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Notice:

The Broadband Forum is a non-profit corporation organized to create guidelines for broadband
network system development and deployment. This Broadband Forum Document has been approved
by members of theForum. This Broadband Forum Document is not binding on the Broadband Forum,
any of its members, or any developer or service provider. This Broadband Forum Document is subject
to change, but only with approval of members of the Forum. This Document is copyrighted by the
Broadband Forum, and all rights are reserved. Portions of this Document may be copyrighted by
Broadband Forum members.

THIS SPECIFICATION IS BEING OFFERED WITHOUT ANY WARRANTY WHATSOEVER,
AND IN PARTICULAR, ANY WARRANTY OF NONINFRINGEMENT IS EXPRESSLY
DISCLAIMED. ANY USE OF THIS SPECIFICATION SHALL BE MADE ENTIRELY AT THE
IMPLEMENTER'S OWN RISK, AND NEITHER the Forum, NOR ANY OF ITS MEMBERS OR
SUBMITTERS, SHALL HAVE ANY LIABILITY WHATSOEVER TO ANY IMPLEMENTER OR
THIRD PARTY FOR ANY DAMAGES OF ANY NATURE WHATSOEVER, DIRECTLY OR
INDIRECTLY, ARISING FROM THE USE OF THIS SPECIFICATION.

Broadband Forum Documents may be copied, downloaded, stored on a server or otherwise re-
distributed in their entirety only, and may not be modified without the advance written permission of

the Broadband Forum.

The text of this notice must be included in all copies of this Broadband Forum Document.
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Executive Summary

This Technical Report is focused on the subject of cable models for physical layer testing of the G.fast
Access Network. It provides complete cable models focusing on the frequency range extending above
30 MHz. These models are complete. A cable model for the Access Network is complete when it
presents a precise and unambiguous specification of the network characteristics of the cable across the
total extent from the Distribution Point Unit (DPU) to the Network Interface Device (NID) located at
the end subscriber. The cable over this total extent is termed the Loop End Access Network — The
Final Drop.

The intent of this Technical Report is to provide those complete models which can be used in
Broadband Forum Working Texts/Technical Reports for interoperability and performance testing of
the transmission technologies such as ITU-T G.9701 / 9700 (G.fast). A complete cable model of the
Access network for G. fast provides the transfer functions of both direct path and crosstalk paths of the
Loop End Access Network — The Final Drop. A complete cable model addresses both the attenuation
and phase of these transfer functions.

Annexes will provide the various cable models.

February 2015 © The Broadband Forum. All rights reserved 7 of 56
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Purpose and Scope

Purpose

The purpose of this Technical Report is to support the development of testing capabilities at
frequencies above 30 MHz by providing detailed models of copper cables. This work complements
emerging specifications for G.fast access technology and FTTdp transmission deployments.

Scope

This Technical Report focuses on the subject of modeling copper cables at frequencies above 30 MHz.
This Technical Report provides models that can be used in Broadband Forum specifications for testing
of G.fast implementations.

These models include the single line parameters, the transfer function of the direct path, the transfer
function of the FEXT coupling, and the input impedance of the line.

This Technical Report addresses the cable that extends from the Distribution Point (DP) to the
Network Interface Device (NID) at the Customer Premises.

February 2015 © The Broadband Forum. All rights reserved 8 of 56
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References and Terminology

Conventions

TR-285 Issue 1

In this Technical Report, several words are used to signify the requirements of the specification.
These words are always capitalized. More information can be found be in RFC 2119 [1].

SHALL

SHALL NOT

SHOULD

SHOULD NOT

MAY

February 2015

This word, or the term “REQUIRED”, means that the definition is an
absolute requirement of the specification.

This phrase means that the definition is an absolute prohibition of the
specification.

This word, or the term “RECOMMENDED”, means that there could
exist valid reasons in particular circumstances to ignore this item, but
the full implications need to be understood and carefully weighed
before choosing a different course.

This phrase, or the phrase "NOT RECOMMENDED" means that there
could exist valid reasons in particular circumstances when the
particular behavior is acceptable or even useful, but the full
implications need to be understood and the case carefully weighed
before implementing any behavior described with this label.

This word, or the term “OPTIONAL”, means that this item is one of
an allowed set of alternatives. An implementation that does not
include this option MUST be prepared to inter-operate with another
implementation that does include the option.

© The Broadband Forum. All rights reserved
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Definitions

The following terminology is used throughout this Technical Report.

Hijpx-cri(f,d)

Hijrx m-v(f,d)

Linear Time Invariant CADS55 Crosstalk Transfer Function from loop i to j

Linear Time Varying CADS55 Crosstalk Function from loop i to j

Abbreviations

This Technical Report uses the following abbreviations:

ATIS
CPE

DP

DPU
ELFEXT
ETSI
FEXT
ITU-T

MDU
MIMO
NID
NT.
q-MIMO
TR

February 2015

Alliance for Telecommunications Industry Standards
Customer Premises Equipment

Distribution Point

Distribution Point Unit

Equal Level Far End Crosstalk

European Telecommunications Standards Institute
Far End Crosstalk

International Telecommunications Union Telecommunications
Standardization Sector

Multi Dwelling Unit

Multiple-Input Multiple-Output

Network Interface Device

Network Termination Customer Premises
Quad Multiple-Input Multiple-Output
Technical Report
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Technical Report Impact

Energy Efficiency

TR-285 has no impact on energy efficiency.
IPv6

TR-285 has no impact on IPv6.

