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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MULTICORE AND SYMMETRICAL PAIR/QUAD
CABLES FOR DIGITAL COMMUNICATIONS -

Part 1-2: Electrical transmission characteristics and

testmethodsof symmetricatpairfquad-cabtes———
FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standandization comp
all national electrotechnical committees (IEC National Committees). The object of- [EC is to pr
infernational co-operation on all questions concerning standardization in the electrical @nd’electronic fiel
th|s end and in addition to other activities, IEC publishes International Standards,[echnical Specificg
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Pdblication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in| the subject dealt with may participate in this preparatory work. International, governmental and
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates ¢
with the International Organization for Standardization (ISO) in accordance with conditions determin
adreement between the two organizations.

THe formal decisions or agreements of IEC on technical matters expréss, as nearly as possible, an interng
cdnsensus of opinion on the relevant subjects since each technical committee has representation frdg
inferested IEC National Committees.

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

In] order to promote international uniformity, IEC\National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possiblg, in their national and regional publications. Any diver
bdtween any IEC Publication and the corresponding national or regional publication shall be clearly indica
the latter.

IEC itself does not provide any attestdtion of conformity. Independent certification bodies provide conf
agsessment services and, in some, areas, access to |[EC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they)have the latest edition of this publication.
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N¢ liability shall attach totlEC or its directors, employees, servants or agents including individual experts and

members of its technical ' ¢ommittees and IEC National Committees for any personal injury, property damd
other damage of any'‘nature whatsoever, whether direct or indirect, or for costs (including legal feeg
eXpenses arising outof the publication, use of, or reliance upon, this IEC Publication or any othe]
Pyblications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publicati
inflispensable for the correct application of this publication.

IEC draws attention to the possibility that the implementation of this document may involve the use
pdtent(s)’ IEC takes no position concerning the evidence, validity or applicability of any claimed patent rig

ge or
) and
r IEC

bns is

pf (a)
hts in

reppect thereof. As of the date of publication of this document, IEC had not received notice of (a) patq

nt(s),

which may be required to implement this document. However, implementers are cautioned that this may not

represent the latest information, which may be obtained from the patent database availab
https://patents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

le at

IEC TS 61156-1-2 has been prepared by subcommittee 46C: Wires and symmetric cables, of
IEC technical committee 46: Cables, wires, waveguides, RF connectors, RF and microwave
passive components and accessories. It is a Technical Specification.

This first edition cancels and replaces the first edition of IEC TR 61156-1-2 published in 2009
and Amendment 1:2014. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition (TR):

a) typos and editorial corrections;
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b) the scope was updated;

c) F

igure 14: ports swapped between port 2 and port 3;

d) new figures for balunless testing.

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

Draft Report on voting

46C/1247DTS 46C/1259e/RVDTS

Full
the 4

The

This

accordance with ISO/IEC Directives, Part1 and ISO/IEC Directivesy IEC Supplen
availpble at www.iec.ch/members_experts/refdocs. The main document types develope
IEC are described in greater detail at www.iec.ch/publications.

A lis

pair/quad cables for digital communications, can be found en‘\the IEC website.

nformation on the voting for its approval can be found in the report on voting indicat
bove table.

anguage used for the development of this Technical Specification is English.

document was drafted in accordance with ISO/IEC Directives, Part 2,.'and develop

of all parts of the IEC 61156 series, under the general’titte: Multicore and symme

bd in

pd in
hent,
d by

frical

The pommittee has decided that the contents of this document will remain unchanged unt|l the
stability date indicated on the IEC website under {yeBstore.iec.ch in the data related t¢ the
specific document. At this date, the document will\be

e reconfirmed,

e Withdrawn,

e replaced by a revised edition, or

e amended.

IMPQRTANT - The “colour inside” logo on the cover page of this publication indicates thiat it
contains colours which' are considered to be useful for the correct understanding of its

cont

bnts. 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

cope

This
and
IEC
fittin
mea

It is
ame
editi

2 1

The
cont
cited

any amendments) applies.

IEC
lines|

IEC
Part

IEC
term

3

3.1

Terms, definitions, symbols, units and abbreviated terms

part of IEC 61156 specifies symmetrical pair/quad electrical transmission charactér
test methods present in IEC 61156-1:2002 (Edition 2) and not .carried
51156-1:2007 (Edition 3). It details characteristic impedance test methods @and fun
) procedures, the open/short-circuit method and the background of unbalance attenu
urement.

extended by a description of the balunless measurements technique, which i
ndment to the former technical report and is improved and¢incorporated into this
bn. The complete document is transferred into a technical specification.

Normative references

following documents are referred to in the texp in such a way that some or all of
ent constitutes requirements of this document. For dated references, only the ed
applies. For undated references, the latestledition of the referenced document (inclu

50050-726, International Electrotechnical Vocabulary (IEV) — Part 726: Transmis
and waveguides

51156-1:2007, Multicore and-symmetrical pair/quad cables for digital communicatio
1: Generic specification

R 62152, Transmission properties of cascaded two-ports or quadripols — Backgrou
5 and definitions

Terms and definitions

For

IEC 61156-1, IEC TR 62152 and the féllowing apply.

stics

into
ction
ation

b an
new

their
ition
ding

sion

ns —

hd of

726,

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |SO Online browsing platform: available at https://www.iso.org/obp

e |EC Electropedia: available at http://www.electropedia.org/

3.11
sing

le-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

L
G
C

S

N T ™ Q9

S

pair resistance (Q/m)
pair inductance (H/m)
pair conductance (S/m)

pair capacitance (F/m)

attenuation coefficient (Np/m)

phase coefficient (rad/m)

propagation coefficient (Np/m, rad/m)

phase velocity of cable (m/s)

group velocity of cable (m/s)

phase delay time (s/m)

group delay time (s/m)

complex characteristic impedance (Q)

angle of the complex characteristic impedance in radians
high frequency asymptotic value of the’\complex characteristic impedance (
length (m)

imaginary denominator

real part operator for a complex variable

imaginary part operator.for a complex variable

radian frequency (radis)

frequency (Hz)

first derivative of R with respect to w

first derivative of C with respect to w

first derivative of L with respect to w

DCiresistance of a round solid wire with radius » (Q/m)

Q)

constant with frequency component of resistance which is about 1/4 of thg¢ DC

resistance (Q/m)

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

external (free space) inductance (H/m)

internal inductance whose reactance equals the surface resistance at
frequencies (H/m)

specific conductivity of the wire material (S/m)

resistivity of the wire material (Q/m?2)

permeability of the wire material (H/m)

radius of the wire (m)

skin depth (not to be confused with the dissipation factor tan §) (m) s=

high

1
TS po
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tan ¢ dissipation factor tans = <
oC
q forward echo coefficient at the far end of the cable at a resonant frequency
p reflection coefficient measured from the near end of the cable at a resonant
—PSRL 7 7
frequency, p=10 20 =|ZCM_“C
ZCM +ZC

Aq forward echo attenuation at a resonant frequency (dB) 4q = —20Iog|q|

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

K K = 2al —1when2al > 1(Np)

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

Zoc complex measured open circuit impedance (Q)

Zsc complex measured short circuit impedance (Q)

VALY complex characteristic impedance as measured (with structure) (Q)

Zem =+Zoc *Zsc

Zyeds complex measured impedance (open or ghort) (Q)

ZIN input impedance of the cable when itis\terminated by Z;, (Q)

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

N nominal (reference) impedance of the link and/or terminals (the sydtem)
between which the cable'is operating (Q)

Zn (nominal) reference~impedance that is used in measurement. Normally| (for
actual return less’results), Zg = Z. When using a return loss measurement to
approximate SRL, it is practical to choose Zy to give the best balance i the
given fréguency range (Q)

Z; terminated impedance measurement made with the opposite end of the gable
pair terminated in the reference impedance Zg (Q)

¢ reflection coefficient measured in the terminated measurement mgthod

_R~Zc
- ZR +ZC

Zg termination at the cable input when defining the output impedance of the cable
Zout (Q)

Z termination at the cable output when defining the input impedance of the cable
Z\N (Q)

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

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

|Zcl fitted magnitude of the complex characteristic impedance (Q)

|Zeml measured magnitude of the complex characteristic impedance (Q)

Z (VN

input angle relative to a reference angle in radians
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Z(Vip) output angle relative to the same reference angle in radians
k multiple of 21T radians

m indicator of matrix parameter

Si1 reflection coefficient measured with an § parameter test set
RL return loss (dB)

SRL structural return loss (dB)

CuT cable under test

Unbatance attenuation etectricat symbois:

TA transverse asymmetry

LA longitudinal asymmetry

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

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

Cq. 4y capacitance of one conductor to earth (F)

Gy 4> conductance of one conductor to earth (S)

a, unbalance attenuation (dB)

T, unbalance coupling transfer function

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

X length coordinate (m)

Yeom propagation factor of the:common-mode circuit (Np/m, rad/m)
Vdiff propagation factaqy of the differential-mode circuit (Np/m, rad/m)
Qi 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

Uygit 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

4 Basic transmission line formulae

4.1 Overview

A review of the relationships between the propagation coefficient, the complex characteristic
impedance and the primary parameters R, L, G and C is useful here. Characteristic impedance
is commonly thought of as being a magnitude quantity. While this concept can suffice for 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
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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 frequency while useful in
many cases are not covered here. The present-day availability of excellent frequency domain
equipment such as the network analysers and impedance meters support the frequency
domain approach.

