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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MULTICORE AND SYMMETRICAL PAIR/QUAD
CABLES FOR DIGITAL COMMUNICATIONS -

Part 1-3: Electrical transmission parameters for modelling cable
assemblies using symmetrical pair/quad cables

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

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

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

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

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

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

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

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

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

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

IEC/TR 61156-1-3, which is a technical report, has been prepared by subcommittee 46C:
Wires and symmetric cables, of IEC technical committee 46: Cables, wires, waveguides, R.F.
connectors, R.F. and microwave passive components and accessories.
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
46C/924/DTR 46C/932/RVC

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

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

A list of all the parts in the IEC 61156 series, published under the general title Multicore and
symmetrical pair/quad cables for digital communications, can be found on the IEC website.

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

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or
+ amended.

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

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

Part 1-3: Electrical transmission parameters for modelling cable
assemblies using symmetrical pair/quad cables

1 Scope

This technical report is a supplement to IEC 61156-1 Edition 3 (2007): Multicore and
symmetrical pair/quad cables for digital communications — Part 1: Generic specification.

This technical report covers the following topics following this standard:

— the near-end crosstalk test methods and length correction procedures of 6.3.5;
— the far-end crosstalk test methods and length correction procedures of 6.3.6;
— the concatenation of measured cable segments, even if they are of different design.

The final objective of this technical report is to describe the mathematics involved to model
the concatenation of cable sections of different length, not based upon measurements but
based upon the specification limits of the cables involved. This is required as a base
foundation of the complete channel modelling, involving also the connectivity covered by IEC
SC48B towards channels, as required and requested by ISO/IEC JTC1/SC25 WG3 for
incorporation into ISO/IEC 11801:2002 [1] 1.

This TR is informative and contains observations and recommendations applicable to using
the length correction formulas for either measurements or modelling of balanced cables.

2 Normative references

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

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

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

IEC/TR 61156-1-2, Multicore and symmetrical pair/quad cables for digital communications —
Part 1-2: Electrical transmission characteristics and test methods of symmetrical pair/quad
cables

IEC 61156-5, Multicore and symmetrical pair/quad cables for digital communications — Part 5:
Symmetrical pair/quad cables with transmission characteristics up to 1 000 MHz — Horizontal
floor wiring — Sectional specification

1 The figures in square brackets refer to the Bibliography.
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IEC 61156-6, Multicore and symmetrical pair/quad cables for digital communications — Part 6:
Symmetrical pair/quad cables with transmission characteristics up to 1 000 MHz — Work area
wiring — Sectional specification

IEC/TR 62152, Transmission properties of cascaded two-ports or quadripols — Background of
terms and definitions

3 Terms, definitions, symbols, units and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-726,
IEC/TR 61156-1-2, and IEC/TR 62152 apply.

3.2 Symbols, units and abbreviated terms

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

Transmission line equation electrical symbols and related terms and symbols:

R pair resistance (Q/m)

L pair inductance (H/m)

G pair conductance (S/m)

C pair capacitance (F/m)

a attenuation coefficient (Np/m, or dB as indicated)

p phase coefficient (rad/m)

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

X length coordinate (m)

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

| length, variable (m)

M length, reference, disturbing (m)

A length, reference, disturbed (m)

j imaginary denominator

® radian frequency (rad/s)

f frequency (Hz)

| current, coupled

| gife current in the differential-mode circuit (1)

lcom current in the common-mode circuit (1)

U gife voltage in the differential-mode circuit (V)

Ucom voltage in the common-mode circuit (V)

1,2 index to designate the pair 1 and pair 2, respectively

N, F index to designate the near end and far end, respectively

TU transverse unbalance

LU longitudinal unbalance

K coupling coefficient

Ky near end cross-talk coupling coefficient

K far end cross-talk coupling coefficient
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ki, ko, kg attenuation coefficients for the twisted pair
FEXT far-end crosstalk loss (dB)

NEXT near-end crosstalk loss (dB)

EL FEXT equal-level far-end crosstalk loss (dB)

