirement at 1 000 MHz). The length of

N

o)

be taken on every pair combination of those ports. O

connections to impedance terminating resistors should be minimized. Use of soldered
connections without leads is recommended.

9.1.7.2 Verification of termination loads

The performance of impedance matching resistor termination networks should be verified by
measuring the return loss of the termination and the residual NEXT between any two resistor
termination networks at the calibration plane.
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For the return loss measurement, a 2-port SE calibration is required using a reference load
verified according to 9.1.5.

After calibration, connect the resistor termination network and perform a full 2-port SE
S-matrix measurement. The measured SE S-matrix should be transformed into the associated
mixed mode S-matrix to obtain the S-parameters Spps; and Sccq1 from which the differential

A= aw =) TSSO Tt A~A~A~ s w = T oo TtTT

loss of the resistor termination network should meet the requirements of Table 5.

modao ratuen locc DI and tha comman mada ratiien Iocc DJ ara _daotaroainad Thao ratiien
Trote—TCctorT—ro oot A=A~ ooCc—TCctTort et rrre—Tretrort

For the residual NEXT measurement, a 4-port SE calibration is required. After calibrati

connect the resistor termination networks and perform a full 4-port SE S-matrix measure ent.
The measured S-matrix should be transformed into the associated mixed mode S-m: to
obtain the S-parameter Sppy1 from which the residual NEXT of the teléﬁqations,
NEXT acsidual term: 1S determined. The residual NEXT should meet the requirement Table 5.

For the TCL measurement, a 2-port SE calibration is required using a refer, load verified
according to 9.1.5. QQ

After calibration, connect the resistor termination network and pgi;wrm a full 2-port SE
S-matrix measurement. The measured SE S-matrix should be transformed into the associated

mixed mode S-matrix to obtain the S-parameter Scp14 from whi e differential mode TCL is
determined. The TCL of the resistor termination network §t\fq d meet the requirements of
Table 5. ©

Table 5 — Requirements for terminaéj)é%s at calibration plane
/

Parameter Fre:\}/lu n%/ Requiremfent up to maximum
requency
QQ >74-20 log(f) dB
SE port (50 Q) return loss (dB) Q 40 dB max
\\>\'\ 20 dB min
>74-20 log(f) dB
%7
DM port (100 Q) return loss (dB) \\\g\ 40 dB max
. 20 dB min
Q‘\‘@ 1 S-}(VS-}(‘I‘I’laX
o) >140-20 log(f) dB
DM port to port residualQlE&'l’ (dB) 104 dB max
r’\\o 80 dB min
N > 60-10 log(f) dB
DM port TC@ads (dB) 50 dB max
O 20 dB min
\%

S
é@i} Termination of screens

\Q/C)If the CUT is screened, screened measurement cables shall be applied.

The screen or screens of these cables should be fixed to the ground plane as close as
possible to the calibration plane.
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9.2 Cabling and cable measurements
9.2.1 Insertion loss and EL TCTL
9.2.1.1 Object

When this document is used for the measurement of performance against standards, the

diiferential mode terminations applied 1o the DUT shall provide the difierential mode and
common mode reference termination impedances specified in standards for the cabling

N

system where the DUT is used. C)%

™

The object of this test is to measure the insertion loss (IL) and equal-level trans@r e
conversion transfer loss (EL TCTL) of a cable or cabling pair. Insertion loss is defin;d%s the

attenuation that is caused by the cable or cabling pair. EL TCTL is defined as the alance
attenuation at far end. @
9.2.1.2 Cable and cabling insertion loss and EL TCTL qu
Cable or cabling should be tested for insertion loss in one direction EL TCTL in both
directions. ('1/
4

/

9.2.1.3 Test method (OQ)
N

Insertion loss is evaluated from the mixed mode paramet§'\SDD21 and EL TCTL is evaluated
from the mixed mode parameter Scpoq for each conducthg ir. The mixed mode S-parameters
are derived by transformation of the SE S-matrix.

\4

N

The test set-up consists of a network analyg’?r nd two test fixtures. An illustration of the test
set-up, which also shows the termin principles, is shown in Figure 18. Resistor
termination networks in accordance Wit{ .1.7 should be applied for all inactive pairs.
N
9.2.1.5 Procedure %
_— &
9.2.1.51 Calibration \$

9.2.1.4 Test set-up

)
A full 4-port SE calibration&hould be performed at the calibration planes in accordance with
9.1.6. Reference IoadSs@ed for calibration should be in accordance with 9.1.5.

OF
9.2.1.5.2 M@%urement

The CUT should be arranged in an appropriate test set-up according to Figure 18, including
proper termination of the active, inactive pairs and screen. A full SE S-matrix measurement
should be jperformed. The measured SE S-matrix should be transformed into the associated
mixe ode S-matrix to obtain the S-parameter Sppo; from which insertion loss is determined
anc@ctm from which TCTL is determined.

S

©
\Q/ IL(f) = —20 - log,, (15021 1) = —20 -log,y ( (531 — 545 — 532 + 5,2 (147)
TCTL(f) = 20 -log,,(Scozi[) = 20 -logy (|3 (531 + 541 — 532 — 5,2)] ) (148)
EL TCTL(f)=TCTL(f)IL(f) = ~20-log,, |c2ria=322a]) (149)
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Test all conductor pairs and record the results.

cuT :

NA Port 1 NA Port 3
Sl — g —s

" : e

NA FOIL £ « INATUILS

50 Q 50 Q

i

50 O
50 O

7

50'Q
50 Q

b

50 Q

Screen (if applicable)

Calibration plane Reference plane Referenceé, plane Calibration plane
IEC

Figure 18 — Insertion loss and EL TCTL measurement

9.2.1.6 Test report

The test results should be reported.inygraphical or table format with the specification limits
shown on the graphs or in the table,at the same frequencies as specified in the relevant detail
specification. Results for all paigg™should be reported. It should be explicitly noted if the test
results exceed the test limits.

9.2.1.7 Accuracy

As there is no definition of accuracy in this document and there is no procedure defined to
determine the aceuracy, the accuracy requirement is for further studies.

9.2.2 NEX%
9.2.2.1_Qbject

When-'this document is used for the measurement of performance against standards, the
differential mode terminations applied to the DUT shall provide the differential mode and
eommon mode reference termination impedances specified in standards for the cabling
system where the DUT is used.

The object of this test procedure is to measure the magnitude of the electric and magnetic
coupling between the near ends of a disturbing and disturbed pair of a cable or cabling pair
combination.

9.2.2.2 Cable or cabling NEXT

Cable or cabling should be tested for NEXT in both directions.
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9.2.2.3 Test method

NEXT is evaluated from the mixed mode parameter Spp,; for all conductor pair combinations.
The mixed mode S-parameters are derived by transformation of the measured SE S-matrix.

9.2.2.4 Test set-up

The test set-up consists of a network analyser and two test fixtures. An illustration of the test
set-up, which also shows the termination principles, is shown in Figure 19. Resistor @
termination networks in accordance with 9.1.7 should be applied for all inactive pairs. b&

N

9.2.2.5 Procedure (19
9.2.2.5.1 Calibration Q'\‘

A full 4-port SE calibration should be performed at the calibration planes in a(?ﬁ dance with
9.1.6. Reference loads used for calibration should be in accordance with 9.1¢52¢

9.2.2.5.2 Establishment of noise floor (19

-

The noise floor of the set-up should be measured. The level of thé\ﬁoise floor is determined
by white noise, which may be reduced by increasing the te Qbower and by reducing the
bandwidth of the network analyser, and by residual crosstalk'v\N n the test fixture.

©
The noise floor should be measured by terminatingEés test ports of the test fixture with
resistor termination networks and performing a full E_{h -matrix measurement. The measured
SE S-matrix is transformed into the associated mi ode S-matrix to obtain the S-parameter
Spp21 from which the noise floor is established. noise floor should be established for all
possible conductor pair combinations. 6\

The noise floor should be at least 20 qu@er than any specified limit for the crosstalk. If the
measured value is closer to the noise fQ\o than 20 dB, this should be reported.

QO

For high crosstalk values, it max&@necessary to screen the terminating resistors.

9.2.2.5.3 Measureme.n@\$

4\
The CUT should be ar(@ged in an appropriate test set-up according to Figure 18, including
proper termination € active, inactive pairs and screen. A full SE S-matrix measurement

should be perforﬁ) The measured SE S-matrix should be transformed into the associated
mixed mode S-matrix to obtain the S-parameter Spp,4 from which NEXT is determined.

N ,
@é@r = —20-log,, (ISpp2eD) = ~20-10g,q (|5 (a1 —Se1 — S22 + 52| (150)
\é@test has to be performed from both ends of the cable or cabling. Test all conductor pair

( ombinations and record the results.

3
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: CUT
NA Port 1 }
(0

NA Port 2

NA POt 3}

G

NA Port 4
50 Q i

:Screen (if:

3

Calibration plane Reference plane Reference plane Calibration plane
IEC

Figure 19 — NEXT measurement

9.2.2.5.4 Determining pass and fail

The NEXT of the cable or cabling should¥satisfy the requirements of the relevant detail
specification for all pair combinations and)in/both directions.

9.2.2.6 Test report

The test results should be repdried in graphical or table format with the specification limits
shown on the graphs or in thefable at the same frequencies as specified in the relevant detail
specification. Results for alNpairs should be reported. It should be explicitly noted if the test
results exceed the test limits.

9.2.2.7 Accuracy

As there is n@ definition of accuracy in this document and there is no procedure defined to
determine thig“accuracy, the accuracy requirement is for further studies.

9.2.3_YACR-F
9231 Object

When this document is used for the measurement of performance against standards, the
differential mode terminations applied to the DUT shall provide the differential mode and

common mode reference termination Impedances speciiied In standards for the cabling
system where the DUT is used.

The object of this test procedure is to measure the magnitude of the electric and magnetic
coupling between the near end of a disturbing pair and the far end of disturbed pair of a cable
or cabling pair combination.
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9.2.3.2 Cable or cabling FEXT

Cable or cabling should be tested for FEXT in both directions.

9.2.3.3 Test method

FEXT is evaluated from the mixed mode parameter Sppo4 for all conductor pair combinations

N

The mixed mode S-parameters are derived by transformation of the measured SE S-matrix. A

o)

9.2.3.4 Test set-up C)
A

The test set-up consists of a network analyser and two test fixtures. Resistor tern‘p’@ion
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the_ends of
active pairs not being connected to the network analyser ports. Interconnects (if ) should
be prepared and controlled. g\

XX

9.2.3.5 Procedure QO)
9.2.3.5.1 Calibration (19

A full 4-port SE calibration should be performed at the calibration 'bl'anes in accordance with
9.1.6. Reference loads used for calibration should be in accord@ with 9.1.5.

AN
9.2.3.5.2 Establishment of noise floor ©

The noise floor of the set-up is established as outlinedﬁ%2.2.5.2.

9.2.3.5.3 Measurement \Q/
S

The CUT should be arranged in a test -up according to Figure 20, including proper
termination of the active and inactive s. A full SE S-matrix measurement should be
performed. The measured SE S-matrix§ uld be transformed into the associated mixed mode
S-matrix to obtain the S-parameter S@ rom which FEXT is determined.