Security

TR-285 has no impact on security.

Privacy

Any issues regarding privacy are not affected by TR-285.
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Physical Layer Topology

Overview of the Loop End Access Network

DPU /
co / CPE
Slde \ "
Patch Multi-Pair Cable Isolated Drop Wire
It o T P @---cemmeemeenaa- R

Figure 1: Overview of the Loop End Access Network — The Final Drop

The Loop End Access Network — The Final Drop as shown in Figure 1 is consistent with the G.fast
environment.

The Loop End Access Network - The Final Drop illustrated in Figure 1 is a cascade of 3 individual
segments or sections. These are the 1) Patch 2) Multi-Pair Cable and 3) Isolated Drop Wire. The
“Patch” is the wiring of the loop which physically resides in the DP. In the context of G.fast this is
where the DPU, is located. It is short fractions of a meter and can be usually considered as jumper
cable with a “reasonable” twist. The “Multi-Pair Cable” is a path which is part of the general
distribution network and is physically close to other paths of other loops — each of which is connected

to a different Customer Premise. It may be realized by the usual candidates for twisted pair cable used

in distribution networks. The “Isolated Drop Wire” represents the individual subscriber drop wires. It
may be realized by different wire types in different installations. The cascade of all three segments

determines the overall end-to-end loop attenuation, phase/group delay and impedance. However, as
well indicated by the topology illustrated in Figure 1 the FEXT coupling only occurs on the overlap or
exposure length of the Patch and Multi-Pair Cable.

An efficient taxonomy of the various complete cable models corresponding to the topology of Figure 1

is to base it upon the different wire types used to realize the cascade of segments. The various
complete cable models corresponding to this organizing approach are provided in the Annexes.

In carrying out the modeling, consideration was given to the complexity of the instrumentation /
facilities, since the models will ultimately be used for performance testing.
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Annex A: CADS5S Cable Model

This cable model uses CADSS5 wire for each of the three segments, the Patch, the Multi-Pair Cable and
the Isolated Drop Wire. It is based upon work carried out in ITU-T. The model presented only applies
to the spectral region from 30 MHz to 106 MHz and this is a natural extension of the known behavior
of this model below 30 MHz. There are several reasons for it focusing on the spectral region from 30
MHz to 106 MHz. While it may ultimately reach 212 MHz the G.fast application is initially expected
to extend, in the near and medium term only to 106 MHz. Significant experimental work has been
carried out and is available to guide the modeling in the spectral region up to 106 MHz.

Consequently, the CADS55 model is based upon a firm foundation of actual measurements.
Corresponding measurements beyond 106 MHz are very sparse.

A.1 Patch

A.1.1 Transfer Function

The transfer function for the Patch will be based upon the distributed transmission line parameters, Z
(Jow) and Y, (jo). Additional values needed to derive these parameters for CADSS5 are given in Table 1
obtained from [3]. Here, o = 2nf. The equations for Z (jo) and Y, (jo) are given for convenience in
Table 2.

Table 1 - Wire Type Used for Modeling

Cable Type Parameters

(CADS5S) Zo.= 105.0694
HVF = 0.6976
Ry=0.1871
qrL=1.5315
qu = 0.7415
gx=1
qy=0
q.=1.0016
¢=-0.2356
fa=1.000000

February 2015 © The Broadband Forum. All rights reserved 14 of 56
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Table 2 — Parameterized model for CADS5
[ZS; Yp] = MOdel (ZOOG 77VF; RSO: QL, QH, qC! Qx: Qy» éﬁ)

2 .
i T+ jo/w, -
Z.(jo) = jo-L,+R,x|1-q,-q,+sqri ¢’ -¢> +2-22.| LTS24,
o, \q;/q,+jolo q,

s

A 29/
Y, (jo) = jo-C, x(1—qc)x[1+ﬂj +jw-C,yxq,
,
Lsoo = ! x ZOoo
Myr - €
R ¢o=3-10° [m/s]
Cpo = X
Mr € Zowo
1
qs = 2
9a "L Lo = 41107 [H/m].
2 2 (47[ RsoJ
Oy = 4 Wy =4y
Ho

For purposes of modeling and precise implementation of models the length of the Patch Section is a
constant value of 0.6 m.

From these distributed transmission line parameters, Zs (jo) and Y, (jo), the model of the transfer
function of the Patch Section direct path is obtained in the following way:

Use the nomenclature:

Patch Section length =*“dp”
Source impedance = “Zgop”
Load impedance of “Zjp”

Compute
. . . 0.
Y=0+iB=[Z (o) Y, ([jo)] ™’
Zy = [Zs(jo) | Yp ()]
The Patch Section transfer function, “Hp,” is then given by the following equation:
Hp = [Zinp / (Zinp + Zsop)] Tp

Here:

Tp = [cosh (ydp) + (Zo / Z1p) sinh (ydp)] !

February 2015 © The Broadband Forum. All rights reserved 15 of 56
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Zinp = The Input Impedance of the Patch Section— which follows in Section A.1.2.

The magnitude of “Tp” given by | Tp | gives the “attenuation” of the direct path. The phase of “Tp”
gives the “phase” of the direct path. The derivative of the phase with respect to frequency can be used
to obtain the delay.

“Zsop” and “Zyp” are specified at 100 Ohms resistive. These values are standard industry practice and
correspond to the characteristic impedance of the actual patch cables (as well as terminations used
within modems).