ACR-F attenuation-to-crosstalk-ratio far-end loss (dB)
A length correction coefficient

S S parameter matrix

S11 S parameter

T T parameter matrix

T11 T parameter

ab index to designate the incident port and reflected port, of multiport parameter

4 Traditional length correction formulae

4.1 Introduction

The traditional length correction formulae were intended for measurements on long
manufactured lengths to be corrected to the specified nominal length; i.e. for cables
complying to IEC 61156-5 and IEC 61156-6, as outlined in IEC 61156-1. Therein the length
corrections apply to measurements made on longer lengths than 100 m, to be corrected to the
100 m specification. Moreover, these formulae were normally used in the cable industry for
quality assurance purposes.

The formulae are intended for measurements of crosstalk within cables with length
uncorrelated crosstalk coupling characteristics. Thus they do not readily adapt to the limit
lines for crosstalk loss, which are the upper-bounds for the characteristic length correlated
crosstalk coupling, i.e. a homogeneous coupling along a cable that is at the limit line at every
frequency, at the specified length.

4.2  Length correction formulae in IEC 61156-1

The formulae are

FEXT, = FEXTy - 10-Ioglo[%j —ay +a (1)
and
4{14
1-10 20
NEXT, = NEXT), - 10-log;q “daw (2)
1-10 20
where
4 is the actual cable conversion length;
M is the reference cable specification length;
a is the attenuation for the indexed length in dB.

Normally, we measure FEXT and derive from it, using the corresponding attenuation, either
the EL FEXT or more pertinent to data grade cables the ACR-F.
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For these last two values, we have then the following length corrections:
EL FEXT, = ELFEXT), —10-logqg (%j (3)
and
ACR—FZ:ACR—FA—1O~Ioglo[%j (4)

Here a distinction between the length M and A is made to indicate the difference between
disturbing and disturbed pair attenuation, respectively.

The measurement magnitude values or the complex values of the actual cable may be used to
compute the crosstalk parameter when applying the traditional length correction formula,
though these formulae refer only to magnitude values.

4.3 The development of the traditional cross-talk length correction formulae NEXT
and EL FEXT [3]

First only in-put to out-put and the out-put to out-put cross-talk coupling are considered.
These correspond to the near-end cross-talk and the equal level far-end cross-talk. These are
called in the cable industry generally NEXT (IO-NEXT though this denomination is in the
present case irrelevant) and EL FEXT (or OO-FEXT). These two terms are treated first,
before going over to the in-put to out-put FEXT (IO-FEXT).

NOTE It should be noted that the following derivation was first published by the members of the technical staff of
the Bell telephone laboratories [6].

If we consider the coupling between two infinitesimal short circuits, we have to take first the
unbalances of the primary parameters of both circuits 1 and 2 into account. This inherently
implies the assumption that the primary parameters as prime responsible factor for the
crosstalk coupling are statistically distributed over the length of the cable.
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Zy R1/2  Lj/2
iViY.Saaan
4>
Y lo(x) N
<« L1/2 R4/2
N N i N N N N N N
X X = - =L e R
— — — — N T N N T o~
o © T 0~ © Lo/2 Rpl2 © O™ © ©
4>
Nj IL(x) Nj
R2/2 L2/2 R
Mo
> dx
Key
Ic(x) current induced at the length x due to capacitive coupling
lo(x) current going into the infinitesimal length of the line dx at the length x
LX) current induced at the length x due to inductive coupling
diy(x) current increment flowing through the near end termination of the infinitesimal length
element
dlE(x) current increment flowing through the far end termination of the infinitesimal length
element
Z, impedance of the termination of the length element. It is assumed here to be identical

for all source and load impedances, and corresponds additionally to the characteristic
impedance of the pairs

Figure 1 — Coupling between two circuits due to unbalances
of the primary parameters

We get then according to Figure 1 for the corresponding crosstalk values of interest between
two infinitesimally short circuits.

As a result of the above, it is implied that the integration direction of the infinitesimal current
or voltage increments is reversed in direction.