. Y~
Test all conductor pair combmaﬂ&s and record the results.

)
N\
1
FEXT; = —E[H@D |Sopz11) = —20-log,, (|5(531 — Sy — S+ 542)|) (151)
N =
O ACR —Fy = FEXT; —ILy (152)

-

o«
C)O
A

O
3
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cut
NA Port 1 } : : i500
/>< iz]j
NA Port 2 50 Q

NA Port 3

il

NA Port 4
i 500

i 50Q

7

Calibration plane Reference plane Reference plane Calibration plane
IEC

——— 5

PReeesesease

iScreen (if applicable)§

Figure 20 — FEXT measurement

9.2.3.6 Test report

The test results should be reported in grapffical or table format with the specification limits
shown on the graphs or in the table at theysame frequencies as specified in the relevant detail
specification. Results for all pair combinations should be reported. It should be explicitly noted
if the test results exceed the test limits.

9.2.3.7 Accuracy

As there is no definition of\atcuracy in this document and there is no procedure defined to
determine the accuracy, the accuracy requirement is for further studies.

9.2.4 Return loss'and TCL
9.2.4.1 Object

When this\.document is used for the measurement of performance against standards, the
differential mode terminations applied to the DUT shall provide the differential mode and
commen mode reference termination impedances specified in standards for the cabling
systém where the DUT is used.

The object of this test is to measure the return loss and mode conversion (differential to
common mode) of a signal in the conductor pairs of the cable or cabling pair. This mode

conversion Is also called unbalance attenuation or transverse conversion loss, [CL.

9.2.4.2 Cable or cabling return loss and TCL

Cable and cabling should be tested for return loss and TCL in both directions.
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9.2.4.3 Test method
Return loss is evaluated from the mixed mode parameters Spp44 for all conductor pairs. TCL is

evaluated from the mixed mode parameter Scpy¢ for all conductor pairs. The mixed mode S-
parameters are derived by transformation of the measured SE S-matrix.

9244 Testset-up

The test set-up consists of a network analyser and two test fixtures. Resistor termination %
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the ends o
active pairs not being connected to the network analyser ports. Interconnects (if used) shq\

be prepared and controlled. (19

&
va

A full 4-port SE calibration should be performed at the calibration plane G -accordance with
9.1.6. Reference loads used for calibration should be in accordance with’é)\.S.

Vv
o
The noise floor of the set-up should be measured. The level he noise floor is determined

by white noise, which may be reduced by increasing thg;t\est power and by reducing the
bandwidth of the network analyser, and by residual intz@ al crosstalk within the test fixture.

9.2.4.5 Procedure

9.2.4.5.1 Calibration

9.2.4.5.2 Noise floor

The noise floor should be established for all cond G) pairs. The noise floor should be 20 dB
lower than any specified limit for balance. If th asured value is closer to the noise floor
than 20 dB, this should be reported. Q)

K
9.2.4.5.3 Measurement QQ

The CUT should be arranged in @st set-up according to Figure 21, including proper
termination of the active and inagtive pairs. A full SE S-matrix measurement should be
performed. The measured SE § rix should be transformed into the associated mixed mode
S-matrix to obtain the S-parar@sters Spp11 from which RL is determined and Scpq1 from which

TCL is determined. A\@
Test all conductor pqﬁ\(’n) both directions and record the results.
QS
>
- 1
RL = 52010g15(1Sp0111) = ~2071ogy (|3611 =521 = S12+522)]) (153)
C)O
1
<2~@I‘CL = —2010g,,(I5co11 1) = —2010g, (|3 (511 + 521 — 512 — 522)) (154)

K%
NS
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CuUT
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NA Port 2 20 Q
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———
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)/ IEC

Figure 21 — Return loss and TCLameasurement

9.2.4.6 Test report

The test results should be reported in graphical or table format with the specification limits
shown on the graphs or in the table at the same-frequencies as specified in the relevant detail
specification. Results for all pairs should fg‘reported. It should be explicitly noted if the test
results exceed the test limits.

9.2.4.7 Accuracy

As there is no definition of acguracy in this document and there is no procedure defined to
determine the accuracy, the @¢curacy requirement is for further studies.

9.2.5 PS alien near-end crosstalk (PS ANEXT-Exogenous crosstalk)
9.2.5.1 Object

When this dacument is used for the measurement of performance against standards, the
differential~mode terminations applied to the DUT shall provide the differential mode and
common/mode reference termination impedances specified in standards for the cabling
systemiwhere the DUT is used.

The object of this test is to determine the PS ANEXT in the cable or cabling.

9.2.5.2 Cable or cabling PS ANEXT

Cable and cabling should be tested in both directions.
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9.2.5.3 Test method

ANEXT contributions to an overall PS ANEXT are evaluated from the mixed mode parameters
Spp21 at the near end to one pair to a disturbing link and the coupled signal at the near end of
a pair in a disturbed link. The mixed mode S-parameters are derived by transformation of the
measured SE S-matrix.

9.2.5.4 Test set-up %A
The test set-up consists of a network analyser and two test fixtures. Resistor terminati%r%o

networks in accordance with 9.1.7 should be applied for all inactive pairs and for the er‘%&\
active pairs not being connected to the network analyser ports. Interconnects (if used)q/ uld

.

be prepared and controlled. N

9.2.5.5 Procedure @
X

9.2.5.5.1 Calibration QQ

Q

A full 4-port SE calibration should be performed at the calibration pl in accordance with

-

9.1.6. Reference loads used for calibration should be in accordance,{wi 9.1.5.

@/
9.2.5.5.2 Noise floor ,\<o

The noise floor of the set-up should be measured. The le¥@l of the noise floor is determined
by white noise, which may be reduced by increasin& test power and by reducing the
bandwidth of the network analyser. C)

The noise floor should be measured by termi ?tmg the test ports of the test fixture with
resistor termination networks and performing d3ull SE S-matrix measurement. The measured
SE S-matrix is transformed into the associ§6 mixed mode S-matrix to obtain the S-parameter
Spp21 from which the noise floor is estaQ ed. The noise floor should be established for all
possible conductor pair combinations. \\

The noise floor should be 20 lower than any specified limit for the crosstalk. If the
measured value is closer to trgﬁoise floor than 20 dB, this should be reported.
)
For high crosstalk values "rﬁ\may be necessary to screen the terminating resistors.
xO
9.2.5.5.3 Meas@@ment
N

The CUT shoulg’l)e arranged in a test set-up according to Figure 22, including proper
termination the active and inactive pairs. A full SE S-matrix measurement should be
performed@ e measured SE S-matrix should be transformed into the associated mixed mode
S-matrix(q)obtain the S-parameters Sppo; from which ANEXT is determined.

éOQ‘ANEXT = —20-l0g,,(ISpp211) = —20-l0gy (|5 (531 — Se1 — Sa2 + Sa2)|) (153)
D

b

I'est all conductor pair combinations In both directions and record the results.
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Figure 22 — Alien NEXT measurement
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9.2.5.6 Test report

The test results should be reported in graphical or table format with the specification limits
shown on the graphs or in the table at the same frequencies as specified in the relevant detail
specification. Results for all pairs should be reported. It should be explicitly noted if the test
results exceed the test limits.

9.2.5.7 Accuracy A

As there is no definition of accuracy in this document and there is no procedure defined oo
determine the accuracy, the accuracy requirement is for further studies. N

Q

9.2.6 PS attenuation to alien crosstalk ratio, far-end crosstalk (PS AACR-F- Fgﬁenous

crosstalk @

9.2.6.1 Object x?“

)
When this document is used for the measurement of performance a’ﬁt standards, the
differential mode terminations applied to the DUT shall provide thm" ferential mode and
common mode reference termination impedances specified in §{a ards for the cabling
system where the DUT is used. (b,

The object of this test is to determine the PS AACR-F in the bq%le or cabling.

9.2.6.2 Cable or cabling PS AACR-F &Q"
Cable and cabling should be tested in both direct@g’

N

9.2.6.3 Test method & )

AFEXT contributions to an overall ACR-F are evaluated from the mixed mode
parameters Sppoq at the near end to ‘0Q§spair to a disturbing link and the coupled signal at the
far end of a pair in a disturbedXlihk. The mixed mode S-parameters are derived by
transformation of the measured S@-matrix.

R

9.2.6.4 Test set-u . \$
p A\Q

The test set-up consis{‘é)of a network analyser and two test fixtures. Resistor termination
networks in accorda with 9.1.7 should be applied for all inactive pairs and for the ends of
active pairs not b @connected to the network analyser ports. Interconnects (if used) should
be prepared ang ntrolled.

9.2.6.5 Pr@ure

9.2.6 C) Calibration

Aqy 4-port SE calibration should be performed at the calibration planes in accordance with
_@ .6. Reference loads used for calibration should be in accordance with 9.1.5.

)
| 92652 Noise floor

The noise floor of the set-up should be measured. The level of the noise floor is determined
by white noise, which may be reduced by increasing the test power and by reducing the
bandwidth of the network analyser.
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The noise floor should be measured by terminating the test ports of the test fixture with
resistor termination networks and performing a full SE S-matrix measurement. The measured
SE S-matrix is transformed into the associated mixed mode S-matrix to obtain the S-parameter
Spp21 from which the noise floor is established. The noise floor should be established for all
possible conductor pair combinations.

The noise floor should be 20 dB lower than any specified limit for the crosstalk. If the

measured value is closer to the noise floor than 20 dB, this should be reported. (

For high crosstalk values, it may be necessary to screen the terminating resistors. ,\b&
>

9.2.6.5.3 Measurement r\

The CUT should be arranged in a test set-up according to Figure 23, inc g proper
termination of the active and inactive pairs. A full SE S-matrix measure should be
performed. The measured SE S-matrix should be transformed into the assoa]% d mixed mode
S-matrix to obtain the S-parameters Sppy¢ from which AFEXT is determin?lib

1 /%
AFEXT = —20-log, o (ISpp21)) = —20-l0g, (|3 (531 — 541 — 552'\ 522)|) (156)

2

N
Test all conductor pair combinations in both directions a@f@cord the results.

O
N%
S
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Figure 23 — Alien FEXT



https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616

IEC TR 61156-1-2:2009 - 65 -
+AMD1:2014 CSV © IEC 2014

9.2.6.6 Test report

The test results should be reported in graphical or table format with the specification limits
shown on the graphs or in the table at the same frequencies as specified in the relevant detail
specification. Results for all pairs should be reported. It should be explicitly noted if the test
results exceed the test limits.

9.2.6.7 Accuracy (
As there is no definition of accuracy in this document and there is no procedure defined &C’
determine the accuracy, the accuracy requirement is for further studies. N
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Annex A
(informative)

Example derivation of mixed mode parameters
using the modal decomposition technique

It is not a requirement of this standard to require that a full derivation is produced, and any Q
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 C|rc$‘to
simulation tools.