4.2
4.2.1

The

para

The

4.2.2
4.2.2

Form

Complex characteristic impedance and propagation coefficient formulae

General
frequency domain of the complex characteristic impedance Z relatesnto”the pri
Mmeters as:
R+ joL
Zc = Lt JjobL
G+ joC
bropagation coefficient, y, relates to the primary patameters as:

y=a+ jf :\/(R-i-ja)L)(G—i-ja)C)

Propagation coefficient
A Attenuation and phase coefficients

ula (2) is separated into_its real and imaginary parts, the attenuation coefficient a an

phasle coefficient g:

a= \/—%(a)ZLC—RG) +%\/(R2 + a)sz)(Gz + wzcz)

mary

(1)

(2)

i the

3)

p = \/%(szC—RG)+%\/(R2 +o22)(62 + 022

Further, by factoring out w+LC we obtain:

1 R G) 1 R? G?
=oJIC |={1- - T 2 | 1
e \/2£ oL a)Cj+2\/( +a)2L2][ +a)2C2J

(4)

(5)
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It can be shown that:
R |C G |L
= LC | = |=—+—,|—
o = o [ZVL 2\/c] )

4.2.2.2 Formulae useful at high frequencies

From} Formulae (5) and (6) we can solve for o and thus obtain for « and g the fallgwing
expressions, valid within the entire frequency range:

Rfﬁ\ﬁ

2L 2\C

7

1 R G 1 R? G2 (7)
—| 11—+ |1+ 1+

1(, R G 1 R? G?

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

4.2.2.3 Formulae useful at low frequencies

For Ipw frequency evaluations, the expressions given by Formulae (9) and (10) are suitable.

[oRC | G oL w?I? G2
o= T\/[R—?j+\/(1+ R2 J[1+w2C2J (9)

e e o

4.2.3 Complex characteristic impedance
4.2.3.1 Real and imaginary parts

The complex characteristic impedance Z; can also be separated into its real and imaginary
parts as developed in Formulae (11) and (12).
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Zc =ReZg + jlm Zg = R+ jol _ o+ jp
G+ joC G+ joC
1 G . G
+7 — [ —
a)CK'B wCa) ](a a)C'BH
Zc =

G2

1+

(11)

(12)

w*C*

.2 Formulae useful at high frequencies

complex characteristic impedance are obtained as given in Formulae (13) and

resp

pctively. These are well suited for simplification (see 4.3) at high ffequencies:

L R G\ 1 R? G?

— =1+ = |1+ T

G? ) |1 R G\ 1 R? G?
1+ —|1-—— |+ N[ 1T+ 1+

w2c2 N2 ol wC ) 2 w212 w22

ReZC =

R G [L ~6 [L|1 R G 1 R? G2
+ == =1+, | 1+ 1+
20\ LC 20C\NCo" wC\NC |2 ol wC) 2 w212 w22
G2\ |1(, R G 1 R2 G2
LR N P R il Bl I B 1+
02?2 N2\ oLoC) 2\ w22 | w?c?

—lmZC =

3 Formulae useful at low frequencies

e other hand, by substituting Formulae (9) and (10) into Formula (12), the real
nary parts given in Formulae (15) and (16) respectively are obtained. These are u

substituting Formulae (7) and (8) into Formula (12), the real and imaginary parts of the

(14)

(13)

(14)

and
seful
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G2
w2C2

w2L2
RZ

ey

(16)

—lmZC = G2
1+
( w?C?
4.2.4 Phase and group velocity
The phase propagation time (per unit length) is:
=t (17)
w
By irftroducing g from Formulae (8) and (10), we obtain:
1(, R G\ 1 R? G?
=+LC |[=|1-——|+= || 1+ 1+ 18
and
2.2 2
P = /E (“’_L_ij P P G (19)
20 R wC R2 w2C?
The group propagation“time (per unit length) is:

= (20)
Rl G (R
g 1(L Y, o2LC|| G oL|  w?C? (ij
g=—+o| —+|f+ —+ (21)
o 2\L C 45 oC R2 G2 dw
1+ 53 1+ 5 5
oL w“C


https://iecnorm.com/api/?name=4b9f9ffcdc5c18e9a9b5084ae64b1e8f

IEC TS 61156-1-2:2023 © IEC 2023 - 15—

The phase and group velocities are, respectively.

The
Gl(w

The
into

4.3

The
frequ
dissi

1
Vp =—
P (22)
Vo = 23
6~ (23)
above expressions are accurate and valid within{thé whole frequency range. If C| and
(C) can be regarded as frequency independent cgefficients, then we obtain:
R G?
\Vi 1+ 2.2
’ a) ’
e :£+££+£ —i+ @ —R+R’w—ﬂw (24)
w 2L 4p| oC R2 G2 L
1+ 1+
w212 w22
above expressions, \which are valid within the entire frequency range, can be simplified
hpproximate expfessions, which are valid at high or low frequencies only.
High frequency representation of secondary parameters
high _frequency representations of the formulae are useful over a broad range of
encies' extending from voice frequency on up because of the range of values fof the

and

pation factor. G/(wC) = tan 6 < 0,03 (< 3 %) even for PVC insulated cables up to 1,5|MHz

This

results in approximations, which in practice are valid for the whole frequency range as follows:

2
Re Z¢ z\/% %+% 1+%
oL

G L
-ImZs = L—iReZC L 20CC
ZCUCRGZC oC ReZC

(25)

(26)
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7 2
R G[ c] (27)
+

o~
2Re ZC 2Re ZC

B ~wCReZg (28)
p =~ JLC (29)
R
G LBELCN G el [—R+R'w—ﬂw] (30)
o 2L 4p| oC [ R2 L
1+
2,2
oL

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

ReZc z\g (31)

Nmze~— R Cpes . \E(L_L (32)
20CReZ: wC C\2wL 2wC
R G R |C G [L
X SRedeaneLC z5‘5+5“g (33)
p=wCReZs =~ wVLC (34)

p ~JLC (35)
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g RT +££+£ —i+£ —R+R'a)—£a) 36
CTPT2L Tap wC WL L (36)

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 » 1s greater than twice the skin depih o can be regarded as consisting.oj two
partd where one is constant and the other £ 0.5 dependent.

R:RC+RS=RC+pJZ~ROG+2i§j (37)
_Rs R o 38
=T 2 V2u (38)

The jabove is true for a solid wire alone. In a pair,‘the proximity effects and the presenge of
other pairs and screen contribute both to the resistance and inductance. These effects can
incrdase the R by about 15 % at 1 MHz and follow also approximately the square-ropt of
freqyency law. Also, the constant component of resistance while often neglected is gbout
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

Rs
Lelg+h=lg+—>=1lg+ (39)

Sl

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

4.4.3 Complex characteristic impedance

The complex characteristic impedance at high frequency asymptotic value Z_ is given by
Formula (40).

_ e
Z,= & (40)

The high frequency impedance formulae are given by Formulae (41) and (42):
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L Rs p
ReZeo ~,[—~Z, |1+ =7, +——
© e [ 2“’LEJ NN

_ImZCz\/%(R sz R + po _i(1+ p ]@

(41)

260L_260C 260\/@(14_ p ] C 2LE\/5 2
21w (42)
~ RL+ i _—Z;‘O(Hihané)‘z— L—Zitané
20\LgC 2\[gCNo £ LIg) 2/[gCNow 2
4.4.4 Attenuation coefficient
Using the above approximations with Formulae (31) through (36) results) in the remajning
formplae of this subclause:
2
Re _r
N 2L . oo . potans , NLgCtans (43)
27, 27, 4z, 2
which is of the form:
ax4+Bo +Co (44)

wher

The
atten
Form

e A, B and C are constants(

uation increases™a little more slowly than the square-root-law. The first ©0:° ter|
ula (43) which(isdominant in the high frequency attenuation formula also appears i

phasle coefficient,\kormula (45).

sz LEC+§

R
2wlg

,[)’za)\/iza) LEC[’H

first term of Formula (44) indicates that at the low end of the high frequency rangg¢ the

m in
n the

(45)

4.4.5 Phase delay and group delay

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

R T (o

2 CULE

(46)
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pL C G R , LR R R(R G
g=tp+t-——+—| ——+—|| R+Ro-——o|~x|1-——|-——| ———|*
2L 45\ oC oL L 4ol) 8wL\wL «C

(47)
R R P
| 1-—— |~ JL[gC| 1+ ~ . JLeC +
P( 4ij e ( 4wLE] e ez,
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Figure 1 — Secondary parameters extending from 1 kHz to 1 GHz
Figufe 1 shows the_secondary parameters of a UTP pair with 0,5 mm conductors versus
freqyency. At veice’ frequencies, the attenuation and phase coefficients are equal. At these
freqyencies, the-absolute value of the complex characteristic impedance and the real part of
the ¢omplex\characteristic impedance differ by the square root of 2. At frequencies apove
100 kHz attenuation is much less than the phase coefficient on the Nepers and radians stale,
and thé€-.complex characteristic impedance is mostly real. The total attenuation (Alpha) differs
fromlthe_conductor attenuation (Alpha-r\)) by the dieleciric component of attenuation fod this

example, where the dissipation factor is assumed to be 0,01.