Besides the mathematically easier treatment, this has also an historical background. Thus the
telephone linesmen could not determine the I0-FEXT, but they could easily measure the OO-
FEXT on the poles.

For the transverse and the longitudinal unbalances of the primary parameters, we get
following the indications in Figure 1:

TU =(Gap + j-@-Cp1) = (G2 + j-@-Cy2) (5)
LU=(Ry + j-o-Ly)-(Ri+j-o L) (6)
where
TU is the transverse unbalance between the pairs of the corresponding primary
parameters G and C;
LU is the longitudinal unbalance between the pairs of the corresponding primary

parameters R and L;
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1,2 are indices indicating pair 1 and 2;
G is the conductance unbalance between the pairs;
C is the capacitance unbalance between the pairs;
R is the mutual resistance unbalance of the pairs;
L is the mutual inductance unbalance of the pairs;
j is the complex operator;
1) is the circular frequency.

We neglect the conductance unbalance between the pairs which we can — at least for modern
data grade cables — assume to be zero. This is the result of the use of insulating materials
with a very low tang, like PE or FEP. In fact, the resulting conductance unbalance is generally
so small that it would be extremely hard to determine it at all.

We then get
Gyp =G ~0 (7)
TU =j®Cy —j-®Cp=jao(Cy-Cy) (8)
LU = (Ry —Ry)+ jro-(Ly - Ly) 9

We can furthermore assume that both infinitesimal elements of Figure 1 are on each side
terminated in Z,, which is also the characteristic impedance of the pairs considered. In other
words, we consider only the case of perfectly matched pairs. The impedance of the
capacitance unbalances is as a result much higher than the characteristic impedance, such
that we may neglect the latter one to calculate the current going through each termination. In
this case — due to the fact of matched impedances — we have then for the infinitesimal
element the transverse and the longitudinal unbalances of the primary parameters of the pairs
considered:

We then get
. C» -C Zo - 1o(X
and
R, —R . L, -L
L) =-—2"L-j 0 —2 (11)
2-Z, 2-Z,
or with
C=Cyy-Cyy (12)
R=R, -R (13)
L=L - L, (14)
we get
. C-Z,-1,(x
IC(X):_J.(O.OTO() (15)
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and
IL(x)=—(%+1-w-ﬁ]-lo(x) (16)

In a further step, we can neglect also the longitudinal resistance unbalance between the pairs,
i.e. we assume R ~ 0. This is definitely acceptable for modern data grade cables.

However, in the past, this approximation was only justifiable on a large scale statistical basis.
The main reason for this was the fact that frequently, the tangential line between the twisted
conductors was — due to tension unbalances in the twisters — not a straight line. In other
words, one conductor is more or less wrapped around the other wire. This resulted of course
in the result that one wire was longer than the other, and there resulted a relatively high
resistance unbalance which definitely affected severely the cross-talk.

For the currents at the near end and the far end of the infinitesimal element, we then get

. Cc-z L
diy(X)=-j-@- 0 4 Iy (x 17
N (%) Jw(g 2,20] N (%) (17)
and
. c-z L
dE(X)=-j - o _ e (x 18
F () Jw(s 2'20] F () (18)
where
In(X) is the current flowing through the near end termination of the length element at the
termination point x, i.e. just before the infinitesimal length element as seen from the
right side;
1=(X) is the current flowing through the far end termination point (¢-x), i.e. just before the
infinitesimal length element as seen from the left side;
X is the length coordinate of the considered cable element.
If we use the abbreviations
Ky = Z,-C N L (19)
8 2-Z,
Ke = Z,:C L (20)
8 2.7,

we get for the near end and far end currents, respectively, taking additionally the propagation
constants of each pair into account:

Iy (X) = 1, - Ky -e 72t72)X (21)

le(X) =1y -KEg e~ (ratr2)(4=x) 22)

where
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y1 is the propagation constant of the first pair;

7o is the propagation constant of the second pair.