A.1.2 Impedance

The input impedance will be based upon the distributed transmission line parameters, Zs(jo) and
Y,(Jo) which can be obtained for CAD55 by using Table 1. Here, ® = 2xnf. The equations for these
parameters as provided are given for convenience in Table 2.

Also, as with the transfer function the length of the Patch Section will be taken as a constant value of
0.6 m.

From these distributed transmission line parameters the model of the input impedance of the Patch
Section is obtained in the following way:

Again use the nomenclature:
Patch Section length =“dp”
Source impedance = “Zgop”

Load impedance of “Zpp”

Compute

Y=o+ jB=[Z (o) Yy ([o)] *°
Zo=[Z(jo) / Yy (jo)] >

The input impedance of the Patch Section, “Z;,,” is then given by the following equation:

Zinp = Z() [(ZLP + Z() tanh (de))] / [(Z() + ZLP tanh (de))]
“Zyrp” 1s specified at 100 Ohms resistive.

A.1.3 FEXT

There is FEXT over this segment. However, the segment is short, 0.6 m. Furthermore, the same wire
type, CADSS is taken for this segment and the Multi-Pair Cable Segment. So the FEXT over this
segment will be dealt with by increasing the exposure length of the Multi-Pair Cable segment by 0.6m.

February 2015 © The Broadband Forum. All rights reserved 16 of 56
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A.2 Multi-Pair Cable

A.2.1 Transfer Function

The transfer function for the Multi-Pair Cable will be based upon the distributed transmission line
parameters, Zy(jo) and Y(jo Additional values needed to derive these parameters for CADS55 are
given in Table 1. Here, ® = 2nf. The equations for these parameters as provided are given for
convenience in Table 2.

By way of example the length of the Multi-Pair Cable Section can be considering as varying from 10’s
of meters to more than 100 meters. However, this also should be considered as possibly zero length.

From these distributed transmission line parameters, Zs(jo) and Y,(jo), the model of transfer function
of the Multi-Pair Cable direct path can be obtained in the following way:

Use the nomenclature:

Multi-Pair Cable Section length =*“dp”
Source impedance = “Zg,p”
Load impedance of “Zip”

Compute

Y=o+ jB=[Z (o) Yy ([o)] *°
Zo=[Zs(jo) / Yy (jo)] >

The Multi-Pair Cable transfer function, “Hp,” is then given by the following equation

Hp = [Ziwp / (Zinp +Zsop)] Tp
Here:
Tp = [cosh (ydp) + (Zo / Z1p) sinh (ydp)] !
Zinp = The Input Impedance of the Multi-Pair Cable— which follows in Section A.2.2

The magnitude of “Tp” given by | Tp | gives the” attenuation” of the direct path. The phase of “Tp”
gives the “phase” of the direct path. The derivative of the phase with respect to frequency can be used
to obtain the delay.

A.2.2 Impedance

This will be based upon the distributed transmission line parameters, Zy(jo) and Y,(jo).Additional
values needed to derive these parameters for CADSS are given in Table 1. Here, ® = 2nf. The
equations for these parameters are given for convenience in Table 2.

By the way of example the length of the Multi-Pair Cable can be considering as varying from 10’s of
meters to more than 100 meters.
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From these distributed transmission line parameters the model of the input impedance of the Multi-
Pair Cable is obtained in the following way:

Again use the nomenclature:

Multi-Pair Cable Section length =“dp”
Source impedance = “Zop”
Load impedance of “Z;p”

Compute

y=a+jp=[Z(jo) Y, ([jo)] >’
Zo=[Z,(jo) / Yy ()] *

The input impedance of the Multi-Pair Cable, “Z;,”, is then given by the following equation:

Zino = Zo [(Zp + Zo tanh (ydp))] / [(Zo + Zvp tanh (ydp))]
“Zip” 1s specified at 100 Ohms resistive.

This value corresponds to the asymptotic impedance of the distribution wiring and is also standard
industry practice as it corresponds to modem terminations.

A.2.3 FEXT

In dealing with FEXT, account must be taken of two salient characteristics noted in the experimental
observations of the G.fast environment, the Dual Slope Effect and the Time Variation Effect.
Furthermore the Time Variation Effect may not always be present.

A.2.3.1 Dual Slope Effect

This FEXT transfer function between two paths
comes from path “1.” It will be taken as:

3L I3t
1

and “5” and where the signal generating the FEXT

Hijex uri(f,d) = [Keexr] [VL] [A (D] [10 ®2°] [H(£d) | [e 7] (1)
Relative to equation (1)
Keexr= 1.594 x 10 '° when lengths are in meters

“d” 1s the total length of all of the 3 segments that the FEXT generating signal traverses.

“L” 1s the exposure length, the minimum of the 2 path lengths. As FEXT is only generated by
coupling over the Multi-Pair Cable it is only this overlap corresponding to the 2 paths that
enters the equation.

“01)” 1s called the “Amplitude Offset Factor” and is given in dB.
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“Wij” is the phase of the transfer function. For purposes of simplification in the model, it may
be considered equal to 0, which will have minimal impact on the generality of this model.

The term, | H (f,d) | , provides the attenuation across the three segments that the FEXT signal
traverses.

The corresponding Amplitude Offset Factor is given by the 24 X 24 matrix provided in Table 3 and
Table 4. In whatever manner this model is realized the FEXT transfer function SHALL accurately
correspond to this same 24 X 24 submatrix.