5 Measurement of the complex characteristic impedance

5.1 General

The complex characteristic impedance Z; 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 complex characteristic impedance can be measured directly as the quotient of voltage U
and current / at the cable ends.
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lo=—=— (48)

A number of methods for obtaining complex characteristic impedance are described. Some of
these methods offer convenience (at the cost of accuracy in portions of the frequency 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 |lopen/short circuit single-ended impedance measurement made with a balun in2§[2 is
viewged as the reference method for obtaining the data. Alternative methods are listed\bhelow:

omplex characteristic impedance determined from phase coefficient and|capacitpnce
easurements (see 5.4);

a)

b) términated cable impedance measurements (see 5.5);
tended open/short impedance measurements excluding balun perfermance (see 5.6);
tended open/short impedance measurements made without a®alun (see 5.7);
pen/short impedance measurements at low frequencies with a balun (see 5.8);

pedance measurements obtained by modal decomposition technique (see 5.9).

It is|intended that impedance measurements will be’,performed using sufficiently clgsely
spaced frequencies so that impedance variation is répresented. Either a linear sweep|or a
logafithmic sweep can 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
poin{s (such as the available 401 points) are“required depending on frequency range| and
length.

The |balun used for connecting the .symmetric cable pair to the coaxial port on the| test
instrtment shall have a pass-band frequency range adequate for the desired measurement
rangg. It shall be capable of transferming from the instrument port impedance to the norminal
pair [impedance. The three-step—~impedance measurement calibration is performed af the
secondary (pair side) of the balun.

Funqtion fitting Z™ (diseussed in 5.3) of the impedance data is useful for separating strudtural
effedts from the compléex characteristic impedance when such effects are substantial. When
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
impeldance magnitude or real part results in high values (typically 0,5 Q or less) becauge of
the positivenand negative deviations not being symmetrical on the impedance scale. Fungtion
fitting can,be conducted on the S-parameter values, which are linear responses, if [nore
rigorpus’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 for obtaining complex characteristic impedance values. The
complex characteristic impedance is the geometric mean of the product of the open and short
circuit measured values and is defined as:

Zc =+\ZocZsc (49)
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When the cable is not homogenous, an impedance inclusive of structural effects is obtained:

Zcm =+ZocZsc (50)

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

effects
ristic
nput
impedance, Z),, Formulae (50) when structural effects are substantial. FormGlae (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 gable
length represents many wavelengths.

5.2.2 Test equipment

A nefwork analyser (together with an S-parameter unit) or an impédance meter can be usgd to
obtaln the data. Figure 2 shows the main components of animpedance measurement c|rcuit
wherne the generator and receiver are parts of the network analyser. An S-parameter |unit,
wherne the key component is the reflection bridge, is uséd with a network analyser to separate
the neflected signal from the incident signal. A balun with the appropriate frequency rgnge,
impegldance transformation (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 symmjetric
paird under balanced conditions. Three termjnating conditions, open, short and the nominal
load|resistance, are used as appropriate for'the type of measurement being made (gpen,

shor{ or terminated).
— -
Open Short [Logd
_9 _

@

N4

Reflection
bridge Balun Cable under test

Generator

S

Receiver

IEC
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 conducted at the secondary of the balun with the cable pair
disconnected. Upon completing the 3-step calibration procedure at the secondary of the
balun, the network analyser is capable of directly measuring 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
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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 S;4 by means of Formula (51) either by the network analyser or by a computer

(on acquired data):

1+S11
1= Seq

ZMEAS = 2R (61)

5.2.4 Expression of results

Congeptually, several approaches are possible. On the one hand, theinput impedpnce
consjisting of the combined complex characteristic impedance and structural effects cap be
viewpd as needing to meet a broader single requirement (such as the,85 Q to 115 Q rgnge)
over|the specified frequency range. Alternatively, a narrower range’(such as a 95 Q to 1p5 Q
rangg) can be viewed as being a requirement for the asymptotic’component of function fitted
complex characteristic impedance. In this case, RL or SRL spécifications are used to cqgntrol
strugtural effects. The advantage of a broad single requirement in many instancgs is
measgurement simplification.

The jJadvantage of separating the two effects is that)of obtaining quantitative informatiop for
the two effects. The requirements for the impedance and structural effects are given inp the
relevant cable specification.

5.3 | Function fitting the impedance magnitude and angle

5.3.1 General

Fundtion fitting of the impedance.data is useful for separating structural effects from the
complex 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 Jalues 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 negptive
devigtions not being §ymmetrical on the impedance scale. Function fitting can be condycted
on the S-parameteér jvalues, which are linear responses, if more rigorous results (both
impegdance and SRL) are desired.

5.3. Impedance magnitude

5.3.2.1 Function fitting the magnitude of the complex 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 conducted on the S-parameter values, which is a
linear response scale, if more rigorous results (both impedance and SRL) are desired.

This method differs from smoothing in that a complex characteristic impedance like function
(based on transmission theory) is used to fit the measured data (obtained from Formula (50)
or terminated impedance data). The function is stated as follows.
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The fitted complex characteristic impedance magnitude is calculated with a least squares
curve fit to Zs, based on Formula (52):

Ky Ko K3
|Zc|=Ko+—+—= F (52)
12 12

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 degired
accufacies in the 5 Q to 1,5 Q range respectively when maximum deviation is 15 Q —se¢é p.5).

Discfeet point data equally spaced according to the log of frequency is advantageoup for
funchon fitting in that it results in appropriate weighting of the lower and uppertends of a multi-
decdde frequency sweep. Linear frequency spacing with logarithmic weightind can be usgd in
the qalculations when log of frequency spacing leads to concern about undersampling at|high
freqyencies. 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 accemplished by impdrting
ASC|I format data obtained from the network analyser directly .ihite’ a spreadsheet program
and psing the built-in regression procedures. Optimised software for analysing numerous|data
sets fis desirable for use in a production setting.

The terms of the right-hand side of Formula (52) diminish in importance from left to right| The
first fwo 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
capdcitance of the pair (see Clause 4). The second term is significant in that it representg the
component of complex characteristic impedance“resulting from the internal inductance.| The
last two terms are supplied to provide for~sécond order effects such as the capacitance
decreasing with frequency, as with polar insulation materials or the effects of a shield. In the
lattef case, the low frequency end function fitting range is limited to frequencies where glope

is ingreasing with frequency (29 derivative positive).

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

S| | v I 2t 5
Z — — -
Nzem|| | &1 N1 Nogo X Ko
%|ZCM| %l % 1 %i % 1 K3
p—_ z1fl i=1 /‘IQIo i=1]i° i=1jl-m 53]
Sl Zeml | & U
sl R I 1
2| 5 5E i by

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.
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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 is not 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 only the constant term) can be justified. The resultant
function fit is considered valid if it has a negative slope at low frequencies, is asymptotic at
higher frequencies and is free of oscillation with frequency.

Two|or three terms can be sufficient when the data spans only one or two decades of
freqyency. This is accomplished by discarding one or more lower rows of Formuta-(53) and
the dame number of rightmost columns of the square matrix. While a four-term fit is indigated
by Fprmulae (52) and (53), in some cases fewer terms can suffice. It is shown in 4.4.2| that
just @associating the inductance variation of a cable pair with frequency, calls”for the firsj two
termg of Formula (52). This is particularly true when the low frequency range of the data Qeing
fitteq extends below about 3 MHz. If the capacitance is changing with\frequency as it Hoes
when polar dielectric material is present, more terms are justified.

Four| criteria indicate use of fewer terms — check or have the, computer program determine if
the fl|tted function obtained by solving Formula (53) meets thefollowing set of four criteria

a) The fitted function, except when it is only a constant,“has negative slope for frequencies
below 3 MHz.

b) Tlhe 10 MHz fitted value is within the impedanceé 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 a log
flequency basis, exclusive of the constant area, is positive (constant component ig not
above the data).

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

If alll four criteria are not mety-the number of terms in the function (Formula (52)) shd|ll be
reduged by one by omitting ‘the highest order term. Otherwise, data spanning a wider range of
freqyencies and resulting in a better fit shall be obtained and fitted. The fit for impedpnce
maghnitude shall have\sa monotonic downward behaviour with increasing frequency|and
apprpach a high frequency asymptote to a reasonable extent.

5.3.3.4 Compute and plot fitted results

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

5.3.3 Function fitting the angle of the complex characteristic impedance

This is useful when the complex characteristic impedance is to be specified as a complex
quantity. The fitting equation for the angle of the complex characteristic impedance, £ Z, is

given in Formula (54). The formula should contain the same powers of frequency as those
being used for the magnitude of the complex characteristic impedance.

L
AZC=L0+i+72+i3 (54)

1
f§ 2

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

Plot the results as desired.

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

5.4

5.4.

Complex characteristic impedance determined from measured phase coefficient

and capacitance

General

The

obtalned from the ratio of propagation coefficient to shunt admittance. At high frequen

the g
This
pola
freqy
as it
free

5.4.2

Com
by th
Com

components when G << wC.

At h

component and magnitude are‘the same, Formula (55) can be written as:

mean complex characteristic impedance (homogeneous line) at any frequency |ca

symptotic value of the real part of Z; can be obtained by dividing delay by capacitg

method is expedient for dielectric materials which do not change with frequency
) permitting a readily obtained low frequency value of capacitance to répresent the

does for polar dielectric materials. It results in complex characteristic impedance va
Of structural effects. Justification for this method is supplied in Clause 4.

Formulae for all frequencies case and for high frequencies

plex characteristic impedance Z; can be expressed ag\the propagation coefficient diy

e shunt admittance as given in Formula (55). This relationship holds at any freque
plex characteristic impedance is readily separated into the real and imag

Zc =

gh frequencies, where thé,imaginary component of impedance is small, and the

n be
cies,
nce.

non-
high

ency range but is more difficult to apply when the capacitance changes with frequgency

lues

ided
ncy.
nary

(59)

real

(56)

(57)

(58)
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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
IEC 61156-1:2007, 6.3.3.