We can now determine the current ratio representing the current ratio of the near— and far—
end cross-talk coupling:

We have

dl N (X) _ J - KN ,e—(71+}’2)'x (23)

die (X) =—j-oKg e~ (ratr2)(6=x) (24)
o

If the cross-talk is uncorrelated with the length, then we can integrate Equations (23), (24) to
calculate the crosstalk. We then obtain

2 x=/
I _ «  —(2+,%).
[ anext =( NI(O) J =0 KR [ e (72X gy (25)
0 x=0
—e 2-(mt+az)t _ -2-(ap+ap)-t
deEXTzwz-Kﬁ.le —4.q2. K} .f2 128 (26)
(a1 +az)-t (ap+az)-L
2 X=/
| () (f— —(y®—8Y.(r-
[ dELFEXT =(#J —0? KR [ el (0 (=72 )00 gy (27)
0 x=0
jdELFEXT:wZ-KE-z:4-n2.Ké-f.f2 (28)
where
dNEXT is the increment of the NEXT ration due to the element dx;
dEL FEXT" is the increment of the FEXT ration due to the element dx;
a, is the attenuation of pair 1;
ay is the attenuation of pair 2;
f is the frequency;
t is the length of the cross-talk coupled pairs;
® indicates that the conjugate complex has to be taken to calculate the square of

a complex number.

Note that we were reversing the direction of the integration in the last case, see also Figure 2
and get as a result the equal level far-end cross-talk.
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Figure 2 — Integration of the coupled near- and far-end currents
over the length of the cable

Equations (26) and (28) are simplified more if we assume equal attenuations for the disturbing
and the disturbed pair 2. We have then

o= ay = a, (29)
2 2 2
NEXT (4, f) = “f—KN.(l_ e_4'“'€) (30)
a-l
ELFEXT (¢, f)=4-n% K2 .¢-f? (31)

If we want to express NEXT and EL FEXT as functions of the frequency and length, we get
with the following constants:

Cy = n%-K§ (32)
Cp =412 K2 (33)
Cy - f? bt
NEXT (4, f)=—N".[1-¢ (34)
a-l
ELFEXT (4, f)=Cg (- f2 (35)

Obviously in Equations (34), (35), only the attenuation is calculated in Neper per length,
whereas the entire formulae are in absolute values. To convert them into decibels (dB), we
use the following formula:

2 |t should be mentioned however, that the modelling using different propagation constants is also feasible.
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NEXT (¢, f)=-10-l0g;g (Cyn )—20-l0g1g (T )+20-l0g 19 (¥)
(36)
+10-log1g () —10-logyg (1—e‘4'“‘f)
ELFEXT(f,f)Z—lo|Oglo(CF)—20|Oglo(f) (37)

—10-logyq (7)

If we know now the function relating the attenuation to the frequency, we can simplify
Equations (34), (35):

We have
a-l =Ky -4 f [Neper at Length | ] (38)

where k ;is a heuristic parameter to approximate in a simplified way the attenuation 3 as
compared to Equation (40).

We have then for NEXT as a function of cable length and frequency

3
Cy - f2

e @)

NEXT (¢, ) =

The attenuation in the last expression is in Neper.

If we use the usual formula for the attenuation, taking the low- and high-end attenuation
effects due to the primary parameters into account

k
a:kl-\/f—+k2-f+ﬁ_ (40)

where kq; ky; kg are heuristic parameters to approximate the attenuation.

We get

2
NEXT (¢, f) = Cy 12V .(1—e—4‘“"«’) (41)

kl'f+k2'f'ﬂf +k3

In general, Equation (38) is considered precise enough for length corrections of NEXT, so that
we do not have to use Equation (40).

If we convert Equation (39) into decibels, then we get the well known relationship for NEXT 4

3 The error made using Equation (38) is minimal, but renders the length correction formula extremely complex,
without contributing in any substantial way to the result. Hence, the last two expressions in these heuristic
formulae can be neglected without making any noticeable error.