The term “A(f)” in equation (1) addresses the requirement to model the Dual Slope Effect.

A (f) is given by the following equation which is more precisely and conveniently defined using “dB”
representation:

[A (f)] a8 = 20 Log[f]; £ <75 MHz - - “lower slope straight line in [Log (f)]”
[A ()] 48 =-157.4 + 40 Log [f]; f > 75 MHz - - “higher slope straight line in [Log (f)]”

The equation for the region of £ <75 MHz was specifically chosen so as to be consistent with
investigations carried out to date.

Figure 2 provides an illustration of the model of the Dual Slope Effect presented by the above
equations.

Dual Slope Effect

220.00
200.00
180.00
dB 160.00
140.00

120.00

100.00
1 10 100 1,000
Freq MHz

Slope
40dB/Octave

Slope
20dB/Octave

Figure 2: Illustration of the Dual Slope Effect
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Table 3 - Amplitude Offset Matrix; Pairs 1-24 x 1-12

-11.65835%

-21.65435

-21.66025
-14.9075

-26.1368%
-10.706
-25.99645
1.6418

-22.57925

-11.35855
-15.51865
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PAIR 13
1 -28.53535
2 -29.96765
3 -14.3917
4 -34.3724
5 -7.84855
6 -4.04895
7 -19.7909
8 -11.4549
9 -11.2789
10 -21.8149
11 -25.8118%5
12 -15.59565
13 NA
14  -29.06075
15 -10.88475
16 -21.0529
17 -17.9212
18 -24.418
19 -22.57T41
20 -2267335
21 1628415
22 -4.45135
23 -8.8703
24 -8.63295

-15.1628
-15.0915
-28.36955
-6.5151
-16.5484

TR-285 Issue 1

Table 4 - Amplitude Offset Matrix; Pairs 1-24 x 13-24

16 17
-46259 -21.16065
-16.19075  -6.1035
-15.53095 -29.3948
-21.66025 -14.9075
-15.9353 -27.6398
-25.75635 -17.4027
-18.42095 -13.84365
-13.56225 -0.09865
-5.0706 3.76715
-13.6933 -10.809%
-5.97635% -19.03525
-13.2311  -19.9293
-21.0529 179212
-25.5091 -13.06115
-16.4476 -24.8574
NA -15.92145
-15.92145 NA
-27.01695 -11.80115
-19.52455 -13.9044
-14.55545 -11.92845
-3.9918 -4.53455
-13.43735 -10.0134
-26.364 -23.0323
-25.5192 -19.0674

PAIR

18
-17.33905
-24 67215

-6.1154
-4.4703
-14.91315
-24.37935
-19.04875
-20.9582
-17.9909
-0.23475

19
-7.93135
-25.12665
-24.49455
-26.13685

-21.16665

139274

-2T9116

Note: Table 3 and Table 4 (CADDS5S5 Amplitude Offset Matrix.xlxs) is contained in TR-285.zip
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A.2.3.2 Time Variation Effect

The “Time Variation Effect” will present increased complexity in the operation of Vectoring in G.fast
in the cancellation of FEXT. While it is important to capture the effect of this “time variation” on the
complexity of the operation of Vectoring it is also important to keep the model itself to limited
complexity so that it can be implemented. Accordingly, in the model being presented the focus will be
on the impact of this “time variation” on the FEXT coupling associated with just two loops “1” and

w) »

For the present model with the inclusion of both the Dual Slope Effect and the Time Variation Effect
when reference is made to the “i-j” FEXT crosstalk coupling combination this means reference to
coupling which originates on Loop i and has a target as Loop j.

For this model the FEXT transfer function for the coupling from Loop i to Loop j is given by
Hijrx 1.v (f,d) which is defined below as:

Hirx 1-v (£d) = [1 + 3[W(®)] [Hp(D] ] Hyrx-Lri(£,d) )

The extreme rightmost term, Hjjrx-r11 (f,d), is given by equation (1). Accordingly, Hijrx 1-v (f,d) 1s built
upon the foundation of Hjjpx.r 11 (f,d).

Completion of the definition of Hjjex 1-v (f,d) requires then only dealing with the leftmost, 2, bracketed
terms on the right hand side of equation (2).

Consider the following two “i-j” FEXT crosstalk coupling combinations:
i-j=1-2, 2-1,
For these two combinations

W (t) and Hp(f) are defined as follows:
W (t) = =P (t — mTp)

Here P (t) is a “window pulse” which is T, seconds long:
P (t)=U.1(t) - U.a(t-Tu)

Where U.((t) is the unit step function. T, is the “on time of the window” and T}, is the period of the
window. These are defined as:

T, =300 seconds
T, = 1,200 seconds

The “300” seconds corresponding to T, corresponds to the average duration of a voice call - going “off
hook.” The 1,200 seconds corresponding to T, corresponds to the average time between voice calls.

The summation above occurs over all “m.” This is unlimited. In other words, W (t) is a pulse train.

February 2015 © The Broadband Forum. All rights reserved 22 of 56



Broadband Copper Cable Models TR-285 Issue 1

Hp (f) is defined as follows:

1
Hp (D = e 7

Where f., = 50 MHz.
This is the magnitude response function of a 3" order Butterworth Filter.

In other words, for the case of these two FEXT coupling combinations,1-2 and 2-1 during the “on
time” of the pulse, Hjjrx 1-v(f,d) experiences a rise of approximately 12 dB above Hjjrx.Lri(f,}d) when
> foy .