5.4.3.2 Phase coefficient

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

sinuseidat-sighat-as—itpropagates—overatength—of pair—and—is—affectedby—the—materiats and
geometry of the insulated conductors.
The phase coefficient, g, relates to the measurements as:

B=2(Vp)=£(Viy)+2mk (39)

The phase coefficient can be obtained as a result of the same/measurement procedure psed
to obtain the attenuation (see IEC 61156-1:2007, 6.3.3) by dsing a network analyser (which
measgures vector quantities). For balanced pairs, the ttansmit and receive ports of the
measurement instrument shall supply balanced voltage with respect to ground and balahced
currgnts (commonly accomplished with a balun). Pairs\under test shall be terminated in [their
nominal impedance +1 %.

5.4.3.3 Determining multiplier &

The multiplier k£ in Formula (59) may be determined either by examining the analyser digplay
or nymerically with the aid of a computer:

5.4.3.4 Determining k£ by examiination

To determine the multiplier ksexamine 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 sigle of
Formula (59). Figure 3-shows the total phase and the sawtooth representation obtained [from
a nefwork analyser/When a network analyser is used, a trace of the phase coefficient cycling
throygh the 2m wradians (360°) range is displayed on a VNA display, facilitating| the
determination .of k. A frequently used technique in the interactive mode is to start at 4 low
freqyency where k£ = 0, by counting the number of 2 to Om traversals to obtain the value
for k
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5 Determining £ numerically

rmine & numerically by acquiring the phase informiation obtained with the net
ser digitally using an interface with a digital computer as was done with the p
bd in Figure 3. Follow the data acquisition with "a* program procedure which star
plishing a starting slope from several points in ‘the £ = 0 (multiple of 21 radian) frequ
n. Let the program continue by examining<each remaining point in succession. |
is not within 21T radians of the continuous phase line being established, increment &
This approach works even when intertediate values of £ are passed over once
ct starting slope is established.

.6 Obtaining total phase from the length function

btain the total phase, use the procedure called the "length" function, which is built
network analysers. Thislinternal procedure subtracts the specified length, which ca
bssed as seconds of ‘delay (actually a constant time frequency), from the inter

or alternately —myMo +1) range over the whole frequency range by supplying
bpriate length value to the analyser.

Phase{delay

e delay is a measure of the amount of time a simple sinusoidal signal is delayed v
hgating through the length of a pair or cable. As with the phase coefficient, it is affg

by the_materials and gpnmptry of the insulated conductors

ure 3 — Determining the multiplier of 21 radians to add to the phase measurement

work
pints
s by

ncy
[ the
until

the

into
n be
nally

blished total delay_and‘displays it. The phase trace is conveniently kept within the Q1 to

the

vhen
cted

Formula (60) is used to calculate the phase delay p, as a function of frequency from the

phas

e coefficient g, measured in 5.4.3.2.

e >

p =

(60)
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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.

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

= (61)

=

NOTH Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided\by the velogity of
light in a vacuum (c). It is then reported as, for example, 0,71 ¢, meaning 0,71 x speed of(light. A variation is to
reporf 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 nmeasured between the two conductors of the pair in accofdance with IEC 61156-1:2007,
6.2.5.

5.5 | Determination of the complex characteristic impedance using the terminated
measurement method

A single terminated impedance measurement can be made in place of the open and $hort
circuit measurements when the terminating impedance is sufficiently similar to the impedpnce
being measured (within 15 Q) and when(the roundtrip loss of the measured length is
suffigiently large (at least 10 dB). This measurement is useful when the convenience of ysing
the petwork analyser in a stand-alon€, mode is desired. Use of this method is with the
undgrstanding that the open and short\circuit method is the reference method.

Undgrstanding the differencebetween the measured terminated impedance and| the
open/short circuit impedanceis facilitated by the following formulae. The formula fof the
term[nated input impedance Zy is:

14+ ge 2"
Iy =Zo— (62)
1—ce "
wherethe reflection caefficient ¢ is given hy:
ZRr - Z
=R (63)
ZR +ZC

Zp and Z; are the terminating impedance (usually a resistance) and the actual complex

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.

Formula (62) can be restated as follows:
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MJ (64)

Zr—Zo =(Zr - Zp ) e 2"
-z (2 z0) 2 S0

Formula (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 ensures that a 15 Q impedance difference is reduced to a
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 lequipment required for the impedance and S-parameter measurement(s that definjd 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 conductors are close to ground even when
pernfitted to float because of the pair twist of the pair under test . Letting these condugtors
float|is acceptable.

5.6.2 Basic formulae

Complex characteristic impedance and the propagation coefficient are expressed in Formula
(65) and Formula (66) respectively:

2
Ze =2 (Zitr —Zit ] [Zitcf —Zits ][Zitcs —Zits j (65)
Zitr = Zits™) \ Ziter — Zitt )\ Zitcs — Zitt
Lis — 72 Lo — Z;
y£ay¥ jf = ltanh_1 \/( itcf its J( itcs |ts] (66)
[ Zitot = Zitt )\ Zites — Zitf

wherte
Zs | is the input impedance measured by leaving the balanced output of the balun open (Q);

its | is thesinput impedance measured by shorting the balanced output of the balun (Q);

Z4 | Isthe input impedance measured by terminating the balanced output of the balun
non-inductive, resistive load (Zg Q) which value is balanced to 1 % (Q);

na

Zsei 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

This principle describes an 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 analyser and S-parameter test set (see Figure 4
and Figure 5).
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!

Zys 9 @- Balun Open

!

Zis 9 Oz Balun

Short

Zie 9 @- Balun E ZR

!

Zitot .9 Oz Balun Zc Opeh

—e
Zites 9 Oz Balun Zc I Short

IEC

Figure 4 — Measurement configurations

.—
Zin 9 @- Balun :ﬁ V4 Equals Zin 9 ﬁ V4

o

o>
Ow

IEC

Figure 5 — Measurement principle with four terminal network theory

AZ+ B
= 67
" cz+D (67
wherte
Zin | i8the input impedance;
Z is the load impedance such as open, short, termination, cable pair open or cable pair
shorted.
A
Zitt = Zinfz=0 = 4= ZitfC (68)

B
Zits = Zin|z=0 = B’B = ZixsD (69)
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AR+ B
Zie =Zinfz=R = Cp 1 p
AZIf +B
Zitef = Zin|z=74 = CZ+D
I
AZ. + B
Zites = °

inz=Zg = —CZis D

wherne
Zis is the impedance presented by cable pair with far end open (Q);

is | is the impedance presented by cable pair with far end shorted (Q).

Subsgtituting Formula (68) and Formula (69) into Formula (70),

D _ R(Z — Zyr)
C  Ziy ~is
From Formula (71),
Zi = B — Zitet D
ZierC — 4
From Formula (72),
B—-Zy..D
Zis _ |tcsA
Zitcsc_

Finally:

2
Zé = Z¢Zg = [B — ZitchJ[B — ZitcsDJ _ (2) [Zitcf —Zits ](Zitcs —Zits ] _
B | IS — - =
ZipetC — A )\ ZipesC — 4 C) Zitet —Zits )\ Zitcs — Zitf

tcs — “i
2
R2 [ Ziyy — Zigg ] (Zitcf —Zits ]{Zitcs —Zits ]
Zir = Zits ) \ Zitet = Zitf )\ Zites — Zitf

(70)

(71)

(72)

(73)

(74)

(75)

(76)
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tanh?y1 _Zs _ (Zitcf — Zitf ](Zitcs —Zits] s p

Zit  \ Zitet — Zits )\ Zites — Zitf

5.7 Extended open/short circuit method without using a balun

5.71 Basic formulae and circuit diagrams

(77)

Complex characteristic impedance and the propagation coefficient are defined by Formula

(78) and Formula (79) respectively:

1 1 1
Z = \/(Yff _ZYuf][st _ZYusj

where

Y | is the admittance measured with measurément mode a (S);
Y;s | is the admittance measured with measurement mode b (S);
Y, s | is the admittance measured withimeasurement mode ¢ (S);

Y,s | is the admittance measured with measurement mode d (S).

The measurement configurations are given in Figure 6.

(78)

(79)
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Wire A of a pair

Yo => °

7N
® -

s

ire B of a pair

=

Other pairs and/or screen(s) if any IEC
a) Measurement mode a: Y
Ts => °
IEC
Other pairs and/or screen(s) if any
b) Measurement mode b: ¥,
Yy 9 |:
" T
- IEC
c) Measurement mode c: ¥
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Yyt 9

IEC

d) Measurement mode d: ¥,
Key

- connecting inner conductor of unbalanced type measuring equipment

G connecting outer conductor of unbalanced type measuring equipment

The gbove set of four admittance measurement configurations assumes the pair is perfectly balanced. Gen
some| degree of unbalance is present. This method can be used without additionall measurements if th

unbalfnce is less than 1 %.

Figure 6 — Admittance measurement configurations

5.7.2 Measurement principle

erally,
b pair

The [measurement principle is given in Figure 7. /ihe input admittance measurementy are
implémented by means of an impedance bridge or\network analyser and S-parameter test

Yi 9 °® ! Equals ®

Yo =>

¥in 9 Yhin

0,25 Yy

Figure 7 — Admittance measurement principle

For thesopen circuit case, the measured admittance is given by:

IEC

set.