Q

Annex A presents a summary of how to derive mixed mode parameters h\ *4-port
measurements of S-parameters. See Figure A.1: 6

I
2 I, ;4 Vs QQQ
T ko
V, Vy ’
N
'\ IEC
©

Key «Q‘

V' voltage

1 current g\\Q/

Figure A.1 — Voltage a@ gurrent on balanced DUT

An impedance matrix (Z) of the DUT c%?e calculated based on Equation (A.1).

Vy Zyy Z14[H
Val _ | 221 Loy || &2
Vs 3314 Za || (A-1)
Vy Zyg 1L,

The modal doma(}fmpedance matrix [Z"] is then calculated from Equation (A.2) below, using
the convermématrlces given in Equation (A.3) and Equation (A.4).

C)O

Q- " =F'z0, (A.2)
&

O
\<<f>) Pg:lu F‘I i
0.=|¢ g (A.4)

In the case of a 1-pair DUT, the size of the conversion matrices becomes 4 x 4 with the
values given in Equation (A.5) and Equation (A.6)
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r-| 2, (A.5)
7
1 1]
_ 2 A.6
0- 1‘ (A.6)
_1 2

The conversion matrices replace the balun transformers and are referred to as mathematical

baluns, producing Equation (A.7) and Equation (A.8).

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

described in Figure A.2.

IJ'D.. Em .'3'-"2 21"3 ET."_ A‘TD'
Ver| _ |22 Z2 Z NBsa| |l
Ijnz Zyy Zyp Zg > Zyy||doz
Veed Lz, zZpo@h zZilMe
./01‘ l
= A
VD1T.—§ V1
Ico I
A SE

4_‘@“%% ) :TVD2

AIC1.

E

/

IEC

Figure A.2 — Voltage and current on unbalanced DUT

For the measurements concerned

in this document,

S-parameters are measured and

converted into Z-parameters. The Z-parameter matrix of a 2n-port circuit can be derived using

Equation (A.10).
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1 1
Z=R2[E+S][E-S]""R2 (A.10)

V0 LD
e ;’E . (A.11) VO%
0 0 N
>
N\ -
Where #, is the impedance of the measurement port, typically 50 Q, giving Equatio 12).
N
V50 0 .. 0 QQQ
! 0 :
m=(0 8 9 (ﬁﬁazj
0 .. 0 +50 N’

&

The S-parameters in the modal domain are then calculaé%\sl\using Equation (A.13), giving

Equation (A.14).
<L

4 : O
5" =R 22" - R 2"+ R, IR \<</ (A 13)
S
1 Vim0
g=| 0 Yme ”\\? (A14)
0 . Q)@m
N\

By this method, it is possibJ&\to convert unbalance network analyser measurements into
mixed mode S-matrices I&h contain both balanced and unbalanced parameters, as in

Equation (A.15).
q ( ) \O
O
N\
S0 \Shz2 51z Swa]  [Spont Spenr Soprz Sperz
10 S2p Sz Sy - Scon Scen Scoiz Scerz (A.15)
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COMMUNICATIONS -

Part 1-2: Electrical transmission characteristics and test methods of
symmetrical pair/quad cables

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 andrelectronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Aechnical 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 Natiohal Committee 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. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

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

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

In order to promote international uniformity, IEC{National Committees undertake to apply IEC Publications
transparently to the maximum extent possiblel 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”of conformity. Independent certification bodies provide conformity
assessment services and, in some aréas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independentxcertification 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
indispensablé\fof 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 IEC TR 61156-1-2 bears the edition number 1.1. It consists
of “the first edition (2009-05) [documents 46C/853/DTR and 46C/889/RVC] and its
amendment 1 (2014-09) [documents 46C/993/DTR and 46C/1000/RVC]. The technical
content is identical to the base edition and its amendment.

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.

This publication has been prepared for user convenience.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC 61156-1-2, which is a technical report, has been prepared by subcommittee 46C: Wires

and symmetric cables, of IEC technical committee 46: Cables, wires, waveguides, R.F.
connectors, R.F. and microwave passive components and accessories.

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

A list of all parts of the IEC 61156 series, under the general title: Multicore and symmeétrical
pair/quad cables for digital communications, 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 the data related to the specific publication.)At this date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued'at' a later date.

IMPORTANT - The “colour inside” logo,on the cover page of this publication indicates
that it contains colours which are “Yconsidered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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MULTICORE AND SYMMETRICAL PAIR/QUAD CABLES FOR DIGITAL
COMMUNICATIONS -

Part 1-2: Electrical transmission characteristics and test methods of
symmetrical pair/quad cables

1 Scope

This technical report is a revision of the symmetrical pair/quad electrical transmijssion
characteristics present in IEC 61156-1:2002 (Edition 2) and not carried into IEC 61156-1:2007
(Edition 3).

This technical report includes the following topics from IEC 61156-1:2002:

— the characteristic impedance test methods and function fitting procedures of 3.3.6;
— Annex A covering basic transmission line equations and test methods;
— Annex B covering the open/short-circuit method;

— Annex C covering unbalance attenuation.
2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies:”"For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60050-726, International Electrotechnical Vocabulary — Part 726: Transmission lines and
waveguides

IEC 60169-15, Radio-frequency~connectors — Part 15: R.F. coaxial connectors with inner
diameter of outer conductor 4,13 mm (0,163 in) with screw coupling — Characteristic
impedance 50 ohms (Type .SMA)

IEC 61156-1:2007, Multicore and symmetrical pair/quad cables for digital communications —
Part 1: Generic specification

IEC 61169-16, ‘Radio-frequency connectors — Part 16: Sectional specification — RF coaxial
connectors_with inner diameter of outer conductor 7 mm (0,276 in) with screw coupling —
Characteristics impedance 50 ohms (75 ohms) (type N)

IEC/TR'62152, Background of terms and definitions of cascaded two-ports

3 Terms, definitions, symbols, units and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-726,
IEC TR 62152 and the following apply:

3.11
single-ended
measurement with respect to a fixed potential, usually ground
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Symbols, units and abbreviated terms

For the purposes of this document, the following symbols, units and abbreviated terms apply.

Transmission line equation electrical symbols and related terms and symbols:

R pair resistance (O/m)

L pair inductance (H/m)

G pair conductance (S/m)

C pair capacitance (F/m)

a attenuation coefficient (Np/m)

£ phase coefficient (rad/m)

14 propagation coefficient (Np/m, rad/m)

w phase velocity of cable (m/s)

ve group velocity of cable (m/s)

P phase delay time (s/m)

76 group delay time (s/m)

Zc complex characteristic impedance, or mean characteristic impedance if the pair
is homogeneous or free of structure (also used to represent a function fitted
result) (Q)

ZZe angle of the characteristic impedance-in radians

Z, high frequency asymptotic value of\the characteristic impedance (Q2)

/ length (m)

i imaginary denominator

Re real part operator for a complex variable

Im imaginary part operator-for a complex variable

1) radian frequency:(fad/s)

f frequency (Hz)

R’ first derivative of R with respect to w

C’ first derivative of C with respect to w

L’ first\derivative of L with respect to w

Ry d.c. resistance of a round solid wire with radius r (©/m)

R¢ constant with frequency component of resistance which is about 1/4 of the d.c.
resistance (Q2/m)

Rg square-root of frequency component of resistance (2/m)

L external (free space) inductance (H/m)

L, internal inductance whose reactance equals the surface resistance at high
frequeneies—{HHm)

o specific conductivity of the wire material (S/m)

P resistivity of the wire material (Q2/m?2)

u permeability of the wire material (H/m)

r radius of the wire (m)

) skin depth (not to be confused with the dissipation factor tan ) (m)
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1

T po

o=

tan & dissipation factor
tan 6 = G/(wC)

¢ ferward-echo-coefficientat-thefarend-of-the-cableatareserantfrequency

P reflection coefficient measured from the near end of the cable at a
resonant frequency, p = 10~FSRLI20 _ %

Aq forward echo attenuation at a resonant frequency (dB)

Aqg=-201log lg|

PSRL structural return loss at a resonant frequency (dB)
PSRL =-20 log Ip|

K =2al — 1 when 2al >>1 (Np)

Aq =2 x PSRL — 20 log(2al — 1) (dB) where 2al is in-Np

Zoc complex measured open circuit impedance (Q)

Zsc complex measured short circuit impedance-(Q)

Zeom characteristic impedance as measured (with structure) (Q)
zem=v Zsc Zoc

ZMEAS complex measured impedancé/(open or short) (Q)

ZIN input impedance of the cable’when it is terminated by Z, (Q)

ZouT output impedance of«the cable when the input of the cable is terminated by
Zg (Q)

ZcN nominal characteristic impedance of a cable and is the specified Z¢ value at a
given frequency with tolerance and the structural return loss SRL limits in dB in
a frequeney range (Q)

ZN nomiinal (reference) impedance of the link and/or terminals (the system)
between which the cable is operating (Q)

ZR (nominal) reference impedance that is used in measurement. Normally (for
actual return loss results), Zr = ZN. When using a return loss measurement to
approximate SRL, it is practical to choose Zg to give the best balance in the
given frequency range (Q)

Z1 terminated impedance measurement made with the opposite end of the cable
pair terminated in the reference impedance Zp (Q)

S reflection coefficient measured in the terminated measurement method

ZR—ZC
B ZrR1ZcC
Zg termination at the cable input when defining the output impedance of the cable

Zoyt (Q)
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ZL termination at the cable output when defining the input impedance of the cable
ZiN (@)

Lo L4, Ly, Ly least squares fit coefficients for angle of the characteristic impedance

Ko K4. Ko, K3 least squares fit coefficients of the characteristic impedance

|ZC| fitted magnitude of the characteristic impedance (Q)

|ZCM | measured magnitude of the characteristic impedance (Q)
Z(V4n) input angle relative to a reference angle in radians

Z(V4E) output angle relative to the same reference angle in radians
k multiple of 2x radians

S11 reflection coefficient measured with an S parameter test set
RL return loss (dB)

SRL structural return loss (dB)

Attenuation unbalance electrical symbols:

TA transverse asymmetry

LA longitudinal asymmetry

Ry, Ry resistance of one conductor per unit length (Q)

Ly, Ly inductance of one conductor per unit length (H)

Cq. Cy capacitance of one conductor to earth (F)

G4. Gy conductance of one conductor toearth (S)

a, unbalance attenuation (dB)

T, unbalance coupling transferfunction

Zeom characteristic impedance: of the common-mode circuit (Q)

Z gifs characteristic impedance of the differential-mode circuit (Q)
Zynbal unbalance impedance (Q)

14 length of transmission line (m)

X length cotrdinate (m)

Ycom propagation factor of the common-mode circuit (Np/m, rad/m)
Y giff prepagation factor of the differential-mode circuit (Np/m, rad/m)
Qyife operational differential-mode attenuation of the cable (dB)
Qeom operational common-mode attenuation of the cable (dB)

AR resistance unbalance of the sample length (Q)

AL inductance unbalance of the sample length (H)

AC capacitance unbalance to earth (F)

AG conductance unbalance to earth (S)

S summing function

Uyif voltage in the differential-mode circuit (V)

Ucom voltage in the common-mode circuit (V)

n, f index to designate the near end and far end, respectively
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4 Basic transmission line equations
4.1 Introduction

A review of the relationships between the propagation coefficient and characteristic
impedance and the primary parameters R, L, G and C is useful here. Characteristic impedance

|o r\r\mmnnl\l H'\r\llgh'l' r\f as bnlng 3 rnagnll‘ude qll’:h+l+\l \I\Ihlln H'\le r\r\nlr\npt may ollfflr\n Fnr hlﬂh

frequency apphcatlons this quantity is actually a complex one consisting of real and
imaginary components or magnitude and angle. The associated propagation coefficient is
readily viewed as being complex, consisting of the real attenuation and imaginary phase
coefficient components. The four secondary components are readily related to the primary
components. Frequency dependence of these parameters is also developed.