4 Note that in the last term, the attenuation has still to be given in Neper per length.
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NEXT (L, f ):—10~Ioglo(ck—N]—15-loglo(f )
1

-10-log 1 (1— g 4ot )

[ dB at Length ] (42)

In Equation (42), the first term contains a constant. Normally, the last term can be neglected if
the attenuation exceeds 20 dB. However, for channel simulations, this term cannot be
neglected, as relatively short cables are frequently used. Equation (42) can be further
rationalized, using the transformation modulus for logarithms. We have then to express all
values in this equation in decibels:

NEXT (L, f) = —1O~Ioglo(i—N]—15~loglo( f)
1
_OM (43)

-10-log4g| 1-10 ° [ dB at Length ¢ ]

We could also use Equation (40) in a similar way, though the result is substantially more
complex at essentially only a negligible gain in precision. Therefore, this derivation is not
indicated, as its use is not required.

For the ratio of NEXT of two different lengths of cables, we get then

l_e—4~a-A
NEXT (4, f) = NEXT (A, f)+10:log 19| ———5——— [ dB at Length /] (44)
1-e 7"
oA
1-10 S
NEXT (¢, f) = NEXT (A, f)+10-log 19 77 [ dB at Length 7 ] (45)
1-10 5

where
A is the cable length to which the cross-talk has to be corrected.

These are the generally accepted length correction formulae for NEXT. In the first equation of
Equation (44), the attenuation has to be given in Neper per m, whereas in Equation (45), all
values are to be given in decibels.

For the EL FEXT, the relationship is substantially easier. We use Equation (35) and get then
for two different cable lengths 5

ELFEXT (/, f ) = EL FEXT (A, f )~10-logyo (C )+10-1ogyq (Cg )
~20-logyq () + 20-logyg ( f) - 10-logyo (¢) (46)
+10'|Oglo (A)

ELFEXT(I, f)= EL FEXT (A, f ) + 10-logy [ Aj (47)

n

It should be kept in mind however, that deriving this equation, we have assumed that the cross-talk
contributions from each infinitesimal section are completely uncorrelated to each other.
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The EL FEXT is defined as the out-put to out-put far end cross-talk (OO—-FEXT) (this fact
rendered it mandatory for data grade cables to define ACR-F). As a result, we can calculate
the FEXT as the difference between the EL FEXT and the attenuation 6.

Hence we get for the in-put to out-put FEXT (IO-FEXT):
FEXT (¢, f) = ELFEXT (4, f) - (¢ f) [dBat100 m] (48)

With this formula in conjunction with Equation (47), we can derive the length correction for
FEXT.

We get
FEXT (£, f) = FEXT (A, )= a (4, f )=at(A, f )+10-log 10(%] [dB at length] (49)

or with

a(rf)=a(af).

4
— (50)
A

FEXT (4, f)=FEXT (A, f)-a(A,f) -[%—1}10409 10 (%j [dB at length] (51)

With Equations (45) and (51), we have the complete set of length correction formulae for
near-end and far-end cross-talk, absolutely required for any channel modelling.

5 Using traditional cross-talk length correction formulae

5.1 Background (see [4])

Using Equation (42) and Equation (43), we get

NEXT (¢, f )=a + b-log o ( f )

(52)
-10-log1g (1—e_4'“'f ) [ dB at Length /]
NEXT (£, f)=a+b-logyo( f)
-~ (53)
—-10:log1g| 1-10 [ dB at Length ¢ ]

where

We could measure also the FEXT directly, with a real network analyzer, not one with an S-parameter test-set
incorporated into it. The author was made aware of this nevertheless obvious fact by Eric Lawrence, today
Nexans, and used this method also, though the calibration is a bit awkward.
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then
Ay = ~10-log o (1-e " | (54)
_atl
A, = -10-logyo| 1-10 5 (55)

With normally used attenuation formula for data grade cables, we have

a=ki-ff +ky-f+ ks [dB ] (56)

T

We get then

I Y o .

Aq(f,0)=-10-logqg| 1-e \/_] [Neperat f,/]  (57)

¢ k

Ay (f,0)=-10-logqg| 1-10 [dBat f,/] (58)

Equation (58) indicates the frequency and length dependency of NEXT.