1 1
Yin = Yin +ZYutanh7ul = Yoin +ZYuf

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).

(80)
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1
Yff = Yin\Ybinsz = Yf +_Yuf

4

1
Yig = Yin\Ybin=Ys =T +ZYus

From

From

e
is the balanced open circuit admittance;

is the balanced short circuit admittance.

Formula (81),

1 1
Ye=—=Yc ——Y
f Z ff =74 fuf
Formula (82),
1 1
Ys:Z_S:st_ZYus

5.8

Open/short impedance measurements at low frequencies with a balun

(81)

(82)

(83)

(84)

(85)

(86)

For the measurement of the complex 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 with an accuracy of +2 % is recommended.

The measurement is conducted 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

shou

Id be isolated (open-circuited) or short-circuited.

In the open-circuited condition:
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ZCO — RLej‘//L

In the short-circuited condition:

Zee = Ree!"K

The modulus of the complex characteristic impedance is:

|Z| =[R.R« ]%

1
Arg|z| = E('//L +yK )

The pttenuation constant is derived from:

1+

wherle [ is the length of thé.cable under measurement (km).
The phase constanf is derived from:
Rg

R

1_K

1
=—| arctan
b 2

5 R«
_ 8,686 Re [
a== arctanh T cos{z(;é( q)} (dB/km)
R

xsin[%(dJK—CDL)} +nxT| (rad/km)

. LR I

(87)

(88)

(89)

(90)

(91)

(92)

As the function arctan is ambiguous, the value of » needs to be determined. In practice, the

following formula gives, in most cases, the exact value of n:

(1j(b_2vfz_cch +0,2}
m 500

n= intege{

(93)
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where

C3

The

5.9

5.9.1

This
prop
mod
a co
term
matr
balu

5.9.2
The

a) d
b) M

n

—

W

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

2 R
b = arctan —RLxsin[l(gk —qf_)} (94)
1- R 2
R
bhase velocity is derived from:
v =21/IB (95)
Complex characteristic impedance and propagation coefficient obtained from
modal decomposition technique
General
more involved method results in data for the .C@mplex characteristic impedance| and
ngation coefficient if desired. Furthermore, it yields data for the unbalanced (common)

hventional unbalanced instrument without«the use of baluns, with other conductor
nated. The balanced- and unbalanced-mode components (impedance element o

" or "virtual balun").
Procedure
brocedure is as follows:

alibrate the networktanalyser system. Full-2-port calibration is recommended.

easure each element of the S-matrix of the Formula (96), e.g., Sq4, S3¢ (S43), and Sy

twork analyser. All the rest of the ends of the conductors of the twisted pair, whic

ri[:asured by tonnecting the one end of the conductor of the pair to the other port

ith the-standard dummy of the network analyser.

b as well as cross modal coupling. All combinations of S-parameters are measured using

ends
the

x) are derived from the measured S-matrix by a mathematical operation ("mathematical

; are

the
are

rminatedito the receptacle of the standard connectors respectively, should be termirfated

c) T

S11 S12 S13 S14
So1 Sop Sz Sos
S31 S32 S33 Sz

IEC

ransform the § — matrix into the Z — matrix (¥ — matrix) using the following formulae.

(96)
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7= 2o, [E+S][E-S]"

Y= Z—:)u[E—S][E+S]_1

(97)

(98)

here
is the unit matrix of 4 x 4;

nce the impedance matrix is obtained, the complex characteristic impedance and the
ropagation coefficient for the balanced mode are calculated by Formulaé)(99) and (100):
Z11—2Z31+ 2y
% ZZJ Yiq - 20 + Y. (99)
11— &l + 12
1
y E\/(Zﬂ—2221+222)(Y11—2Y21+Y22)+1
r=5"5 100)
5\/(211 =271 +Zg2) (Y11~ 2Ypq + Y2 ) — 1
5.9.3 Measurement principle
method uses the modal decomposition theory, which has been established in the figld of
sing a multiconductor system.
tion of secondary cégefficient: The secondary coefficient is expressed using an impedpnce
X Z and an admittance matrix Y. The transmission line system illustrated in Figurg 8 is
imed linear and symmetrical to show simple expression.
<l I -
" L"
—> © o —»
A A
V1m ZCm,V Vzm
I1m 12m
<« o o <+—

Figure 8 — Transmission line system

2
13

cosh(yl)

{V{”] cc.>sh(yl) Z8sinh(y1) [Vm]

2

(101)
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When modified, the second part of the matrix formula is:

m
m ZC

=——% M _z0coth(yl) I
2 sinh(31) 1 ceoth(yl) 13 (102)

Substituting this into Formula (102), the following impedance matrix is derived:

m zc
H Zeotn(y) g [IHZ zg;][z{"] .
)

Zm _Jm gm o om |\ _gm
e ZZcoth(y1 2 21 Z1)is12
sinh(y/)

Similarly, the admittance expression is derived:

coth(y7) —1
oz Z8sinh(ldrt | |y v (T 104)
~13 1 coth@l)~ |l 73" | |13} ¥ |78

Z&sinh(y1) R

Thug, we can get the secondary constants ng and y as:

m _ Z1rq _1 -1 mym _ 1 \JZ1qu1T+1
78 =[Sy = eoth Y ZIT = in| S 105)
e AR

Becquse( Z{] can be obtained by measuring the ratio of V" to I{] with the other terminal

operjed,that is, by letting 7' = 0,

i 1
zZh == = Z&coth(y!), Y/} :1—m = ——coth(y/) (106)
V’] yM_o ZC

-

m m
thus, Zﬂ°pe” and Y1n115h°”. This shows that Formula (105) is identical to those which are well
known to us as formulae for the open/short method.

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

The impedance and admittance matrices of the modal domain of the balanced mode 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
he scattering matrix (S-matrix); and

c) falculate the impedance and admittance of the balanced mode according to the’modal
Hecomposition theory.

5.9.4.2 Step 1: S-matrix measurement

The measurement is as follows.

a) (alibrate the network analyser system. Full 2-port calibration is fecommended.

b) Measure each element of the S-matrix of Formula (107), e:g., S44, S31, S13, and S;4 are

easured by connecting the respective end of the wires/of the pair to the ports of the
twork analyser. All the rest of the ends of the conductors of the twisted pair, which are
rminated to the receptacle of the standard connectors’respectively, should be termirfated
ith the standard dummy of the network analyser.

533

=

ZOu
S11 S12 S13 Sia
Soq S S S
21 ©22 923 924 107)
by S31 S32 S33 Sa3a
44
S41 Sap Sa3 Sas
IEC
5.9.4.3 Step 2: Transform S-matrix into Z—matrix
Trangform.he’S — matrix into the Z — matrix (¥ — matrix) using the following formulae:
= 1 =
Z =Zo,|E+S][E-S] ;Y:Z—[E—S][E+S] (108)

Ou

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

5.9.4.4 Step 3: Modal decomposition

According to the modal decomposition theory, the impedance matrix ZMm 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.
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zZm=p 'z Y™ =07 vP (109)

where the diagonalising matrices P and Q are 4 x 4 real matrices and given as follows:

1 1
51 0 1Eoo
A 0 10
p=| 2 0= 2 110)
1 1 1
2 00 2
L 4 1
L 2 L 2]

Whep the line circuit is assumed to be linear, the matrices are symmetrical, and [their
exprgssions become:

Z11 =29 Z31+ 241~ 230~ Zap |
Zy1 =22+ Zy — 5 231 = L35 Zg + 2y 2
Z11- 2 I +2Zp0+ 25 Za1<Zi{+tZ3p ~Zap ZaitZantZsp tZap
2 4 2 4
"= Zoy + Zag — Zas — Z, Zon —Z )
31 32 T “41 7 “42 33 T “44
Zy1—Zzp —Zayt Zyp > Zy3 = 2243+ Zug -5
Z31 = Zap + 241 —Zap  Zag+Zyp + 2y kg Z33 —Z44 Z33 +2Z43+Zy4
L 2 4 2 4 |
Z11 = Z44 = 2791 + Zog 112)
11 £2%51 + Y Y1 -Yp Y31 =Yg =Yoo +¥yp Y3q+ Y41 —Y3o —Yygp
4 2 4 2
1Yy Y34 —Yyq + Y30 — Yy
— = Y4 +2Yp1+ Y Y31+ Y41+ Y30 + Yy
Y2 2 2 113)
Va1 =Yoo —Yag+Yap Yaq+Y3p—Vaq—VYap Y33 -2Va3+Yay Y33 — Y44
4 2 4 2
Y31 - Y30 + Y41 —Yao Y33 —Yaq
5 Y34+ Y33 + Y1+ Ygp 5 Y33 +2Vy3 + Va4
Y4 —2Y51 + Y-
ym = 1= 291 + 1o (114)

The following formulae are derived from Formula (105).
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8 = Ziqzz\/zﬂ‘zzzﬁzzz 118
Y Y1 =21 +Ypp
1
Zov +1 Y oT 7o 2
V:;COth_1 ZﬂY{q =%In \/7—1; =100th_1{(z11_2221+222)(11f21+22) _
2 - .

(Y11 -20p1 +Ypp) +1
(Y1 —2¥pq +Ypp) —1

%\/(211 —2Zy1+Zp
%\/(211 —2Z1+Zy

)
)

5.9.5 Expression of results

Wheh the secondary transmission parameters deal with frequency,demain data and show| that
the data varies versus frequency, the least squares function fit method is used to extragt the
secondary transmission parameters as theoretic ideal parameters of the transmission 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
impeldance (such as 100 Q) and structural effects. It is specified when system performange is
the drimary interest.