The cable pair parameters are represented as frequency domain dependent quahiities. The
measurement methods are based on frequency domain techniques. Measurement methods
based on time domain techniques and combinations of time and frequencysywhile useful in
many cases are not covered here. The present-day availability of excellentftequency domain
equipment such as the network analysers and impedance meters supports the frequency
domain approach.

4.2 Characteristic impedance and propagation coefficient equations
4.2.1 General

The frequency domain of the complex characteristic jimpedance Z; relates to the primary

/R+ja)L
- 1
Ze G+ joC (1)

The propagation coefficient, y, relates.to the primary parameters as:

parameters as:

y=a+jf=R+ jol)(G+ joC) (2)

4.2.2 Propagation coefficient
4.2.2.1 Attenuation and phase coefficients

Equation (2) is-separated into its real and imaginary parts, the attenuation coefficient « and
the phase coegfficient g

01_\/—%(a)zLC—RG)+%\/(R2+a)2L2)(G2+a)2C2) (3)

1 1
ﬂ:\/?(a)zLC—RG)*X\/(RZ*a)ZLZ)(GZJra)zCZ) (4)

Further, by factoring out @« LC we obtain:

~ 1 R G\ 1 R? G?
proic 5(1_EEJ+E\/(H@2L2]{Hw2C2] )
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ap=wLC [?@] (6)

It can be shown that:

4.2.2.2 Equations useful at high frequencies

From Equations (5) and (6) we can solve for « and thus obtain for « and g the following
expressions, valid within the entire frequency range:

R |C +G L
2V "2V¢
(7)
1 R G 1 R2 G2
— |1 +—= |1+ 1+
2 ol oC 2 0212 w2 C?

- 1 R G\ 1 R? G2
prenlic 5[1‘560—(:}*7\/[1*@%2}{”wzch ®)

Equations (7) and (8) are well suited for evaluation of high frequencies.

4.2.2.3 Equations useful at low frequencies

For low frequency evaluations, the expressions'given by Equations (9) and (10) are suitable.
RC | G ol 22 2
a:Jw POl (P FTCAR ) TS (9)
2 oC R R? w2 C?

N ®RC oL G a)2L2 G2
AN [Y‘E}\/[” 2 ](szcz] (10)

4.2.3 Characteristic impedance

4.2.3.1 Real and imaginary parts

The characteristic impedance Zc can also be separated into its real and imaginary parts as
developed in Equations (11) and (12).

. / R+ joL a+jp
Zc= Re / +jlm / = = 1 1
c crJ c G+ joC G+ joC (1)

B+ al|l-jla- B
oC oC oC (12)

Zc™ 5
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4.2.3.2 Equations useful at high frequencies

After substituting Equations (7) and (8) into Equation (12), the real and imaginary parts of the
characteristic impedance are obtained as given in Equations (13) and (14) respectively.
These are well suited for simplification (see 4.3) at high frequencies:

N i
2 2
\/i i 1_ii +i 1+ R 1+ G
Cc |2 oL oC ) 2 w2 L2 w2 C?

Re 7¢= (13)
2 2 2
1+ g > 1(1—RGJ+1 1+ 1; 3 1+ g 5
w° C 2 oL oC) 2 oL o C
R ¢ [L ¢ [L |1 R G, 1 R® G?
= = - |+ — |1+ 1+
20dLC 20C N C  oC \C {2( oL a)C) 2 \/( w? L2 J[ w?C?
~Im 7¢= (14)

2 2 2
1+ G 1 1—ii +l 1+ R 102
w22 N\ 2 ol oC | 2 w212 22
4.2.3.3 Equations useful at low frequencies

On the other hand, by substituting Equations (9) and (10) into Equation (12), the real and
imaginary parts given in Equations (15) and (16) respectively are obtained. These are useful
for simplification in the low frequency range:

2,2 2 2,2 2
R oL G gLy, G NSNS CANNC N (PIWCar ful PN
20C R oC R? S22 oC VoC R R? @2 C2

Re 7 = - . L (15)
G
[1+w2c2
2.2 2 2,2 2
R G _el Ny et Ly, GT )G el G e L7, G
20C |\ oC R R2 2c?] oCc | R oC R2 w2 C?
—Im z¢ = 5 (16)
1+ G
w? C?

4.2.4 Phase and group velocity

The phase propagation time (per unit length) is:

=L (17)
[0}

By introducing g from Equations (8) and (10), we obtain:

1 R G ) 1 R? G?
=JLC || 1-———|[+— |1+ 1+ 18
F \/2( oL Q’C) 2\/( a)zLZJ( w?C? (18)
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2,2 2
and p= }E ol _ G + |1+ 2 L 1+ G (19)
2w R oC R2 w2 C?

The group propagation time (per unit length) is:

ap
=47 20
r6=—— (20)
R G? R G R? G
. . =1 £ 11 ) il
re=§+%[%+%Jﬁ+ SLC || G wL[ | wzczj (wL] LR “’C[+w2L2] d(wc] (21)

43 wC Ry, do Tl R, @ do
@*L? W?C? @12 @62

The phase and group velocities are, respectively,

1

vp=— (22)
P
1

ve=— (23)
G

The above expressions are accurate and valid within the whole frequency range. If C and
G/(wC) can be regarded as frequency independent coefficients, then we obtain:

2
RL(H G]
ﬁ*% LT+£ G o @ o C _RiRw LR a)j (24)
w

45 | oc ER ( L
e

The above expressions, which are valid within the entire frequency range, can be simplified
into approximate expressions, which are valid at high or low frequencies only.

TG™—

4.3 High frequency representation of secondary parameters

The high frequency representations of the formulas are useful over a broad range of
frequenciesextending from voice frequency on up because of the range of values for the
dissipation factor. G/ wC) = tan 6§ < 0,03 (< 3 %) even for PVC insulated cables up to 1,5 MHz
and fer'the polyethylene (PE), insulation is very small at about 0,000 1 (0,01 %). This results
in_@pproximations, which in practice are valid for the whole frequency range as follows:

L (1 1 R?
ReZCz1/;1 T+711+ 2 o (25)
LI ra| oL
G L
—ImZCzL—iReZCJrM—C (26)
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I 2
~_ R (27)
2 Rezc 2 Rezc
P n YAs XY
P~OoCTCZT \<VY)
peVLC (29)
R
. B BL L CN G el |[_pipe-tR, (30)
o 2 L 48| oC R2 L
1+
a)2L2

when also R/(wL) < 0,1, which is true for high frequencies (f > 1 MHZ for 0,5 mm wire), the
formulas holding better than about 1 % accuracy can be further simplified as shown below.

ReZCz\/% (31)

; R G 2 L R G 39

- ’"ZCNW_E CZCEN | 20L " 20C (32)

R G R R |C +G L 33

~ 2 reze 2 ReZero\T "aC (33)

Br~oC Rezc~w\LC (34)

peNLC (35)

G* TP_,_EL__;_L _i-i-i _R+R’w—ﬂa} (36)
2 L 48\ oC oL L

4.4 Frequency dependence of the primary and secondary parameters

4.4.1 Resistance

The high frequency resistance (surface resistance) of a solid round wire for frequencies where
the wire radius r is greater than twice the skin depth & can be regarded as consisting of two
parts where one is constant and the other £9.5 dependent.

(37)

1
R=Rc+Rs=Rc+po =~ Ro[4 25)
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pzﬁzﬂ 2uc (38)

Jo 4

The above is true for a solid wire alone. In a pair, the proximity effects and the presence of
other pairs and possible screen contribute both to the resistance and inductance. These
effects can increase the R by about 15 % at 1 MHz and follow also approximately the square-

root Or 1requency Ilaw. AISO, the consiant componernt or resistance wniie oIrten negiectied, IS
about 15 % of the frequency dependent component at 1 MHz for a 0,5 mm diameter copper
pair.

4.4.2 Inductance

The total inductance consists also of two main components such that

LzLE+L|:LE+%:LE+L (39)

o

The external free space inductance is reduced by the proximity effect of\the pair and the free
space limiting effects of the nearby shield and/or other pairs. These inductive components are
negative and fairly frequency independent at high frequencies.

4.4.3 Characteristic impedance

The characteristic impedance high frequency asymptoticvalue Z_ is given by Equation (40).

LE
ENE-" 40
Z e (40)

The high frequency impedance formulas afe)given by Equations (41) and (42):

L Rs P
Re 2G|~ 7| 1+ =gt — (41)
cTVe ( 2a)LEj 2. JIeC Vo

e L (R G
< C \20L 2wC
. RC+,0«/; E[H P Jtané
C 2 2
20 1eC |1+ P Levo "
21eVo (42)
Re . £ —&1+Ajtan§
Zw\/LEC 2\/LEC\/E 2 ( LE

ﬁtan&

Y
21,LEC\/5 2

Q

4.4.4 Attenuation coefficient

Using the above approximations with Equations (31) through (36) results in the remaining
equations of this subclause:

2LE +p«/5+p«/;tan5+w LeC tano
27 27, 47, 2

(43)

a=
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which is of the form:

a~A+BNo +Co (44)

where 4, B and C are constants.

The first term of Equation (44) indicates that at the low end of the high frequency range the
attenuation increases a little more slowly than the square-root-law. The first w 0.5 term in
Equation (43) which is dominant in the high frequency attenuation formula also appears in the
phase coefficient, Equation (45).

P=oNLC ~wLgC (1+2;LE)za)1/LEC+M (45)

27

4.4.5 Phase delay and group delay

The phase and group delay are given in Equations (46) and (47) respectively:

rprVLC =\J1gC (HZQRLE}\/LE_MZZ“% (46)
o« Bl OGOy R,
- (1_Lj_i(i_ij
4ol ) 8oL\ oL oC
R Ip (1—i) (47)
4wl

Q

R
NLECH 1+
L& ( 4a)LEJ
2
VigC +———
4o 7,

Q
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Figure 1 — Secondary parameters extending from 1 kHz to 1 GHz

Figure 1 shows the secondary parameters of a UIP pair with 0,5 mm conductors versus
frequency. At voice frequencies, the attenuation‘and phase coefficients are substantially
equal. At these frequencies, the absolute valug of the characteristic impedance and the real
part of the characteristic impedance differ{by the square-root of 2. At frequencies above
100 kHz, attenuation is much less than the.phase coefficient on the Nepers and radians scale,
and the characteristic impedance is mastly real. The total attenuation (Alpha) differs from the
conductor attenuation (Alpha-R) by the dielectric component of attenuation for this example,
where the dissipation factor is assumed to be 0,01.