5.2 Example (see [5], [6]) Length and frequency dependency of direct near-end
crosstalk attenuation

Assuming uncorrelated direct crosstalk coupling with length the near-end crosstalk, power
ratio is [6]

Pn _ an3’2[1— e‘z(“lmz)ﬂ (59)
Po

and the crosstalk attenuation in dB

NEXT = 10lg-22 = ~10IgK,, - 15lg—— —10Ig {1— g Alarat } (60)
Pn fo
where
Po is the sending power of the disturbing line;
P is the received near-end crosstalk power of the disturbed line;
Kn is the uncorrelated near-end crosstalk coupling of long lines;
Ko is the uncorrelated near-end crosstalk coupling of long lines at a frequency fg;

aq and a, are the attenuation coefficients of the disturbing and disturbed line in Np;
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L is the length of the lines;
f is the frequency.
f
Delta’; =15Igf— (61)
o
is the frequency depending part,
Deltas, =10lgL— e 2eare2)t (62)

is the attenuation and length depending part and
—-10 Ig K, is the crosstalk attenuation of the long lines at the frequency f.

The theory was developed for telephone lines, which are long by nature and the third term A,
can normally be regarded as negligible.

In Tables 1 and 2 and Figures 3 to 5, the length and frequency dependencies of a category 6,
cable have been studied.

The maximum attenuation in dB/100 m of category 6, is
[100m]=1820,/f +0,0091f +0,250/,/f (63)

In Figure 3, the length and frequency dependent term Delta A, has been shown as a function
of length with the frequency as a parameter and in Figure 4 as a function of frequency with
the length as a parameter.

It can be clearly seen that for short lengths and low frequencies, the term Delta A, is
significant. E.g. for 5 m and 100 MHz, it is about 4,5 dB and first above 20 m Delta A,
becomes below 1 dB. For 1 m and 100 MHz, Delta A, is about 11 dB. For the whole studied
frequency range 20 MHz to 500 MHz, the cable becomes “long” at about 100 m and for
shorter cables, the third term in Equation (60), i.e. Delta A, of Equation (62), has to be taken
into consideration.
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Table 1 — Delta A, as a function of length or frequency, the other
being a parameter

L[m] / f [MHzZ] 20 50 100 200 500
alpha [Np] | 0,009634| 0,015364] 0,022005| 0,031713| 0,052046
1] 14,22485| 12,24722| 10,74387| 9,239594| 7,259733

2| 11,29742| 9,368316| 7,920501| 6,496019| 4,678015 alpha 20 MHz | 0,009634| Np
5| 7,563412| 5,774918| 4,485119| 3,282069| 1,891815

10| 4,951379| 3,380798| 2,326184| 1,434219| 0,578427 a= 1,82
20| 2,697738| 1,503092| 0,819553| 0,357882| 0,068063 b= 0,0091
50, 0,68349| 0,205857| 0,053593| 0,007649| 0,000131 c= 0,25

100} 0,093084| 0,009318| 0,000653| 1,34E-05| 3,95E-09

Delta A,

——20 MHz
—®-50 MHz
100 MHz
200 MHz
—*%—-500 MHz

AA, (dB)

1 10 100 IEC 633/11
L (m)

Figure 3 — Delta A, at different frequencies as a function of length
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Figure 4 — Delta A, for different lengths as a function of frequency
Table 2 — Delta A as a function of frequency (= Delta A; + Delta A,)
L[m] / f [MHz] 20 50 100 200 500
alpha [Np] 0,009634| 0,0153637| 0,0220053| 0,031713| 0,052046
1| 35,19395| 27,247219] 21,22842| 15,20869| 7,259733
32,26652| 24,368316| 18,405051| 12,46512| 4,678015 alpha 20 MHz | 0,009634| Np
28,53251| 20,774918| 14,969669| 9,251169 1,891815
10| 25,92048| 18,380798| 12,810734| 7,403319| 0,578427| Cat 6A |a= 1,82
20| 23,66684| 16,503092] 11,304103| 6,326982| 0,068063 b= 0,0091
50| 21,65259| 15,205857| 10,538143| 5,97675| 0,000131 c= 0,25
100| 21,06218| 15,009318 10,485203 5,969114 3,95E-09
fo= 500] MHz
Delta A= |Delta A, + [Delta A, Delta A;= — [|151g f/fo
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Figure 5 — Delta A for different lengths as a function of frequency
(= Delta A; + Delta A,) fy = 500 MHz

Figure 5 shows that the frequency dependency of Delta A = Delta A;+ Delta A,. For “long”
cables the frequency dependency is 15 dB/dec and for 6, cables shorter than 5 m about
20 dB/dec.