Whilge return loss characterises ‘the performance of the channel or link, SRL is usdgd to
reprgsent the structural effects of the cable medium itself relative to Z; and is useful for ¢able

evalliation.

6.2 | Principle

The pame measurement principles apply as in 5.2. Many network analysers yield return|loss
in a firect manneras a menu item. The circuit given in Figure 5 is suitable for the RL and SRL
measurementsWhere calibration of the network analyser and S-parameter unit is performed
relat|ve to.thereference impedance, the return loss, RL, is given by Formula (117):

RE==261091577] (117)

Stated in terms of the impedances, the return loss, RL, is given by Formula (118):

71 -7g

RL =-201log
ZT + ZR

(118)

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 Zg used here and the Zg), used for SRL is obviously

small when roundtrip loss is large enough to render the distant-end reflection negligible.
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The SRL is obtained by Formula (119), where Z; is the fitted complex characteristic
impedance being used as the reference value.

Zecm —Zc

SRL = -20log
ZCM + ZC

(119)

7 Propagation coefficient effects due to periodic structural variation related to
t{he effects appearing in the structural return loss

7.1 General

The [complex characteristic impedance Z of a cable is defined as the quotient of a voftage

wave (U) and current wave (/) which are propagating in the same direction, forwards (f) or
backwards (r). For homogeneous cables with no structural variations, the complex
chargcteristic impedance can be measured directly as the quotient of~yvoltage and current at
the dable ends.

U U,
I =—=— 120)
I 1

The Jother characteristics which are important forra cabling system are the input and otltput
impeldances and the corresponding return losses and the structural return loss of the cable.
Thede characteristics include structural variation in the cable. They are measured by the¢ S,

and §,, parameters of the cable, as described in the following.

Impdrtant cable-related parametersy’which for their part describe the quality of the cable|as a
trangmission medium, are the complex characteristic impedance Z; and the structural return
loss [SRL.

System-related paraméters are the input impedance and the return loss at the input| and

outpyit of the cable which are related to the scattering parameters S;; and S,,. The insdrtion
loss |s also a system-related parameter which is denoted by S,,.

The fransmission (propagation) coefficient:

F=p {121)

is only cable related. It has already been discussed in Clause 4.

7.2 Formula 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 from Formula (122) when the measured periodic structural return loss PSRL
coefficient is p at a resonant frequency.
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2

|q|max = K|p|max (122)
o201
where - (1_ ol )2 (123)
e
Wheh 2 al >> 1 (Np):
K=~2al-1 124)

The
Also
impe

outp

Retu

The

hbove is only related to the cable and the cable length.

Lt impedance Zg 1 of the cable.

rn losses RL are defined by Formulae (125) and{(126):

ZN—Zg
= 220log|———=
RLN g I+ Z0
Z o
RLoyt = —20log|=9UT_~L.
Zout +ZL

echo attepuation 4 from these two reflections is:

4g =20l + R + RLoyt

to be considered is the forward echo caused by the mismatch between the generator
dance Zg, and the input impedance Z,, and between\thie load impedance Z, and the

125)

126)

127)

The total echo attenuation 415t of the repeater or regenerator section is:

—4dq —4E
Aot = —10l0g[ 10 10 110 10

(128)

If Zg and Z| are taken as reference impedances in the scattering parameters measurement,

then:
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(129)

(130)

The pomposite loss (same as insertion loss 4, if Zg = Z ) is:

AC = —20|0g|S21|

Obsé¢rve that the cable attenuation:

al # Ag or 4

For 3 homogenous cable, the composite loss (attenuation) is:

ZL +ZC

2,07, 7

ZG +ZC

2JZ57¢

Ac = ol +20log +20log

whelle n=

+20bgp—qﬁéimfﬁy

131)

132)

133)

134)

135)

8 Unbalance attenuation

8.1 General

Symmetric pairs can 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.

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.
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Udift, n
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} Zdiff,f | Ui ¢

Y A Y
Screen and/or other pairs

Z4iff, n

IEC

/

com, f
Return path

com, f

:

IEC
Figure 10 — Common-mode transmisSion in a symmetric pair

UndIr ideal conditions, both modes are independent of one another. In reality, both mpdes
influgnce 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 longitufdinal
asymmetry. The transverse asymmetry 74, is caused by longitudinally distributed unbalahces
to earth of the capacitance and conductance. The longitudinal asymmetry, L4, is caus€d by
the ipductance and resistance unbalances between the two conductors of the pair.

8.2 Unbalance attenuation-near end and far end

Unbalance attenuation.is'measured as the logarithmic ratio of the common-mode power tp the
differential-mode power"at the near end and at the far end of the cable. The unbalgnce
attenjuation is also often referred to as conversion loss:

LCL longitudinal conversion loss

LCTL longitudinal conversion transfer loss
TCL transverse conversion loss

FCT- transverse-conversiontransferioss

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

EL LCTL equal level longitudinal conversion transfer loss

EL TCTL equal level transverse conversion transfer loss
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:

ELLCTL = LCTL — agopy (136)
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ELTCTL = TCTL — ogigs

As it is not a common practice to measure the output-to-output ratios directly, the above
differences are used 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 needs 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 hnbalance attenuation near end or far end is related to the conversion losses as.indigated
in Tdble 1 and Table 2, respectively.

Table 1 — Unbalance attenuation at near end

Powgr fed at the near end into the differential-mode and coupled power TCL
meagured at the near end in the common mode

Powg¢r fed at the near end into the common-mode and coupled power LCL
meagured at the near end in the differential mode

Table 2 — Unbalance attenuationat far end

Powgr fed at the near end into the differential-mode and coupled*power TCTL
meagured at the far end in the common mode

Powg¢r fed at the near end into the common-mode and coupled power LCTL
meagured 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 regeive
signal for the different types af unbalance attenuation.

Table 3 — Measurement set-up

Set-up
Unbalance Near end Far end
attenuation - _ - -
Common-mode Differential-mode Common-mode Differential-
circuit circuit circuit mode cifcuit
TCL Receiver Generator - -
Nepr ehd
LCI 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 differential- and
common-mode signals is identical. In this case, the twisted pair corresponds to a reciprocal
and impedance symmetrical two-port network.
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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 the balun then represents a matched generator, which avoids the need of any additional
matching pads.

The differential-mode impedance of multiple pair cables is a well-known design parameter.
However, the common-mode impedance depends 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 range of 25 Q to

75 Q
is af
50 Q

The
diffe
mea
correg
the
portg
mod
simp
25 (
pres

depending on cable construction. For STP (individually screened twisted pair) cabl
proximately 25 Q. For FTP (common screened twisted pair) cables, it is approxim
. For UTP (unscreened twisted pair) cables, it is approximately 75 Q.

baluns used for measuring match the input impedance of the S-parametenriest set t
ential-mode impedance of the cable under test (CUT). It is, however, impractic
sure  first for each cable the common-mode impedance to mateh it then to
sponding common-mode impedance terminations used on the balun. But in practic
ector network analyser (or equivalent instrument) used in the measurement has
in general and the common mode impedance of the balun\is“also 50 Q, the com
impedance of the termination shall be 50 Q unless atherwise specified. This
ify measurements when the common mode impedance ‘of,the test specimen varies
) to 75 Q. For cables with a nominal impedance of 100 Q, the 50 Q terminatiq
bnted by the input impedance of the network analyser. This proceeding entails ddu

)

7

eve
sig

8.3

The
the
indu

it

ual impedance mismatches a variation of the unbalance attenuation due to the reflg
I. Thus, a return loss of 10 dB yields an uncertainty of about +1 dB.

Theoretical background

fransverse asymmetry, T4, is caused\by longitudinally distributed unbalances to ear
capacitance and conductance., Fhe longitudinal asymmetry, L4, is caused by
ttance and resistance unbalances\between the two conductors of the pair.

Gyl2 |:
G,l2 [

:I G412
:I G,l2
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Figure 11 — Circuit of an infinitesimal element of a symmetric pair

With the Formula (137) below, the unbalance of a symmetric pair can be expresses (see
Figure 11):

TA=(Gy + joCy)—(Gy + joly) (137)
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LA=(Ry + jooLy)—(Ry + jooly)

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

oy, n = 20log

uf

TU, n

uf
Ttk

(138)

T _ Ucom
where un A 139)
u f diff

With|the definition of an unbalance impedance:

Zynbal =\ Zdiff * Zcofn 140)

The |terms for the unbalance coupling functions represent, in principle, the same coupling
trangfer functions as for the coupling through screens or the coupling between [ines
(crogstalk). Hence, they can be formally written down as:

1 1 @3l 2 ~(7dift +7com )X
T =y < [TA xZ2 4 IA }( i +7com <%
un 4 Zunbal ,[xzo (x) unbal (X) e X 141)
Tu,f :%X Z_Xe ycomxz,[i:o[TA(x)XZ&nbal —LA(X):|><e (7dift ~7com ) X dx 142)
unbal

Wheh 47 ~ 0, the unbalance coupling functions can be separated into Formula (143) for the

Unb idllbcb Uf tiIU plillldly pdldlllctclb.

VA
— unbal xa)A

4

T

Capacitance

T |=%XAG |

Conductance

(143)

Zunbal Zunbal
|TResistance| = % x 4R |ﬂnductance| = %x wAL

Formulae (141) and (142) 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
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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.