5 Measurement of charagcteristic impedance

5.1 General

The characteristicimpedance Zc of a homogeneous cable pair is defined as the quotient of a
voltage wave and current wave which are propagating in the same direction, either
forwards (f) or_backwards (r). For homogeneous cables (with no structural variations), the
characterigtic-impedance can be measured directly as the quotient of voltage U and current /
at the cable’ends.

2oVt _Ur 48)
I

A number of methods for obtaining characteristic impedance are described. Some of these

Y-S ot

J
range). Others offer capability beyond what is currently needed for routine product inspection
but are useful in laboratory evaluation where measurement throughput is not as critical.

The open/short circuit single-ended impedance measurement made with a balun in 5.2 is
viewed as the reference method for obtaining the data. Alternative methods are listed below:

a) characteristic impedance determined from phase coefficient and capacitance
measurements (see 5.4);

b) terminated cable impedance measurements (see 5.5);
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c) extended open/short impedance measurements excluding balun performance (see 5.6);
d) extended open/short impedance measurements made without a balun (see 5.7);

e) open/short impedance measurements at low frequencies with a balun (see 5.8;

f) impedance measurements obtained by modal decomposition technique (see 5.9).

It is intended that imlnnri:mr‘n measurements will he pnrfnrmnd ||Qing anfir‘innfly r\lnenl\/
spaced frequencies so that impedance variation is adequately represented. Either a linear
sweep or a logarithmic sweep may be used depending on whether the high end or low end,
respectively, of the desired frequency range is to be more fully represented. Typically, several
hundred points (such as the available 401 points) are required depending on frequency range
and cable length.

The balun used for connecting the symmetric cable pair to the coaxial port 0n)the test
instrument shall have a pass-band frequency range adequate for the desired_measurement
range. It shall be capable of transforming from the instrument port impedance,to the nominal
pair impedance. The three step impedance measurement calibration is-‘performed at the
secondary (pair side) of the balun.

Function fitting (discussed in 5.3) of the impedance data is useful f0r separating structural
effects from the characteristic impedance when such effects are.substantial. Where function
fitting is used, the concept is that measurements from nearby frequencies aid in the
interpretation of the values obtained at a particular frequency. Function fitting of the
impedance magnitude or real part results in high values. (typically 0,5 Q or less) because of
the positive and negative deviations not being symmetrical on the impedance scale. Function
fitting can be carried out on the S-parameter values, ‘which are linear responses, if more
rigorous results (both impedance and SRL) are desired.

5.2 Open/short circuit single-ended impedance measurement made with a balun
(reference method)

5.21 Principle
Open and short circuit measurements made with a balun from one end of a symmetric cable
pair is the reference method forxobtaining characteristic impedance values. The characteristic

impedance is the geometric.mean of the product of the open and short circuit measured
values and is defined as:

Zc =4Zoc Zsc (49)

When the cable is-not homogenous, an impedance inclusive of structural effects is obtained:

Zem =+Zoc Zsc (50)

where Zcwm is the complex characteristic impedance together with structure (input impedance),
éxpressed in ohms (Q).

Equation (49) represents the characteristic impedance, Zc, when structural effects are

negligible. The fitting of the open/short impedance data with a characteristic impedance such
as function of frequency can be employed to obtain Z¢c from the input impedance, Zcwm,
Equation (50) when structural effects are substantial. Equations (49) and (50) (and this
measurement technique) are valid for frequencies extending from low values, where the cable
length is only a fraction of a wavelength, to high frequencies where cable length represents
many wavelengths.
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5.2.2 Test equipment

A network analyser (together with an S-parameter unit) or an impedance meter can be used to
obtain the data. Figure 2 shows the main components of an impedance measurement circuit
where the generator and receiver are parts of the network analyser. An S-parameter unit,
where the key component is the reflection bridge, is used with a network analyser to separate
the reflected signal from the incident signal. A balun with the appropriate frequency range,

impedance (such as 50 Q to 100 Q for 50 Q equipment and 100 Q pair) and balanced at least
as well as the pair under test facilitates making measurements on symmetric pairs under
balanced conditions. Three terminating conditions, open, short and the nominal load
resistance, are used as appropriate for the type of measurement being made (open, short or
terminated).

N
7
/e /

%
G t Reflection
enerator bridge Cable'under test

e
Open Short |Load
_9

o/

“Receiver

IEC 840/09

Figure 2 — Diagram of cable pair measurement circuit

5.2.3 Procedure

A three step calibration. procedure using the same open, short and load terminations as used
for the actual measurements is carried out at the secondary of the balun with the cable pair
disconnected. Upen-completing the 3-step calibration procedure at the secondary of the
balun, the network)analyser is capable of measuring directly the complex reflection coefficient
(S-parameter).or-impedance of a cable pair. An internal 3-step calibration procedure including
calculations\is provided by most network analysers when an S-parameter unit is used. The
method presented in 5.6 covers a similar 3-step calibration procedure by using the F-matrix
principle .Where all the quantities are stated as impedances. This method is useful when the
network analyser is not suitably equipped, in which case the computations can be
accomplished external to the analyser.

The measured impedance (open or short) is computed from the reflection coefficient
measurements S11 by means of Equation (51) either by the network analyser or by a computer

(on acquired data):

1+S11
1= 814

ZMEAS = 2R (51)
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5.2.4 Expression of results

Conceptually, several approaches are possible. On the one hand, the input impedance
consisting of the combined characteristic impedance and structural effects can be viewed as
needing to meet a broader single requirement (such as the 85 Q to 115 Q range) over the
specified frequency range. Alternatively, a narrower range (such as a 95 Q to 105 Q range)
can be viewed as being a requirement for the asymptotic component of function fitted

characteristic impedance. In this case, RL or SRL specifications are used to control structural
effects. The advantage of a broad single requirement in many instances is measurement
simplification.

The advantage of separating the two effects is that of obtaining quantitative information for
the two effects. The requirements for the impedance and structural effects are given.in the
relevant cable specification.

5.3 Function fitting the impedance magnitude and angle
5.3.1 General

Function fitting of the impedance data is useful for separating structural effects from the
characteristic impedance when such effects are substantial. Where function fitting is used, the
concept is that measurements from nearby frequencies aid in theJinterpretation of the values
obtained at a particular frequency. Function fitting of the impedance magnitude or real part
results in high values (typically 0,5 Q or less) ,because of the positive and negative deviations
not being symmetrical on the impedance scale. Function fitting can be carried out on the
S-parameter values, which are linear responses, if morewrigorous results (both impedance and
SRL) are desired.

5.3.2 Impedance magnitude
5.3.2.1 Function fitting the magnitude _of the characteristic impedance

While function fitting can be applied to-'the real and imaginary components of Z¢, the usual
situation is that interest in the magnitude is greater than interest in the two separate
components or the angle. The impedance magnitude tracks the real component closely at
high frequencies where the imaginary component is small.

Function fitting of the impedance magnitude or real part results in fairly high values (typically
0,5 Q or less), because-of the positive and negative deviations not being symmetric on the
impedance scale. Function fitting can be carried out on the S-parameter values, which is a
linear response scale, if more rigorous results (both impedance and SRL) are desired.

This methaodudiffers from smoothing in that a characteristic impedance like function (based on
transmission’ theory) is used to fit the measured data (obtained from Equation (50) or
terminated impedance data). The function is stated as follows.

The fitted characteristic impedance magnitude is calculated with a least squares curve fit to
Z¢, based on Equation (52):

)/ ) - )
R A 52)

NOTE Where terminated cable impedance data is used instead of open/short data, round-trip loss of measured
length should be sufficiently large (in the 10 dB to 20 dB range for desired accuracies in the 5 Q to 1,5 Q range
respectively when maximum deviation is 15 Q — see 5.5).

Discreet point data equally spaced according to the log of frequency is advantageous for
function fitting in that it results in appropriate weighting of the lower and upper ends of a multi-
decade frequency sweep. Linear frequency spacing with logarithmic weighting may be used in
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the calculations when log of frequency spacing leads to concern about undersampling at high
frequencies. Plotting the data versus the log of frequency is helpful here (as it is in network
theory). The function fitting for individual data sets can readily be accomplished by importing
ASCII format data obtained from the network analyser directly into a spreadsheet program
and using the built-in regression procedures. Optimized software for analyzing numerous data
sets is desirable for use in a production setting.

The terms of the right hand side of Equation (52) generally diminish in importance from left to
right. The first two terms have strong theoretical basis. The constant term has the strongest
basis in that it represents the space (external) inductance (largest component of inductance)
and the capacitance of the pair (see Clause 4). The second term is significant in thatVit
represents the component of characteristic impedance resulting from the internal induetance.
The last two terms are supplied to provide for second order effects such as the capacitance
decreasing with frequency, as with polar insulation materials or the effects of a shield. In the
latter case, the low frequency end function fitting range is limited to frequenciesswhere slope
is increasing with frequency (2nd derivative positive).

The fit coefficients are calculated from Equation (53) where all summations are performed
over N data points.

—_

N N N N,
2|7l N Z;,— Z}T X

3\71| | Ji ! i=1 fi3/2
ZcoMm N1 N1 N N
- — Ko
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5.3.2.2 Obtaining log spaced.data

Choose to acquire equally spaced data points on a log frequency basis when possible. This
approach provides better \Weighting emphasis for data spanning several decades. Most
network analysers offer this type of sweep. Convert the data being fitted to log spacing by
interpolation, when it is-'equally spaced on a linear frequency scale. Alternatively, use 1/f
weighting (this means weighting a 10 MHz data point by 0,1 when a 1 MHz data point is
weighted by 1) in performing the summations to simulate log frequency spaced data points.
The 4th order-system of equations and unknowns is solved by the computer, by using
determinants.or matrix inversion techniques.

5.3.2.3 Fewer terms

Depending on the measurement frequency range and the amount of structural variation,
usage of one or more of the higher order terms may not be justifiable. The contributions from
the higher order terms are intended to be second order. Where the data spans one decade or
less, only the first two terms (or perhaps only the constant term) may be justified. The

resuttamt—furnctionmfit s —considered—vatid—if it has—a megative stope at—tow frequencies, s
asymptotic at higher frequencies and is free of oscillation with frequency.

Two or three terms may be sufficient when the data spans only one or two decades of
frequency. This is accomplished by discarding one or more lower rows of Equation (53) and
the same number of rightmost columns of the square matrix. While a four term fit is indicated
by Equations (52) and (53), in some cases fewer terms may suffice. It is shown in 4.4.2 that
just associating the inductance variation of a cable pair with frequency, calls for the first two
terms of Equation (52). This is particularly true when the low frequency range of the data
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being fitted extends below about 3 MHz. If the capacitance is changing with frequency as it
does when polar dielectric material is present, more terms are generally justified.

Four criteria indicate use of fewer terms — check or have the computer program determine if
the fitted function obtained by solving Equation (53) meets the following set of four criteria.

a) The fitted function excepnt when it is onlv a constant _has neaqgative slope for frequencies
T T 7 J ~J T 1

" below 3 MHz.

b) The 10 MHz fitted value is within the impedance range of +5 to -2 of the high frequency
asymptote (fitted constant value).