6 On length concatenation of measured cables, using scattering and
scattering transfer parameters, see informative reference [7]

Port1 W A s W 4o POrt2
AT m— ’--\‘—l'- b4
Port3 b3 o - ad Port 4
A5 e— e |36
Forts b5 26 Forté

b7 -g— |<— ag

Figure 6 — Typical port assignment resulting out of the numbering
of the VNA measuring ports

IEC 636/11

If the port assignment according to Figure 6 is used, the incident and reflected waves may be
arranged such as to create sub-matrices, which correspond to those of a four port. This is
shown schematically in the following matrices, where S; = S,.
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The extreme symmetry should be noted
mathematically exactly the same matrix:

after the swapping of
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RL; Y12 NEj3 FEy | NEs FEg NE; FEg
Y21 Rloy  FEyz NEy, | FEy;s NEy FEy; NEyg
NEs; FEs; Rlgs  yas | NEgs FEgg NEg; FEgg
S = FE;1 NEs, Y4z RlLag | FEis NEgg FEzz NEgg (64)
1 NEs; FEs; NEs3 FEsy | RLss  ys56  NEs7  FEsg
FEis6 NEsp FEs3 NEgs | Yes RLg, FEe7 NEgg
NE7; FE;; NEzz FEgy | NEjs FE Rlgz o Y7g
FEg; NEg; FEgz NEg, | FEgs NEgs  7Yg7  Rlgg

rows and columns, yielding

RL;; NEj3 NEs NE7 | Y12 FEy FEjg FEgp
NE3; Rlgg NEgs NEg; | FEz,  yss FEgs FEgg
NEs; NEs3 Rlss NEs7 | FEs; FEsy  Yse  FEsg
S = NE;; NE73 NEs Rlg; | FE7; FEgy FE7s Ve (65)
2 Y21 FEs; FEsz FEgy | RLy; NE; NEzs  NExg
FEi6  Yas FEez FEgs [NEjp RL,, NEi NEg
FE71 FEz2 Yes FEzs | NEg; NEg; Rlgg NEgg
FEg1 FEgy FEgs  7Yg7 | NEgz NEg; NEgg Rlgg

It should be noted furthermore that the matrices shown in Equation (64) and Equation (65) are
symbolic matrices only, as they are indicated in their power ratio parameters, and not in their
corresponding — and for any mathematical treatment required — voltage ratios.

In Figure 7, we have the schematics of a comparable 2n x 2n multiport, indicating the incident
and reflected waves for the corresponding sub-matrices.
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Reflected Wave . Reflected Wave
Vector lb// b3) _ — b2 \\ Vector %b

£

. \
Incident Wave \
Vector la

s v
~» Incident Wave
Vector 2a

IEC 637/11

Figure 7 — Incident and reflected waves, schematically represented
for a 2n x 2n multiport network

If there are two cables to be concatenated, from which all measurements are known (that is
the propagation constant, the NEXT and FEXT as well as the reflection coefficient) then we
have according to Figure 7, Equation (64) and Equation (65) the following sub-matrices for
these two cables, expressed in their scattering parameters.

118IW | 128IW

Stomw=| —= + == (66)
218 . | 228 .
lls ) | 125 )

Stomyx=| =7 + == (67)
lel ) | 228| )

With the simply transcribed four-port conversion formula to sub-matrices:

. ( (12-222:21-)1 ) (11-|- (_12-;12?-2;—j 217 )] (68)
T —{(128 (Hisx ; lﬁzsl)x ) (lls(ﬁ:lf)l )J (69)

Their conversion to scattering transfer parameters is then trivial:

11 12
Tiw | Ty
= TR — (70)

T, - =
2n; w 21 22;
lw | lw
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11 12
Ty | Ty
T, =] —— + —- (71)
amx | o1 22
I'x I'x

For the entire cable, the T—parameter matrices of the two cable segments have then to be
multiplied:

T= TI 2n; w (72)

><TIZm;x

The concatenation of cables which were previously measured in all their complex parameters
yield well the measured results of the concatenated cables as has been shown in [2].