For all other “i-j” FEXT crosstalk coupling combinations:

W (6)=0
Hp (H)=0

In other words, for the case of these FEXT crosstalk coupling combinations there is no rise in the
FEXT level and HijFX T.v(f,d) = HijFX-LTI(f,d)~
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A.3 Isolated Drop Wire

By way of example the length of the Isolated Drop Wire can be considering as being 10’s of meters.
However, this also should be considered as possibly zero length, as many businesses and Multi
Dwelling Unit (MDU) basements have no drop wire.

A.3.1 Transfer Function

The transfer function for the Isolated Drop Wire will be based upon the distributed transmission line
parameters, Z; (jo) and Y, (jo) for CADS5. Additional values needed to derive these parameters for
CADSS are given in Table 1

In providing the transfer function for the Isolated Drop Wire the following nomenclature is used:

Isolated Drop Wire Section length =“dyw”
Source impedance = “Zgow
Load impedance of “Zpw*

Compute

Y=o+ jB=[Z (o) Yy ([o)] *°
Zo=[Zs(jo) / Yy (jo)] >

In order to compute this Zy(jo) and Y,(jo) are required for CADSS5 cable. The equations for these
entities are:

Z(jo) =R(w) +joL
Yp(jo) = G(o) + joC

For purposes here it will be more convenient to express these in terms of frequency, f, where
o = 2n f. Doing so these become:

Z(H =R (H)+]j2nfL ()
Yp(H) =G (D +j2nf C (D)

With the following definitions:
R(f): The distributed transmission line series resistance of the CADS55 Isolated Drop Wire.
L(f): The distributed transmission line series inductance of the CADSS5 Isolated Drop Wire.

C(f): The distributed transmission line shunt capacitance of the CADS55 Isolated Drop Wire.
G(f): The distributed transmission line Conductance of the Isolated Drop Wire.
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Equations for Zy(jo) and Y,(jo) are provided in Table 2.

The Isolated Drop Wire transfer function, “Hw,” is then obtained by the following equation
HW = [ZinW / (ZinW + ZsoW)] TW
Here:

Tw = [cosh (ydw) + (Zo/Zrw) sinh (ydw)]
Zinw = The Input Impedance of the Isolated Drop Wire— which follows in Section A.3.2

The magnitude of “Ty” given by | Tw | gives the “attenuation” of the direct path. The phase of “Tyw”
gives the “phase” of the direct path. The derivative of the phase with respect to frequency can be used
to obtain delay.

“Zsow” and “Zpw” are specified at 100 Ohms resistive. In this case this value corresponds to the
asymptotic impedance of the distribution wire and is also standard industry practice as it corresponds
to modem terminations.

A.3.2 Impedance

The following nomenclature is again used:

Isolated Drop Wire Section length =“dw”
Source impedance = “Zsow”
Load impedance of “Zpw”

Compute

y=a+jB=[Z (o) Y, (o) "
“Zo= [Zs (jo) | Yy (jo)]

In carrying out this computation as before use the equations:

Z;(jo)=R (w) +jo L
Y, (o) =G (o) +jo C

As before, for purposes here it will be more convenient to express these in terms of frequency, f,
where ® = 2nf. Doing so these become:

Zi(f) =R (f) +j2nf L (f)
Y, () =G (f) +j2f C ()
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With the following definitions:

R(f): The distributed transmission line series resistance of the CADS55 Drop Wire Section.
L(f): The distributed transmission line series inductance of the CADS5 Drop Wire Section.
C(f): The distributed transmission line shunt capacitance of the CAD55 Drop Wire Section.
G(f): The distributed transmission line Conductance of the CAD55 Drop Wire Section.

Equations for Zs(jo) and Y,(jo) are provided in Table 2.

The input impedance of the Isolated Drop Wire, “Zi,w,” is then given by the following equation:

Ziow = Zo [ (Zw T Zo tanh (ydw))] / [(Zo + Ziw tanh (ydw))]
“Zrw” 1s specified at 100 Ohms resistive.

This value corresponds to the asymptotic impedance of the drop wiring and is also standard industry
practice as it corresponds to modem terminations.

A.3.3 FEXT

There is no FEXT over this segment.
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Annex B: Twisted Star Quad Cable Model

This annex defines a crosstalk model (q-MIMO) developed for the MIMO applications with the
crosstalk couplings present in the quad wiring. The model is built upon the measurement data from
operators in the frequency range up to 300 MHz. Typical FEXT characteristics observed and noted in
actual measurements, such as the time variation effects and the dual slope effect, the ripple effect or
length dependence of a crosstalk, as well as the direct channel attenuation due to crosstalk present in
the cable bundle are handled implicitly in the model. All this makes the g-MIMO model applicable
for modeling of the twisted star quad cables in the full bandwidth of G.fast operation.

This annex also describes the two reference twisted star quad cables used for the access and in-home
installations in the network deployment of operators and specifies the cable parameters according to
the line models of ITU-T G.9701 [3]and ETSI VDSL2 [4].

Supplementary information to the quad cable modeling is providing in Appendix A and includes a
short introduction on how to derive the transfer function of a cable based on the primary line
parameters, as well as the reference inductance matrices for 0.5mm and 0.6 mm twisted star quad
cable.