C) The area under the fitted function supplied by the frequency dependent terms on @ylog
frequency basis, exclusive of the constant area, is positive (constant component lis not
above the data).

d) The sum of the negative areas (those due to negative coefficients) is less than the total
area due to the frequency dependent terms.

If all four criteria are not met, the number of terms in the function (Equation (52)) shall be
reduced by one by omitting the highest order term. Otherwise, data spanning a wider range of
frequencies and generally resulting in a better fit must be obtained and fitted. The fit for
impedance magnitude shall have a monotonic downward behaviour with increasing frequency
and approach a high frequency asymptote to a reasonable extent;

5.3.2.4 Compute and plot fitted results

Compute values for the magnitude of the characteristic.impedance, according to coefficients
obtained from the fit at the desired frequencies, and plot the results and/or tabulate the fitted
results at specification frequencies as desired.

5.3.3 Function fitting the angle of the characteristic impedance

This is useful when the characteristic impedance is to be specified as a complex quantity. The
fitting equation for the angle of the characteristic impedance, £Zc, is given in Equation (54).
The equation should contain the ;same powers of frequency as those being used for the
magnitude of the characteristic impedance.

L1 L2 L3

ZZCZLOJrW 7 j~37 (54)

The coefficients for the impedance angle can be calculated with Equation (53).

Plot the results as desired.

NOTE._\Fhis procedure is necessary only if the angle of the characteristic impedance is of interest or if structural
returnlloss (SRL) is being calculated at frequencies low enough to result in a significant angle (degrees).

5.4 Characteristic impedance determined from measured phase coefficient and
capacitance

5.4.1 General

The mean characteristic impedance (homogeneous line) at any frequency can be obtained
from the ratio of propagation coefficient to shunt admittance. At high frequencies, the real part
of Zc can be obtained by dividing delay by capacitance. This method is expedient for
dielectric materials which do not change with frequency (non-polar) permitting a readily
obtained low frequency value of capacitance to represent the high frequency range but is
more difficult to apply when the capacitance changes with frequency as it does for polar
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dielectric materials. It results in characteristic impedance values free of structural effects.
Justification for this method is supplied in Clause 4.

5.4.2 Equations for all frequencies case and for high frequencies

Characteristic impedance Zc may be expressed as the propagation coefficient divided by the

shunt admittance as gi\/nn in I:nlllni'inn ("'\"'\) This rnlnfinnehip holds at any frnqunnr\y
Characteristic impedance is readily separated into the real and imaginary components when G
<<wC.

L A (55)

At high frequencies, where the imaginary component of impedance is small, “ahd the real
component and magnitude are substantially the same, Equation (55) can be written as:

B Tp
_ P _*r 56
Zc=— =G (56)
s
—Im Zczw—zRe ZC~Zo= "~ e (57)
L
Zo= —CE (58)

5.4.3 Procedure for the measurement of.the phase coefficient
5.4.3.1 General
The phase coefficient measurement procedure, in the situation where the complex

characteristic impedance is desired, is similar to that outlined for attenuation measurement in
6.3.3 of IEC 61156-1, Edition 3,(2007).

5.4.3.2 Phase coefficient
The phase coefficientLof a pair of conductors is a measure of the phase shift incurred by a

sinusoidal signal as\it propagates over a length of pair and is affected by the materials and
geometry of the insulated conductors.

The phase‘coefficient, g, relates to the measurements as:
B=ZV1E)—L(Vin) T2k (59)

The phase coefficient can be obtained as a result of the same measurement procedure used
to obtain the attenuation (see 6.3.3 of IEC 61156-1:2007 (Edition 3)) by using a network
analyser (which measures vector quantities). For balanced pairs, the transmit and receive

ports of the measurement instrument shall supply balanced voltage with respect to ground
and balanced currents (commonly accomplished with a balun). Pairs under test shall be
terminated in their nominal impedance +1 %.

5.4.3.3 Determining multiplier &

The multiplier £ in Equation (59) may be determined either by examining the analyser display
or numerically with the aid of a computer.
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5.4.3.4 Determining k by examination

To determine the multiplier k£, examine the analyser display and interpret the acquired data
over the range of frequencies as appropriate. The phase meter or network analyser normally
yields only the difference between the first and second terms shown on the right hand side of
Equation (59). Figure 3 shows the total phase and the sawtooth representation obtained from

a natwark analuycar \Whaoan o naotwaorl analvcar 1o ioad o trann Af tha nhaca ~nanffiniant avolina
oo tW oo ary Sy e o ety ooty S \ =7 e =4 O ToTeTT

etwe ¥ etwo alyseris—used—a-trace—of phase-ceefficient-eyehing
through the 2n radians (360°) range is generally displayed on a CRT display, facilitating the
determination of k. A frequently used technique in the interactive mode is to start at a low,
frequency where k£ = 0, by counting the number of 2= to On traversals to obtain the value for k.

3,0

2,5

2,0

1,5

Phase (x 2n Rad)

1,0

0,5

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

Frequency (MHz)
IEC 841/09

Figure 3 — Determihing the multiplier of 2n radians to add to the phase measurement

5.4.3.5 Obtaining £ numerically

Determine/ %> numerically by acquiring the phase information obtained with the network
analyser(_digitally using an interface with a digital computer as was done with the points
plottedtin Figure 3. Follow the data acquisition with a program procedure which starts by
establishing a starting slope from several points in the £ = 0 (multiple of 2= radian) frequency
region. Let the program continue by examining each remaining point in succession. If the
point is not within 2z radians of the continuous phase line being established, increment & until

it is. This approach works even when intermediate values of k£ are passed over, once the
correct starting slope is established

5.4.3.6 Obtaining total phase from the length function

To obtain the total phase, use the procedure called the "length" function, which is built into
many network analysers. This internal procedure subtracts the specified length, which can be
expressed as seconds of delay (actually a constant time frequency), from the internally
established total delay and displays it. The phase trace is conveniently kept within the 0 & to
21 (or alternately —n to +=n) range over the whole frequency range by supplying the
appropriate length value to the analyser.
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5.4.4 Phase delay
Phase delay is a measure of the amount of time a simple sinusoidal signal is delayed when

propagating through the length of a pair or cable. As with the phase coefficient, it is affected
by the materials and geometry of the insulated conductors.

phase coefficient 8, measured in 5.4.3.2.
=z (60)
[0

5.4.5 Phase velocity

Phase velocity (reciprocal of phase delay) is a measure of the velocity with which-a sinusoidal
signal propagates through a cable and is normally reported in units of distance per second
such as m/s.

Equation (61) is used to calculate the phase velocity e, as a function’of frequency from the
phase coefficient 8, measured in 5.4.3.2.

VP=— (61)

NOTE Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided by the velocity of
light in a vacuum (c). It is then reported as, for example, 0}74/c, meaning 0,71 x speed of light. A variation is to
report it as a percentage such as 71 %.

5.4.6 Procedure for the measurementof.the capacitance

The capacitance of the same length as.that measured for the phase coefficient (delay) shall
be measured between the two conductors of the pair in accordance with 6.2.5 of IEC 61156-1,
Edition 3 (2007).

5.5 Determination of characteristic impedance using the terminated measurement
method

A single terminated .impedance measurement can be made in place of the open and short
circuit measurements)when the terminating impedance is sufficiently similar to the impedance
being measured( (within 15 Q) and when the roundtrip loss of the measured length is
sufficiently large. (at least 10 dB). This measurement is useful when the convenience of using
the networkKtanalyser in a stand-alone mode is desired. Use of this method is with the
understanding that the open and short circuit method is the reference method.

Understanding the difference between the measured terminated impedance and the
open/short circuit impedance is facilitated by the following equations. The equation for the
terminated input impedance Zy is:

1_'_9 e-?ﬂ/]
ZT=Z2C T 57 (62)
T-ge 2
where the reflection coefficient ¢ is given by:
_ZR”Zc (63)

ZRTZc
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Zr and Zc are the terminating impedance (usually a resistance) and the actual characteristic
impedance respectively. Having a closely matched termination or sufficient roundtrip
attenuation is adequate for making the terminated measurement yield results close to those
obtained by the open and short circuit method.

Equation (62) can be restated as follows:

7= - 2 | Z1Zc 64
ZT1-Zc=(ZrR-Zc) e (ZRJFZC (64)

Equation (62) indicates that a 15 Q difference between the termination resistor and the|cable
impedance is reduced to a maximum error of approximately 5 Q with a round trip“loss of
10 dB. A 20 dB round trip loss insures that a 15 Q impedance difference is reduced\to a rather
minimal 1,5 Q error.

5.6 Extended open/short circuit method using a balun but excluding the balun
performance

5.6.1 Test equipment and cable-end preparation

The equipment required for the impedance and S-parameter measurement is that defined in
5.2. For this balanced form of measurement, the termination. condition for other pairs and a
shield, if present, is of little consequence. These conduetors are close to ground even when
permitted to float because of the pair twist of the pait under test. Letting these conductors
float is acceptable.

5.6.2 Basic equations

Characteristic impedance and the propagation coefficient are expressed in Equation (65) and
Equation (66) respectively:

2
Zo=1lz82 Zitr — Zitf Zitef — Zits | | Zitcs ~ Zits (65)
Zitr — Zits Zitef — Zitf Zites — Zitf
7/:0!+j/3:—tanh*1 itcf its itcs its (66)
[ Zitef — Zitt ) \ Zites — Zitf

where

Zy is the input impedance measured by leaving the balanced output of the balun open (Q);
Z
Z

its .isthe input impedance measured by shorting the balanced output of the balun (Q);
is the input impedance measured by terminating the balanced output of the balun in a
non-inductive, resistive load (Zg Q) which value is balanced to =1 % (Q);

itr

Zys is the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair open (Q);

is the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair shorted (Q).

itcs

5.6.3 Measurement principle

Extended single end, open/short circuit method using a balun, but excluding the balun
performance. The input impedance measurements are implemented by means of an
impedance bridge or network analyzer and S-parameter test set (see Figure 4 and Figure 5).
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Zitg _> Oz Balun Open

Zts > @+  Balun Short

Zw => (@  Balun E

Zitef 9 (@ Balun Ze.v Open

—®
Zitcs 9 ©- Balun Zc Short

IEC 842/09

Figure 4 — Measurement’configurations

._
Zin .> @- Balun :@ Z Equals Zin 9 :ﬁ VA

o

o>
ow

IEC 843/09

Figure 5 — Measurement principle with four terminal network theory

AZ+B

= il 67
ZnT 07D (67)
where

Z,, is the-input impedance;

Z is*the load impedance such as open, short, termination, cable pair open or cable pair
shorted.
Ziti = Zin| 7= = A/C, A= 75 C (68)
Zits=Zin| 7=0 = B/D, B=Zits D (69)
B B AR+ B 70
thr*Z|n|Z=R “CR+D (70)
AZis+B

Zitcf:Zin‘Z:Zif:I— (71)

CZitD
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Zites=Zin|z-7, = 72
itcs in|Z=7is CZis+D ( )
where
Zis is the impedance presented by cable pair with far end open (Q);
7S rsthempedance presented-by cabte pairwithfarend—shorted<©):
Substituting Equation (68) and Equation (69) into Equation (70),
D R(Zi—Zi
=~ (thf Z|tr) (73)
C Zitr — Zits
From Equation (71),
B—Zies D
Zit = itcf (74)
Zitef C—4
From Equation (72),
B—Zitcs D
Zis= Zitcs (75)
Zites C—4
Finally:
B—Zites D\ B—Zitae D
Z% = Zi Zis = itcf itcs
Zitof C-4 Zitcs c-4

2
"D\ Zitef — Zits |( Zites — Zits
C )\ Zitet — Zitr )\ Zitcs — Zitf
2
R2 Zitr — Zitf Zitef ~ Zits | Zites ~ Zits
Zitr = Zits Zitef = Zitf )\ Zitcs — Zitf

tanh2 7. Zis  _ | Zitct~ Zitf || Zites~ Zits
Zif Zitef ~ Zits )\ Zites ~ Zitf

5.7 Extended open/short circuit method without using a balun
5.71 Basic equations and circuit diagrams

Charagteristic impedance and the propagation coefficient are defined by Equation (76) and
Equation (77) respectively:

1 1 1
7:‘/(Yﬁ_zyuf}(st_zYus} (76)

1
7=a+jﬂ=7 tanh™"
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where
Y is the admittance measured with measurement mode a (S);

(
(S);
Y+ is the admittance measured with measurement mode ¢ (S);
Y, (

us is the admittance measured with measurement mode d (S).