7 Matrix (model) status, comparison of different calculations [8]

The matrix calculation needs the amplitude and phase information to perform. This is usually
the case if applied to measured values. If limit lines are used to start calculations, only the
amplitude value is known and the matrix calculation adds all cable sections in phase
assuming voltage sum. But NEXT, ACR-F and return loss are correlated only for short length
and/or low frequencies.

For higher length and/or frequencies they perform uncorrelated. Therefore, in these cases,
cable sections need to be added in power sum. This can be performed mathematically by
randomizing the phase of each cable section for NEXT, ACR-F and return loss. Then the
matrix calculation is applied and the resulting curve is calculated by a curve fit.

The following is proposed:

the phase of NEXT, FEXT and return loss is randomly changed by + 180°;
e linear randomization as starting value;

e it can be reduced by the factor “random” to +/- 180 x random, with the factor random
between 1 (power sum) to zero (in phase);

e this random factor can be set individually for each limit line;

e if the cable sections have different impedances, this can be included using a reflection
matrix. The simplest one would be a matrix with only the reflection values calculated from
the impedance mismatch.

First calculation wusing this approach showed excellent agreement if concatenating
mathematically short cable pieces and comparing the result to the original cable values (e.g.
the result of 8 times 10 m cascaded with 1 times 80 m).

For this, the following length correction formulae were used assuming they work for length
shorter then 100 m:
a) Attenuation

The values were reduced linearly in dB from the original 100 m value. An example can be
seen in formula (57).

No randomization applied.

b) NEXT
To calculate NEXT for shorter length, formula (2) was used.
Randomization was applied.

c) ACR-F
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To calculate ACR-F for shorter length formula (4) was used.
Randomization was applied.
d) Return loss

For return loss, there are no proposals in IEC how to calculate the values for other length
starting from the 100 m limit. As this value is needed for the calculation, a similar formula
as for NEXT was proposed in ISO/IEC (MTG).

Therefore, to calculate return loss for shorter length, formula (2) was used but replacing
NEXT by return loss.

Randomization was applied.

8 Recommendations for applying length correction formulae to modelling
cross-talk in cable assemblies

It is recommended to apply the length correction formula for NEXT and ACR-F, Equations (2)
and (4), as currently used.

NOTES The traditional NEXT loss frequency response limit is indirectly affected by the same term used for the
crosstalk length correction formulas. These effects are covered in Clause 5. The final chart in Clause 5 shows
NEXT frequency response plots for various lengths. The widely used frequency response slope of about 15 dB per
decade is evident for a length of 100 m, whereas the frequency response curve slopes for lengths of about 10 m
and less converge to about 20 dB per decade, similar to ELFEXT, as expected for very short lengths.

The chain parameters based model using scattering and scattering transfer parameters for concatenation of
measured and modelled cables segments, necessarily treats forward and reverse crosstalk loss using the same
terms, which is consistent with the symmetry and reciprocity within the crosstalk matrix. Length correction is
accomplished by linear multiples and fractions of the transfer parameters, which equate to the linear, length
correction term (fraction) traditionally applied for EL FEXT.

Subclause 4.1, introduction to the length correction formulas, covers the general limitations to their applicability.
Those limitations are explored in Clause 5. An alternative approach is covered in Clause 6, and the status of
applying the alternative approach to models and measurements is covered in Clause 7. The stated conditions limit
the traditional formulas’ usefulness to long lengths expected to have length-uncorrelated crosstalk coupling
characteristics. As for shorter segments having nearly uniform coupling characteristics, an alternative such as the
matrix approach can be considered.
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