B.1 Single Line Modeling of Quad Cables

Single line models describe a twisted pair in terms of primary or secondary line parameters. The two
models which are proposed to be used for high frequency wireline modeling are based on the primary
line parameters, the Z(f) serial impedance and the parallel admittance Y,,(f), which are approximated
by nonlinear functions of frequency.

The secondary line parameters, the characteristic impedance Z.(f) and the propagation constant y(f) are
given by these equations.

e Line (characteristic) impedance:

Zs(f)
Yp(f)

Z(f)=

e Propagation delay:

y(f) = Z()xX(f)

The direct channel transfer function H(f) can be computed based on the secondary line parameters.

B.1.1 ITU-T Line Model

This model is defined in [3] as a reference model for G.fast loops. The model approximates the
primary line parameters of a single line as a function of 10 parameters (Zy., nvr, Rso, 1. 1 9o G Gy

@ Ja).
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The characteristics of this type of model are:

e good prediction of time domain characteristics
designed for modeling at frequencies above 30 MHz
impulse responses are always causal

e parameter fitting in the frequency domain is difficult

The computation of the primary line parameters is done by the following two equations with the
parameters of the corresponding lines:

2.
. . jo | 95 tjolog-q
Z,(jo) = jo-Ly+Rgx|1-q,-q,+sqrt|q] -qi +2-—| —= ——
@ | g5 /qx+Ja)/a)s'qy
. 2@/
. . jo .
Yp(]a)) = ]a).CpOx(l—qC)x 1+— +]0)-Cp0><qc
Wy
L, = ! X2y
Tyr ~Co
1 1
C, = X—
" M Co Loy
g _ 1
’ %ZJ'QL
47-R
o, = qi-wso=q,i~(” “’j
Hy
0w, = 2r-f,

co=310° [m/s]
wy=4mr107 [H/m]

B.1.2 ETSI BT0 Line Model

Another model for a single twisted -pair line is the ETSI BT0 model, described in [4]. It is used for
VDSL cable modeling up to 30 MHz, but with a proper selection of the parameters, it is possible to
use the model beyond 30MHz.

In general, it is easier to handle than the ITU-T model because resistance R, inductance L, capacitance
C and conductance G are handled independently. This makes parameter fitting easier and leads to
good results for frequency domain modeling.

But the disadvantage of this modeling approach is that, depending on the selected parameters, the
impulse responses may not be causal. The model uses 11 parameters (Roc, ac, Lo, L, Nos finy 0> Nees Co,
C., N..) to approximate the primary line parameters of a specific line.

The main characteristics of the model are:

good prediction of frequency domain characteristics

with a proper parameters selection, the model can be used above 30MHz
impulse response is not always

easy parameter fitting in the frequency domain
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The primary line parameters Zy(f)=R(f)+j wL(f) and Y,(f) = G(f)+jwC(f) are given by the following

equations:
Nb
Lo+ Loo- (fJ

m

-, \Nb
1+(fJ
fm

Yp(f) = (go'nge)+j'279("(C00+C0-f_Nce)

i/(R4OC+aC'f2)+j'27#'

Zs(f)

B.1.3 Reference Twisted Star Quad Cables

B.1.3.1 Cable Type 1: I-O2YS(ST)H 10x2x0.5 STVI Bd

The cable parameters according to the ITU-T and ETSI BTO model are defined in Table 5 and Table 6,
respectively.

Cable I-O2YS(ST)H 10x2x0.5 STVI Bd is currently used for installation purposes. This is a high
quality 0.5mm PE quad cable composed of five quads that build a 10-pair cable. The cable is
continuously twisted and shows the 40dB/ decade increasing in-quad crosstalk (also at frequencies
below 30 MHz. It should be noted that the ELFEXT couplings between 70MHz and 100MHz (as per
supplier lot and variant) exceed a level of -10dB. Partially, the coupling is even above 0dB, in
resonances for frequencies above 100MHz.

Note: The FEXT characteristic of this cable type is dominated by the 40 dB/decade slope behavior.
Because of this the ELFEXT decreases by 6 dB for double loop length. This is caused by an indirect
coupling path via the surrounding cable core. For longer loops this characteristic strongly impacts the
achievable SNR. There are other cable types in use which have an additional 20 dB/decade slope
(dual slope) and which show similar dominating systematic phase constant ELFEXT couplings.

Mechanical and material properties are as follows:
e (Quad twist
O conductor  0.485 mm

@ coating 1.1 mm

e Twist length

Quad 1: 45mm
Quad 2: 43mm
Quad 3: 39mm
Quad 4: 50mm
Quad 5: 41mm

The following measurement shows the characteristic impedance Z¢(f), measured on a 30m long cable
and averaged over all cable pairs.
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Figure 3: Characteristic Impedance of I-O2YS(ST)H 10x2x0.5 STVI Bd Cable

Crosstalk measurements for all cable pairs, FEXT power sum and the equivalent FEXT power sum are
shown in Figure 3.