Y;s is the admittance measured with measurement mode b

The measurement configurations are given in Figure 6.

A-leg of a pair

Yff% [ / ‘

L
\B-Ieg of a pair

G

= \Other pairs and/or shield if any
IEC 844/09

Figure 6a — Measurement,mode a: Y

Yis 9 [

— IEC 845/09

Figure 6b — Measurement mode b: Y

g |

s

— =G 040/UY

Figure 6¢c — Measurement mode c: Y
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Yus =>

oy l

IEC 847/09

Figure 6d — Measurement mode d: Y ¢
Key

- connecting inner conductor of unbalanced type measuring equipment
G connecting outer conductor of unbalanced type measuring equipment

The above set of four admittance measurement configurations assumes the pair is pefrfectly balanced. Generally,
some degree of unbalance is present. This method can be used without additional measurements if the pair
unbalance is less than 1 %.

Figure 6 — Admittance measurement configurations

5.7.2 Measurement principle

The measurement principle is given in Figure 7¢/Jhe input admittance measurements are
implemented by means of an impedance bridge or hetwork analyzer and S-parameter test set.

Yin = ® ! Equals o—

Yin 9 Yoin Va Yyt

G ®
g IEC 848/09
Figure 7 — Admittance measurement principle
For the\open circuit case, the measured admittance is given by:
1 1
Yin=Ybin - Yu taNh y, [=Ypin* - Yuf (78)

where
7 is the unbalanced (common mode) propagation coefficient;
Y,

u
Ypin is the input admittance of the balanced circuit (open or short).

is the unbalanced (common mode) characteristic admittance;
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Y= Yinlyyomy, = YT 7 Yuf (79)
Yts=Yin |Ybin:Ys=Ys+Z Yus (80)
where
Yy  is the balanced open circuit admittance;
Y, is the balanced short circuit admittance.
From Equation (79),
1 1 (81)
Yi=——=Yi—F ¥
oy T Tt
From Equation (80),
L 1 82
YS_Z_S_st_4 Yus (82)
1 1 1
o YcTNYs Ys T | YiE Y uf || Yis— 1 Yus (83)
Zc 4 4
(84)

5.8 Open/short impedance'measurements at low frequencies with a balun

For the measurement, 6f the characteristic impedance of a cable, the open/short-circuit
method can be applied, especially in the frequency range up to 1 MHz. An impedance

measuring set withian accuracy of +2 % is recommended

The measurement is carried out at the relevant frequency by connecting the pair (or one side
of the quad)“at one end through a balun to the test set. At the other end, the conductors

should be jsolated (open-circuited) or short-circuited.

In-the open-circuited condition:

Zeo = R et (85)
In the short-circuited condition
Zcc = Ry €% (86)
The modulus of the characteristic impedance is:
|Z| = [ R * R]'"2 (87)
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Arg |z =172 (¥ + %) (88)

The attenuation constant is derived from:

B |
8,686 2 A
a= ’21 x arctan h VRL xcos |1/2 (&g —a)]| (dB/km) (89)
1+ K
R

where [ is the length of the cable under measurement (km).

The phase constant is derived from:

1
f = |arctan h —R}xsin [1/2 (& @ )||[+nxn| cradikm) (90)
K

R

As the function arctan is ambiguous, the value of n has {0 be determined. In practice, the
following formula gives, in most cases, the exact value of/:

n = integer [| (1/r) (b — 28fZ,C5/500)| + 0,2] (91)
where
C;  is the mutual capacitance of the tesb specimen (nF).

o | Rk
VR sin [172 (&g - @ )] (92)

p = arctan

The phase velocity.is derived from:

v=2xnflp (93)

5.9 Characteristic impedance and propagation coefficient obtained from modal
decomposition technique

5091 General

This more involved method results in data for the characteristic impedance and propagation
coefficient if desired. Furthermore, it yields data for the unbalanced (common) mode as well

as cross modal coupling. All combinations of S-parameters are measured using a conventional
unbalanced instrument without the use of baluns, with other conductor ends terminated. The
balanced- and unbalanced-mode components (impedance element of the matrix) are derived
from the measured S-matrix by a mathematical operation ("mathematical balun").
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5.9.2 Procedure
The procedure is as follows.

a) Calibrate the network analyser system. Full-2-port calibration is recommended.

b—veasureeachetementof the-S-matrixof the Equatiom (94 e g5 53 53D and=S33are
measured by connecting the one end of the conductor of the pair to the other port of the
network analyser. All the rest of the ends of the conductors of the twisted pair, which may,
be terminated to the receptacle of the standard connectors respectively, should be
terminated with the standard dummy of the network analyser.

S14 S31 S33

Zou Sar Q%ZOU [S11 S21 S31 Sa1)
5 S4s S21 S22 S32 S42

E S; < S31 S32 S33 Sa3 (94)
Zoy Sa2 Zoy S41 Sa2 Sa3 Sas)

c) Transform the § — matrix into the Z — matrix (Y. &matrix) using the following equations.

Z=20u [EXSIE-S ] (95)

Y=

[E-SJ[E+S ] (96)
Z0u

where

E  is the unit matrix of'4/x 4;

Zo, s the system impedance of a scalar value.

d) Once the impedance matrix is obtained, the characteristic impedance and the propagation
coefficient for-the balanced mode are calculated by the following equations:

Z11—2Z21% Z22
Zc= 2\/ (97)
Y11—2Y21+ Y22

1
> V(Z11=2 221+ Z22) (Y11-2 Y21+ Y22) +1
(98)

v

1
> V(Z11-2 221+ Z22) (Y11-2 Y21+ Y22) —1

5.9.3 Measurement principle

This method utilizes the modal decomposition theory, which has been established in the field
of analyzing a multi-conductor system.

Notation of secondary coefficient: The secondary coefficient is expressed using an impedance
matrix Z and an admittance matrix Y. The transmission line system illustrated in Figure 8 is
presumed linear and symmetrical to show simple expression.
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< ! >
m m
Iy I
—> @ ®* —>
A A
m m m
"1 Zc.y Vo
m m
14 I
+“— @ ® <—

IEC 849/09

Figure 8 — Transmission line system

v cosh(y) zWsinh(7) || y]
= (99)
M| |sinh(y)/z@  cosh(y)| jm
When modified, the second part of the matrix equation is:
z¢
M= m— zMeoth m 100
V5 Snh(7) 17 - zg coth(y) 15 (100)
Substituting this into Equation (100), the following impedance matrix is derived:
vy zgcoth(pozg /sinh() || 11| | 2%y Zz%4|| 1T
= = (101)
vl | z8/sinb(y)  z@coth(y) || - 15| | z5 ZTi|| - 15
Similarly, the admittance_expression is derived:
o coth(y)/ z& -1/ z8sinh() ||\ vT| | YTy Yo, || VY
= = (102)

—19'| |-V zgsinh(y)  coth(y)/ zT ||VT| |Yoy YHT|[V5D

Thus we can get the secondary constants Z:™ and y as:

o 1 Z0 1 P el VZO YT 1
Z@=.|—= ,r=—coth ' ZN\ Y} =57 IN| ——— (103)
C Y;n‘] l _

Because Z{} can be obtained by measuring the ratio of ;" to I} with the other terminal

opened, that is, by letting /7'= 0,

5 7 1
Zh=— =z¢ coth(y), Yii=——~ =—— coth () (104)
im0 1 lym- C
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thus, Z{N = Zgpen and Y4 =YJ ..
which are well known to us as equations for the open/short method.

This shows that Equations (103) are identical to those

For the case of a twisted pair cable, the impedance and the admittance matrix in the modal
domain shall be derived.

5.9.4  Scattering matrix to impedance matrix
5.9.4.1 General

The impedance and admittance matrices of the modal domain of the balanced modé “can
calculate the secondary constants of the pair.

The following three steps are required:

a) measure the scattering parameters of multi-conductor circuit;

b) calculate the impedance and admittance matrix (Z-matrix and Y-matrix respectively) from
the scattering matrix (S-matrix); and

c) calculate the impedance and admittance of the balanced mode according to the modal
decomposition theory.

5.9.4.2 Step 1: S-matrix measurement

The measurement is as follows.

a) Calibrate the network analyser system. Full 2-pott calibration is recommended.

b) Measure each element of the S-matrix of the Equation (105), e.g. S11, S31 (S31), and S33
are measured by connecting the one end of the conductor of the pair to the other port of
the network analyser. All the rest of the ends of the conductors of the twisted pair, which
may be terminated to the receptacle<of the standard connectors respectively, should be
terminated with the standard dummy of the network analyser.

S11 S W S11 821 8§31 S41
Z
Zou Sur O% “ | |S21 S22 S32 Sa2
s S. 105
3 * S31 S32 S33 S43 (105)
S22 532 Sa4
e — | S41 S42 S43 S44]
Zoy Saz Zou
5.9.4.3 Step 2: Transform S—matrix into Z—matrix
Transform the S — matrix into the Z — matrix (Y — matrix) using the following equations:
Z=z04 [E+SJ[E-S ], Y= L [E-SI[E+S ] (106)

Z0u

where E is a unit matrix of 4 x 4, zg is the system impedance of a measuring equipment and is
defined as a scalar value (typically 50 Q system).
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5.9.4.4

Step 3: Modal decomposition

According to the modal decomposition theory, the impedance matrix Z™ and the admittance
matrix Y™ for a twisted pair cable can be obtained from the multi-conductor line circuit
impedance (Z) and admittance (Y) as follows.