_ 2
Ty n —(TAZunba| iLA)Z 75 (144)
uf unbal f
The uh::.sc," effeet; ‘.'vhcr‘. SHHgp-the in.:nitcsima! couphngs—atongtheineis—expressqd by
the qumming function S. When the cable attenuation is neglected, S can be expressed by the

folloying formula.

. /
sin (ﬁdiff + Beom ) X 2 —(/(ﬂdiff +ﬂcom)xéj
Sy = ] xe 145)
f (:Bdiff +ﬁcom)X§
For high frequencies, the asymptotic value becomes
S 2
? (Baife + Boom ) * ! 146)
and for low frequencies, the summing function becomes
Syl —1 147)

f

In practice, we-fiave small systematic couplings together with statistical couplings. Thus) 7},

incrdases by approximately 15 dB per decade. Figure 12 shows the calculated coupling
trangfer function for a cable length of 100 m and a capacitance unbalance to earth, which
conslists '‘of’a constant part of 0,4 pF/m and a random +0,4 pF/m longitudinal 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, zero.

T 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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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 described 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. The analyser shall cover at least the full frequency range of the
cable or cabling under test (CUT). Not all given parameters below are applicable to all cables
or cabling which could be evaluated according to this document.
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Measurements shall be taken using a mixed mode test set-up, which is often referred to as an
unbalanced, modal decomposition or balun-less setup. This allows measurements of balanced
devices 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 configuration allows testing with both a common or differential mode stimulus and
responses, ensuring that intermodal parameters can be measured without reconnection.

A 16-port network analyser is required to measure all combinations of a 4 pair device without
external switching; however, the network analyser shall have a minimum of 2 ports to enable
the data fo be collected and calculated

It shpuld be noted that the use of a 4-port analyser will involve successive repositioning df 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 matrixyon a given| pair
combination without switching or reconnection in one direction.

In order to minimise the reconnection of the CUT for each pair cofmbination, the use of ah RF
switghing unit is also recommended.

EacH conductor of the pair or pair combination under test-should be connected to a separate
port jof the network analyser, and results are processed either by internal analysis withip the
netwprk analyser or by an external application.

Reference loads and through connections are’yheeded for the calibration of the segt-up.
Reqgdirements for the reference loads are giyen in 9.1.5. Termination loads are needefl for
term|nation of pairs, used and unused, which are not terminated by the network analyser.
Requirements for the termination loads are given in 9.1.7.

9.1.2 Measurement precautions

To assure a high degree .of reliability for transmission measurements, the following
precautions are required:

a)
b)

onsistent and stable\resistor loads shall be used throughout the test sequence.

able and adapter/discontinuities, as introduced by physical flexing, sharp bends| and
pstraints shall be’avoided before, during and after the tests.

d
d
r
c) (onsistent{test methodology and termination resistors shall be used at all staggs of
ttansmission performance qualifications.
T

d) Tlhe,relative spacing of conductors in the pairs shall be preserved throughout the tests to

lre dgreatest extent possible.

—

e) The balance of the cables shall be maintained to the greatest extent possible by
consistent cable lengths, pair twisting and lay up of the screen to the point of load.

f) The sensitivity to setup variations for these measurements at high frequencies demands
attention to details for both the measurement equipment and the procedures.

9.1.3 Mixed mode S-parameter nomenclature

The test methods specified in this document are based on a balun-less test set-up in which all
terminals of a device under test are measured and characterised as single-ended (SE) ports,
i.e., signals (RF voltages and currents) are defined relative to a common ground. For a device
with 4 terminals, a diagram is given in Figure 14.
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Port 1 Port 3

CuT

Port 2 Port 4

(single-ended)

IEC

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

The [4-port device in Figure 14 is characterised by the 16 term SE S-matrix given in
Formula (148), in which the S-parameter S,, expresses the relation between a single-ended

resppnse on port "b" resulting from a single ended stimulus on port "a".

S11 S12 S13 Sia
S21 S22 S23 Soq
S31 S32 S33 S34
Sa1 Saz S3a Saa

S= 148)

For @ balanced device, each port is considered«to’consist of a pair of terminals (= a balaphced
port)|as opposed to the SE ports defined above, see Figure 15.

Port 1
o cuT Port 2

(balanced)

IEC

Figure 15 — Diagram of a balanced 2-port device

In ofder—to—characterise—thebatanced—devicer both—thedifferentiat- mode—and—the—common
mode signals on each balanced port shall be considered. The device can be characterised by
a mixed mode S-matrix that includes all combinations of modes and ports, e.g., the mixed
mode S-parameter Spc,¢ that expresses the relation between a differential mode response on

port 2 resulting from a common mode stimulus on port 1. Using this nomenclature, the full set
of mixed mode S -parameters for a balanced 2-port device can be presented as in Table 4.


https://iecnorm.com/api/?name=4b9f9ffcdc5c18e9a9b5084ae64b1e8f

A 4{terminal device can be represented both as a 4-port SE device ascinh."Figu

char
in Fi

a port is mathematically equivalent to applying superposed differential 'and common n
signals, the SE and the mixed mode characterisations of the device\are interrelated.
conversion from SE to mixed mode S-parameters is given in Annex-A. Making use of
convlersion, the mixed mode S-parameters can be derived from the.measured SE S-matrix

9.1.4 Coaxial cables and interconnect for network analysers

Assyming that the characteristic impedance of the network analyser is 50 Q, coaxial c4
used to interconnect the network analyser, switching~matrix (if present) and the test fix

shall

morg).

Thege coaxial cables shall be as short as~possible. (It is recommended that they dg
excel

The

To o
(Itis

9.1.5§ Reference-loads for calibration

The

purp
fixtu

- 54 — IEC TS 61156-1-2:2023 © IEC 2023

Table 4 — Mixed mode S-parameter nomenclature

Differential mode Common mode
stimulus stimulus
Port 1 Port 2 Port 1 Port 2
Port 1 Sop11 Sop12 Sbe1 Sbeiz
Differential mode response
Port 2 Sop21 Sbp22 Sbe21 Sbe22
Port 1 Sco11 Scp12 Scett Sceiz
Common mode response
Dot 2 N N N S
Ut =< CDZ21 CDZ2Z2 CCZ21 CCZZ

bcterised by a single ended S-matrix (Formula (148)) and as a 2-port balanced devid
pure 15 characterised by a mixed mode S-matrix (see Table 4). As applying a SE sign

be of 50 Q characteristic impedance and of {fow’transfer impedance (double scree

led 1 000 mm each.)

ptimise dynamic range(thé total interconnecting cable insertion loss shall be minim
recommended that the interconnecting cable loss does not exceed 3 dB at 1 000 MH

N-connecter:should be seen as an example. Other connectors can be used for si
pses suchtas e.g., SMA-connectors. Some test equipment even uses no standarg
es.

To p

e 14
e as
al to
node
The
this

bles
ures
n or

not

screens of each cable shall be electrically bonded to a common ground plane, with the
screg¢ns of the cable bonded to each’/other at multiple points along their length.

sed.
7.)

Mmilar
ised

erfofm a one port calibration of the test equipment, a short circuit, an open circuit g

nd a

reference load are required. For a 2-port calibration, additionally to the above, a thru artefact
is required. These devices shall be used to obtain a calibration.

The reference load shall be calibrated against a calibration reference, which shall be a 50 Q
load, traceable to an international reference standard. One 50 Q reference load shall 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 an SMA-connector according to
IEC 61169-15, meant for panel mounting, which is machined-flat on the back side (see
Figure 16). For frequencies higher than 1 GHz, a SMA-connector should be used.
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The load shall be fixed to the flat side of the connector. A network analyser shall be
calibrated, 1-port full calibration, with the calibration reference. Thereafter, the return loss of
the reference load for calibration shall be measured. The verified return loss shall be 246 dB
at frequencies up to 100 MHz and 240 dB at frequencies above 100 MHz and up to the limit
for which the measurements are to be conducted.

Machined flat

A

Load for calibration

N-type connector
P IEC

Figure 16 — Solution for calibration of reference loads
For ghort and open, the inductance and capacitance shall be minimised.

9.1.6 Calibration

Isolation measurements should be used as part of the calibration.

The | calibration shall be equivalent to a minimdm of a full 4-port SE calibratior] for
meagurements where the response and stimulus:ports are the same (S,,41 and Sy,op) or

different (Sy, 1o and Sy,o1).

An individual calibration shall be performed for each signal path used for the measuremegnts.
If a gomplete switching matrix and a_4~port network analyser test set-up is used, a full set of
measgurements for a 4-pair device_(ie., 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 can be used to minimise the numbpr of
calibration measurements required.

The palibration shall be applied in such a way that the calibration plane shall be at the enfls of
the flxed connectors ofthe test fixture.

The falibration/ean be performed at the test interface using appropriate calibration artefacts,
or at/the ends_of the coaxial test cable using coaxial terminations.

Whefle‘calibration is performed at the test interface, open, short and load measurements shall
be t II\UII Ul Udbh SE PUIt L;UIIL;UIIIUd, dIICJI thluugh dlld iDUIdtiUII IIIUdDuIUIIIUIItD thuI be
taken on every pair combination of those ports.

Where calibration is performed at the end of the coaxial test cables, open, short and load
measurements shall be taken on each port concerned, and through and isolation
measurements should be taken on every pair combination of those ports. In addition, the test
fixture shall then be de-embedded from the measurements. The de-embedding techniques
shall incorporate a fully populated 16 port S-matrix. It is not acceptable to perform a de-
embedded calibration using only reflection terms (S414, S5y, S33, S44) Or only near-end terms

(811, S21, S12, S22).