The following notation is used:

PS1-FEXT: FEXT power sum on pair 1

EL-PSI-FEXT: equivalent FEXT power sum (FEXT minus transfer function) on pair 1
aDA1: direct transfer function of pair 1

1-x: measured FEXT between pair 1 and pair x, x=2,...10

February 2015 © The Broadband Forum. All rights reserved 30 of 56



Broadband Copper Cable Models TR-285 Issue 1
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Figure 4: FEXT measurements of [-O2YS(ST)H 10x2x0.5 STVI Bd cable

Measured transfer function and crosstalk of one of the ten pairs of a 30m long cable is shown in Figure
5 and compared with the ITU-T and ETSI single line model.

i"‘ ‘n'ljf i '._"”Il.‘

TF/DB

: Direct Channel
' : FEXT Power Sum

In-Guad FEXT =
Inter-Quad Crosstalk

_an ] i i 1 | 1
a0 100 150 Zon a0 300
-z

Figure 5: Measurements and single line model of I-O2YS(ST)H 10x2x0.5 STVI Bd cable
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Cable characteristic impedance is about 135 Ohm. The difference between the direct channel
attenuation of the ETSI model and the measurement is caused by power loss due to the crosstalk. The
measured cable clearly shows a characteristic 40dB/decade ELFEXT slope as well as some resonance
effects.

The direct channel and crosstalk characteristics of the cable differ among different cable pairs. Figure
6 shows another cable pair where resonance effects are observable.

o T T T T
. : : Direct Channel
[ E: SR ' I bt S . Crosstalk Powsr Sun ||
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: : : Inter-Quad Crosstalk !
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Figure 6: Another 0.5Smm cable pair direct channel and crosstalk measurements

The 20dB/decade ELFEXT and 40dB/decade ELFEXT sections are shown in detail in Figure 7.

While the crosstalk within the quad shows the 40dB/decade ELFEXT slope, the Inter-Quad crosstalk
grows with 20dB/decade. At higher frequencies, the Inter-Quad ELFEXT also shows a different slope
that is due to resonance effects and power loss of the direct channel due to crosstalk.

In-Qaud FEXT
40dB/decade
— =~ 2Z0dBsdecade
| m——Inter-Quad Crosstalic[ """

ELFEXT/E

e
-

Hz

Figure 7: Detailed In-and Inter-quad crosstalk measurements of 0.5mm cable
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B.1.3.2 I-O2YS(ST)H 10x2x0.5 STVI Bd Cable Parameters
Table 5 - ITU-T parameter values of cable type I-O2YS(ST)H 10x2x0.5 STVI Bd

Cable type Parameters of ITU model
Zo.=134.2196

[-O2YS(ST)H 10x2x0.5 STVI Bd e = 0.7489

Ry=0.2145

qL=2.160729447

qu = 0.7415

gx=1

qy=0

q.=1.0016

¢=-0.03191108824

fa=1

Table 6 - ETSI BT0 parameter values for cable type I-O2YS(ST)H 10x2x0.5 STVI Bd

Cable type Parameters of ETSI BT(0 model
Roc=20.16991764
I-O2YS(ST)H 10x2x0.5 STVI Bd dc = 0.04294697418
Ly=0.000908779665
L. =0.0005998736085
N, =0.7139316783
S =91895.48079
g0 =4.342153972e-12
Ny =1.105448975
Co=7.760581191e-08
C,. =3.237852447e-08
N =0.5674612531

B.1.3.3 Cable Type 2: J-H(ST)H Bd 10x2x0.6

Cable J-H(ST)H Bd 10x2x0.6 is a 0.6mm PE quad cable of moderate but predictable quality. It is
composed of five quads that build a 10-pair cable. Due to the alternating twist, it does not show the
40dB/decade ELFEXT that has been observed for the cable Type 1. This typically used for in house
wiring and has an impedance of aproximatly 110 Ohms.
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Mechanical and material properties are as follows:
e Quad twist

@ conductor 0.58 mm
@ coating 1.0 mm

e Twist length

Quad 1: 100mm
Quad 2: 55mm
Quad 3: 90mm
Quad 4: 80mm
Quad 5: 70mm

The following measurement shows the characteristic impedance Z(f), measured on a 20m long cable
and averaged over all cable pairs.

Impedance Z

1;2 il I} uﬁ , [ ﬁ i
STV (N FLE NI LR V]
1 LA I T S TA
% ' v Vv V\\' 'V \f U
" |

50 Y N Y T S
oL A WARANT 3 A T
: O I

Frequency in MHz

Figure 8: Characteristic Impedance of J-H(ST)H Bd 10x2x0.6 cable

Crosstalk measurements for all cable pairs, FEXT power sum and the equivalent FEXT power sum are
shown in Figure 9.
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Figure 9: FEXT measurements of J-H(ST)H Bd 10x2x0.6 cable

Figure 10 shows the measured direct channel transfer function and crosstalk in comparison with the
ETSI and ITU-T model transfer function for the direct channel. The difference between measurement
and model is again caused by crosstalk effects.
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Figure 10: Measurements and single line model of J-H(ST)H Bd 10x2x0.6 cable
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The direct channel and crosstalk characteristics of another cable pair and the crosstalk power sum are
shown in Figure 11. At higher frequencies, the direct channel attenuation becomes significant due to
the crosstalk effects.

0 T T T
: 3 : = Ditect Charnel

| == Crosstalk Power Sum
—Crosstalk

TF/DE

a0 i i i i I
50 100 150 200 250 300
fMHz

Figure 11: Another 0.6mm cable pair direct channel and crosstalk measurements

—— - z0dEsdecade | Lo : : : L
FEXT

ELFEXT/dB

B
10 10 10
fiHz

Figure 12: Detailed Inter-Quad crosstalk measurements of 0.6mm cable
The 20dB/decade ELFEXT curve is shown in detail in Figure 12. Similar to Figure 11, at higher

frequencies, the high attenuation of the direct channel and resonance effects make the ELFEXT slope
look different.