ZM=plz70 ym=p'yp (107)
where the diagonalizing matrices P and Q are 4 x 4 real matrices and given as follows:
il 1 0 O 1 1 0 O
2 2
1 1 0 O -1 1 0 O
p=| 2 . |oo= 2 ; (108)
0o 0 — 1 0o 0 1 —
2 2
0 O A 1 0 0 -1 al
L 2 L 2 |

When the line circuit
expressions become:

Z11=2Z21% Z22 —211;222 231~ Z4a<Z32" Z42 231+Z41;232_Z42
Z11~Z22 Z1172Z21+ Z22 Z3N V241" Z32—Z42 Z31TZatZ32TZ42
z"= ’ Zs1+232fZ41—Z42 ’ Z33fZ44
Z31=Z32—Z41T Z42 > 733—2Z43% Zaa 5
Z31=Z32VZ41~Za2 Z31TZ32VZ411T Z43 Z33—Z44 733127431 Zas4
2 4 2 4

IN=Z11—2Z21" Z22

[ Y11-2v21tYop Y11— Y22 Y31—Ya1—Y32+tYa2 Y31tYa1-Y32—Ya2 |
4 2 4 2
Y11- Y22 Y31—=Y41TY32- Y42
m o Y11+ 2Y211T Y22 3 Y31t Y41+ Y32+Ya2
Y =
Y317Y32— Y41t Y42 Y31TY32-Y41—Ya2 Y33—2Y43%Ya4 Y33~ Y44
4 2 4 2
¥31= Y32+t Y41~ Ya2 Y33~ Ya4
) 5 Y31t Y32+t Ya1+Ya2 — 5 Y33+2Y43+ Y44

Y11=2Y211TY22

m _
Y1

4

The following equations are derived from Equations (103).

is assumed to be linear, the matrices. are symmetrical and their

(109)

(110)

(111)

(112)

Z11—2Zo1%tZ2

[z J
zg= =2
Cc Y[In1

Y11—2Y21+ Y22

(113)
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1 1 VZO Y +1
y = Jooth (zZHyP) = 5 In —:r: :n1
VZiry -1

1 2oty 1/2
_ 11—2Y217T Y22
= — coth 1{(211—2221+222)[ 1 ﬂ
{ T 7] L)
1
1 > (Z11-2 721+ Z22)(Y11-2Y21+ Y 22) +1

7In

1
> J(Z11-2Z21+ Z22)(Y11-2Y 21+ Y 22) -1

5.9.5 Expression of results

When the secondary transmission parameters deal with frequency domain data and show that
the data varies substantially versus frequency, the least squares function fit method is used to
extract the secondary transmission parameters as theoretic ideal parameters of the trans-
mission line.

6 Measurement of return loss and structural return loss

6.1 General

Return loss and SRL are both useful for quantifying the level (amount) of the reflected signal.
Return loss combines the effects of reflections due“to both the deviation from the nominal
impedance (such as 100 Q) and structural effects. It is specified when system performance is
the primary interest.

While return loss characterizes the pérformance of the channel or link, SRL is used to
represent the structural effects of the cable medium itself relative to Z and is useful for cable
evaluation.

6.2 Principle

The same measurement principles apply as in 5.2. Many network analysers yield return loss
in a direct manner as axmenu item. The circuit given in Figure 5 is suitable for the RL and SRL
measurements. Where-calibration of the network analyser and S-parameter unit is performed
relative to the reference impedance, the return loss, RL, is given by Equation (115):

RL = -20 log |S4] (115)
Stated'in terms of the impedances the return loss, RL, is given by Equation (116):

71 - 7

RL=-20log
ZT + ZR

(116)

NOTE Open/short circuit data is not appropriate for return loss since both ends of the circuit must be terminated
with the reference impedance. The difference between the Z; used here and the Z used for SRL is obviously small
when roundtrip loss is large enough to render the distant-end reflection negligible.

The SRL is obtained by Equation (117), where Z¢ is the fitted characteristic impedance being
used as the reference value.

Zem —Zc

SRL = -20 log
ZCM + ZC

(117)
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7 Propagation coefficient effects due to periodic structural variation related to
the effects appearing in the structural return loss

7.1 General

The characteristic impedance Zc of a cable is defined as the quotient of a voltage wave (U)

AY

A + LI hbiak ' H o P~ H ' £ A LE b, 1 A
alrmfu ouirrTorTit wave \1} LAARLAY IR~ | B v PIUPG&GLIIIH mrure odimme  uimmcouirvurT, TUTvwdaruo \II Ul VAUNVWATUO
(r). For homogeneous cables with no structural variations, the characteristic impedance can
be measured directly as the quotient of voltage and current at the cable ends.

Zc=Us/ It = U / It {18)

The other characteristics which are important for a cabling system are the input<@nd output
impedances and the corresponding return losses and the structural return loss<ef‘the cable.
These characteristics include structural variation in the cable. They are measured by the 44
and S,, parameters of the cable, as described in the following.

Important cable-related parameters, which for their part describe the quality of the cable as a
transmission medium, are the characteristic impedance Z¢c and the structural return loss SRL.

System-related parameters are the input impedance and the“return loss at the input and
output of the cable, which are related to the scattering parameters S11 and S22. The insertion
loss is also a system-related parameter which is denoted, by-S,,.

The transmission (propagation) coefficient:
y=ackyp (119)
is only cable-related. It has already been{discussed in Clause 4.

7.2 Equation for the forward echoes caused by periodic structural inhomogeneities

The reflected signals down the line have normally little direct effect on the transmission but
through double reflections they influence the forward transmission causing forward echoes at
resonant spike frequencies:

With periodic inhomogeneities extending throughout the line, the forward echo coefficient ¢
can be calculated-ftem Equation (120) when the measured periodic structural return loss PSRL
coefficient is p at\@'resonant frequency.

— 2
Iqumax_K|p|max (120)

_2al-1+¢24!

where K 12 )2 (121)
‘VAV'IIUII 2l_LL1 1 (I"‘llp)
K ~2al-1 (122)

The above is only cable- and cable length-related.

Also to be considered is the forward echo caused by the mismatch between the generator
impedance Zg, and the input impedance ZiN, and between the load impedance Z. and the
output impedance ZouyrT of the cable.
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Return losses RL are defined by Equations (123) and (124):

RLIN=—20 log 2:—;2 (123)
RLouT =20 log %I (124)
The echo attenuation 4g from these two reflections is:
Ag=2al+RLNT RLouT (125)
The total echo attenuation Aot of the repeater or regenerator section is:
Aror=—10 log (10-4a/10 + 1-4¢/10) (126)

If Zc and Z| are taken as reference impedances in the scatteringsparameters measurement,
then:

S11=(ZIN-Za)/(ZIN+ Zg) (127)
S22=(Zout~ZL) /{ZeuT*+ ZL) (128)
The composite loss (same as insertion loss 4, ifZg = Z| ) is:

A6=¥20 log | 551 (129)

Observe that the cable attenuation:

al# Ac or A, (130)

For a homogenous cable, the composite loss (attenuation) is:

+ + .
Ao="al+20 log ZGTZC | 99 I09M+20 log|l — yqp e 2(@TIB)L (131)
2\zcZc 2\ZLZc
where r=(Zc-Zc)/(Zc* Zc) (132)
r2=(ZL-2Zc)/(ZL+ Zc) (133)

8 Unbalance attenuation

8.1 General

Symmetric pairs may be operated in the differential mode (balanced) (see Figure 9) or the
common mode (unbalanced) (see Figure 10). In the differential mode, one conductor carries
the current and the other conductor carries the return current. The return path (common
mode) should be free of any current.
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In the common mode, each conductor of the pair carries half of the current and the return path
carries the sum of both these currents. All pairs not under test and any screens, if present,
represent the return path for the common-mode voltage.

t 1

|:] Zdiff, f Udiff’ f

Screen and/or other pairs

IEC 3258/02

Figure 9 — Differential-mode transmission in a symmetric pair

Ucom, n Return path /

Ucom, f

Zcom, n Zcom, f

&
I—e— —e

iI—

IEC 3259/02

Figure 10 — Common-mode transmission in a symmetric pair

Under ideal conditions, both medes are independent of one another. In reality, both modes
influence each other. Differences in the diameter of the insulation, unequal twisting and
different distances of the conductors to the screen are some reasons for the unbalance of a
pair. The asymmetry is “caused by the transverse-asymmetry and by the longitudinal
asymmetry. The transverse asymmetry, T4, is caused by longitudinally distributed unbalances
to earth of the capae€itance and conductance. The longitudinal asymmetry, LA, is caused by
the inductance and-\resistance unbalances between the two conductors of the pair.

8.2 Unbalance attenuation near end and far end

Unbalancg attenuation is measured as the logarithmic ratio of the common-mode power to the
differential-mode power at the near end and at the far end of the cable. The unbalance
attenuation is also often referred to as conversion loss:

LCL longitudinal conversion loss

LCTL longitudinal conversion transfer loss
TCL transverse conversion loss

TCTL transverse conversion transfer loss

Additionally, the equal level unbalance attenuation far end are defined as follows:

EL LCTL equal level longitudinal conversion transfer loss
EL TCTL equal level transverse conversion transfer loss
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The equal level unbalance attenuation is defined as an output-to-output measurement of the
logarithmic ratio of the common-mode power to the differential-mode power or vice versa. The
output-to-output measurements correspond to the difference of the input-to-output
measurement and the respective attenuation:

EL LCTL =LCTL — @¢om (134)

EI TCTL —TCTI
1= = — ot L= 7o i

As it is not a common practice to measure the output-to-output ratios directly, the above
differences are utilized to determine the equal level unbalance attenuation. The measurement
of the common-mode attenuation of balanced cables is prone to error, and the differential
attenuation of the cables has to be measured anyway. Therefore, the measurement' of the
equal level unbalance attenuation far end is limited here to the equal level transverse
conversion transfer loss.

The unbalance attenuation near end or far end is related to the conversion lgsses as indicated
in Tables 1 and 2, respectively.

Table 1 — Unbalance attenuation at near end

Power fed at the near end into the differential-mode and coupled power TCL
measured at the near end in the common mode

Power fed at the near end into the common-mode and coupled power LCL
measured at the near end in the differential mode

Table 2 — Unbalance attenuation at far end

Power fed at the near end into the differential-mode and coupled power TCTL
measured at the far end in the common mode

Power fed at the near end into the common-mode<and coupled power LCTL
measured at the far end in the differential mode

Same as TCTL but the measured common-maode power is related to the differential-mode power EL TCTL

at the far end (equal level)

Table 3 indicates the common- and differential-mode circuit of the input, and the receive
signal for the different types of unbalance attenuation.

Table 3 — Measurement set-up

Set-up
Unbdlance Near end Far end
atténuation
Common-mode Differential-mode Common-mode Differential-
circuit circuit circuit mode circuit
TCL Receiver Generator - -
Near end
LCL Generator Receiver - -
TCTL - Generator Receiver -
Far end
LCTL Generator - - Receiver

Using the concept of operational attenuation, the generator and receiver on one port of the
network are interchangeable without any change in the results. Therefore, the measurements
of TCL are identical to those of LCL.

However, the measurement of LCTL or TCTL is inherently a two-port measurement.
Therefore, the measurements of LCTL are only identical to those of TCTL, if the longitudinal
distribution of the unbalances is homogeneous, and if the velocity of propagation of
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