De-embedding using reduced term S-matrices can be used for post processing of results.
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9.1.7 Termination loads for termination of conductor pairs
9.1.71 General

When this document is used for the measurement of performance against standards, the
differential mode terminations applied to the device under test (DUT) shall provide the
differential mode and common mode reference termination impedances specified in standards
for the cabling system where the DUT is used.

50 Q wires to ground terminations shall be used on all active pairs under test. 50 Q differential

for return loss testing shall be terminated with 50 Q differential mode to ground terminatjons.
See Figure 17.

500+01% 50Q%0,1%

i

50 Q differential mode to
ground terminations

IEC

Figure 17 — Resistor termination networks

Small geometry chip resistors should be used for the construction of resistor terminatjons.
The two 50 Q DM terminating resistors shall be matched to within 0,1 % at DC, and 2 f6 at
1 000 MHz (corresponding to a 40 dB return loss réquirement at 1 000 MHz). The length of
con:]ections to impedance terminating resistors' shall be minimised. Use of soldered
connlections without leads is recommended.

9.1.7.2 Verification of termination loads

The |performance of impedance matching resistor termination networks shall be verified by
measuring the return loss of the termination and the residual NEXT between any two registor
term|nation networks at the calibration plane.

For fhe return loss measurement, a 2-port SE calibration is required using a reference |load
veriffed according to 9.11%5,

Aftenl calibration, connect the resistor termination network and perform a full 2-porf SE
S-mgtrix measurement. The measured SE S-matrix shall be transformed into the assoc|ated
mixed mode Sématrix to obtain the S-parameters Sppq¢ and Sgcq4 from which the differgntial

mode returniloss RLpy, and the common mode return loss RLc), are determined. The return
loss pf thie resistor termination network shall meet the requirements of Table 5.

For the—residualAEXmeasurement—a—4-port—SE—ealibration—is—required—After—eatibrdtion,
connect the resistor termination networks and perform a full 4-port SE S-matrix measurement.
The measured S-matrix shall be transformed into the associated mixed mode S-matrix to
obtain the S-parameter Spp,4 from which the residual NEXT of the terminations,

NEXT, is determined. The residual NEXT shall meet the requirements of Table 5.

residual_term’

For the TCL 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 shall be transformed into the associated
mixed mode S-matrix to obtain the S-parameter Scp44 from which the differential mode TCL is

determined. The TCL of the resistor termination network shall meet the requirements of
Table 5.
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Table 5 — Requirements for terminations at calibration plane

Frequency Requirement up to maximu

Parameter kHz frequency (f [MHz])

m

274-20 log(f) dB

SE port (50 Q) return loss (dB) 40 dB max

20 dB min

DM

274-20 log(f) dB
port (100 Q) return loss (dB) 40 dB max

20 4R H
zZo Gttt

DM

1S /% rnax

2140-20 log(f) dB
bort to port residual NEXT (dB) 104 dB mak
80 dB min

DM

2 6010109(f) dB
pbort TCL of loads (dB) 50 dB max

20 dB min

9.1.8 Termination of screens

The
plan

screen or screens of the CUT and the measurement(cables shall be fixed to the gr
b as close as possible to the calibration plane.

9.1.9 Calibration

A fu

| 4-port SE calibration shall be performed at the calibration planes in accordance

9.1.4. Reference loads used for calibration’shall be in accordance with 9.1.5.

9.1.10 Establishment of noise floor

The

hoise floor of the set-up shall be measured. The level of the noise floor is determine

whit¢ noise, which can be réduced by increasing the test power and by reducing
bandwidth of the network analyser, and by residual crosstalk within the test fixture.

The
term

noise floor shall bexmeasured by terminating the test ports of the test fixture with res
nation networks:and performing a full SE S-matrix measurement. The measureq

S-m4trix is transfermed into the associated mixed mode S-matrix to obtain the S-paran

Spp2

4 from which the noise floor is established. The noise floor shall be established fq

conductor pair)combinations.

The

meas

bund

with

d by
the

istor

SE
heter
r all

For high crosstalk values, it can be necessary to screen the terminating resistors.

9.2

Cabling and cable measurements

9.2.1 Insertion loss and EL TCTL

9.2.1.1 Object

the

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 specified in standards for the cabling
system where the DUT is used.
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The object of this test is to measure the insertion loss (/L) and equal-level transverse
conversion transfer loss (EL TCTL) of a cable or cabling pair. Insertion loss is defined as the
attenuation that is caused by the cable or cabling pair. EL TCTL is defined as the unbalance
attenuation at far end.

9.2.1

.2 Cable and cabling insertion loss and EL TCTL

Cable or cabling shall be evaluated for insertion loss at least in one direction and EL TCTL in
both directions. In case one of the ends does not pass the applicable RL requirements,
insertion loss shall be evaluated in both directions too.

9.2.1

Inse
from
are d

9.2.1

The
the t
term

NOTH
the m

9.2.1

The

prop
shall
mod

Scp2

.3 Test method

tion loss is evaluated from the mixed mode parameter Sppy4 and EL TCTL is)evaly
the mixed mode parameter Sxpo4 for each conductor pair. The mixed modefS§;param
erived by transformation of the SE S-matrix.

4 Test set-up

est set-up, which also shows the termination principles, is.shown in Figure 18. Res
nation networks in accordance with 9.1.7 shall be applied for all inactive pairs.

As a minimum, a 2-port network analyser is sufficient, but this fequires many reconnections which re
Basurement accuracy.

.5 Measurement

CUT shall be arranged in an appropriate*test set-up according to Figure 18, inclu
br termination of the active, inactive pairs and screen. A full SE S-matrix measure

ated
bters

test set-up consists of a 4-port network analyser and two test-fixtures. An illustration of

istor

Huces

ding
ment

be performed. The measured SE S-matrix shall be transformed into the associated mixed

e S-matrix to obtain the S-parameter Spp,4 from which insertion loss is determined| and
4y from which TCTL is determined-
1
[L(f) =-20 x |Og10 (|SDD21|) =-20x |Og10 (E(S‘?n - S41 —S32 + S42)j 149)
' 1
TCTL(f) = =20 x10g4o (|Scp21]) = —20 xlogsq [5(531 + 841~ S32 = Sa2 )) 150)
ELTCTL(f)=TCTL(f)~IL(f)=-20x%logyq [Sa1.+ 541 S35 = Sap| (151)
|S31— 41— S32 + Saz|

Evaluate all conductor pairs and record the results.

The calibration and reference planes could be both at the interface between the cable and the
fixture.
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CUT
NA Port 1 Fixture Fixture NA Port 3
—C 0 ; - T
—(C T (O
NA Port 2 NA Port 4
50 Q Fixture Fixture 50 Q.
50 Q %Jj
566 Fixtare Fheture 5660
50 Q 5010 j/
50 Q Fixture Fixture 50 Q
; 50 Q 50 Q j/
Screen (if applicable) : E J/
Calibration plane Reference plane Reference’plane  Calibration plane

9.2.1

The
show
spec
resu

9.2.1

Figure 18 — Insertion loss.and EL TCTL

.6 Test report

test results shall be reported in graphical or table format with the specification |
n on the graphs or in the table at thelsame frequencies as specified in the relevant g
fication. Results for all pairs shally be reported. It shall be explicitly noted if the
ts exceed the test limits.

7 Accuracy

IEC

imits
etail
test

As there is no definition of ‘@ccuracy in this document and there is no procedure defingd to

dete

9.2.2
9.2.2

Whe
diffe

mine the accuracy, the accuracy requirement is for further studies.

NEXT
A Object

h this ;\document is used for the measurement of performance against standards

com

system where the DUT is used.

ential mode terminations applied to the DUT shall provide the differential mode

The objective 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 VEXT

Cable or cabling shall be evaluated for NEXT in both directions.


https://iecnorm.com/api/?name=4b9f9ffcdc5c18e9a9b5084ae64b1e8f

- 60 - IEC TS 61156-1-2:2023 © IEC 2023

9.2.2.3 Test method

NEXT is evaluated from the mixed mode parameter Syp,4 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 4-port 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

term

ination networks in accordance with 9.1.7 shall be applied for all inactive pairs.

NOTH
the m

9.2.2

The

prop
shall
mod

The

combinations and record the results.

As a minimum, a 2-port network analyser is sufficient, but this requires many reconnections which-te
Pasurement accuracy.

.5 Measurement

CUT shall be arranged in an appropriate test set-up according to Figure 18, inclu
br termination of the active, inactive pairs and screen. A full SE S-matrix measure

p S-matrix to obtain the S-parameter Sppo4 from which NEXT is determined.

NEXT =-20x |0g10 (|SDD21 |) =-20x |Og1o (

)

est shall be performed from both ends of the\cable or cabling. Evaluate all conductor

1
5(531 — 841~ S32 + S42)

Huces

ding
ment

be performed. The measured SE S-matrix shall be transformed into thé associated mixed

152)

pair

The palibration and reference planes could be both at the interface between the cable and the
fixtute.
CuT
NA Port 1 Fixture Fixture 50 Q
——® P
NA Port 2 50 Q
NA Port 3 LEixture ! Fixture 50 Q
1= - =
—1—® ]
NA Port 4 i 50 Q
50-Q Fixture Fixture 50 Q
i : [ h
50 Q 50 Q
50 0 { Fixture Fixture| 50 O
Screen (if applicable) J’
Calibration plane Reference plane Reference plane  Calibration plane

Figure 19 — NEXT

IEC
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