February 2015 © The Broadband Forum. All rights reserved 36 of 56



Broadband Copper Cable Models TR-285 Issue 1

B.1.3.4 J-H(ST)H Bd 10x2x0.6 Cable Parameters

The cable parameters according to the ITU-T and ETSI BT0 model are defined in Table 7 and Table 8,
respectively.

Table 7 - ITU-T parameter values for cable type J-H(ST)H Bd 10x2x0.6

Cable type Parameters of ITU model
Zo.=110.8

J-H(ST)H Bd 10x2x0.6 e = 0.6810

Ry=0.1901

gL =9.17386

gu=0.60105

¢=0.05076227074
Ja=1

Table 8 - ETSI BT0 parameter values for cable type J-H(ST)H Bd 10x2x0.6

Cable type Parameters of ETSI BT0 model
Roc=160.16183

J-H(ST)H Bd 10x2x0.6 e = 0.03329

Ly=0.0009067942863

L. =0.0005342191844

N, =0.7218331678

fm=91895.48079

go=23.7312e-12

Ny =1.151833774

Co="7.760763018e-08

C,.=4.6143¢-08

N = 0.5463017537

B.1.4 Multiline Quad Cable MIMO Crosstalk Model

The multiline quad cable MIMO Crosstalk Model (q-MIMO) described here works very similar to the
single line models that are widely used for VDSL2 applications. The complete cable binder is
described in terms of the primary line parameters, which are matrix-valued for a multi-pair binder.

B.1.4.1 Primary Line Parameters

Single lines are described as a cascade of circuit elements as shown in Figure 13. Each element
consists of a series inductance L, a series resistance R, a parallel capacitance C and a parallel
admittance G. The line is modeled either by the ETSI BTO or the ITU-T model.

() , ‘ i1 (I 4dl)

— —_—

uq (1) (1 +4dl)

Figure 13: Single line circuit element
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The g-MIMO crosstalk model uses the same primary line parameter description, but the circuit is
extended according to Figure 14.

f‘]‘:” —

10 é@g@g

— (I +dl)
up (1 +dl)
— (I +dl)
.”_3':1’ - dl)
— i3(l+dl)
us(l +dl)
— iy ([ +dl)

uy(l+dl)

ih(l) —

1 edl

Figure 14: Multiline circuit element

To describe this type of model, the primary line parameters are arranged as matrices. The notation is
defined such that uppercase bold letters are matrices, lowercase bold letters are vectors.

There is the resistance R(f)=real(Z(f)), which is described by one of the single line models. It is also
used in the MIMO model, where it forms the resistance matrix R.

R(F)2 O 0 0
|0 kP 0 o
RD=1 0 R(f)2 0
0 0 0 R()/2

From the single line model: R(f)=real(Z(f)

The resistance matrix R contains only nonzero elements on the diagonal, which comes from the fact
that in Figure 14, the serial resistance exists only in the series elements of the circuit element. Off-
diagonal elements are zero. The multiline MIMO model uses a single-ended description of the cable
where each single wire is described with respect to a common reference potential. Therefore the factor
Y 1s required.

The series resistance is assumed to be constant over the length of the cable and therefore, the same
resistance matrix is used for all segments of the cable.

The series inductance is a dense matrix. The inductance matrix L does not only describe the series
resistance of the direct channels, but also describes the crosstalk. For this reason, it consists of the
frequency dependent impedance L(f)=imag(Zs(f))/cw, which is again computed from the single line
model and a frequency-independent matrix L,.s. The matrix L,.f changes over the cable length d and
is therefore provided in multiple segments over the length of the cable.
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Lref 1(d) Lref 12 (d) Lref 13(d) Lref 14(d)]
ILref Zl(d) Lref Z(d) Lref 23(d) Lref 24(d) |
ILref 31(d) Lref 32(d) Lref 3(d) Lref 34(d) I
Lrera1(@  Lrepa2(@)  Lrepas(d)  Lyep 4(d) ]

From the single line model: Lf)=imag(Zy(f))/w

L f) = L(f)

The capacitance matrix C is again a dense matrix. However, it is not required to specify a new matrix,
because the capacitance matrix can be computed from the inductance matrix and the single line model.
L, is the matrix inverse of the reference inductance matrix. This is weighted with C(f)=
imag(Yp(f))/w from the single line model go get the capacitance matrix

C(d, f) = C(NLyzp(d)
From the single line model: C)=imag(Y,(f))/co

The conductance matrix G is created similarly, as it depends on the capacitance matrix. The inverse
reference inductance matrix is weighted by the admittance G(f)= real(Yp(f)) from the single line
model.

G(d, ) = G(F)LJ5(d)
From the single line model: G(f)=real(Y,(f))

This is the complete description of the primary line parameters of the -MIMO crosstalk model.

B.1.4.2 Reference Inductance Matrices

For the reference matrices, the 10-pair cables (i.e. 5-quad cables) are extended to 30 pairs (i.e. 15-quad
cables) by placing three 10-pair binders next to each other. The segments give an overall cable length
of 20m and may be repeated to create longer cables. If cable of interest shall have less than 30 pairs,
the size of the matrix may be reduced accordingly.

There is one reference matrix for each cable type (Lref pe06 and Lref pe05. The reference matrices
contain the information about cable geometry and crosstalk characteristics in the spectral region of up
to 300MHz. The reference inductance matrix defines the crosstalk values (L,.(d)) normalized to the
single line inductance (L(f)). Each reference matrix is composed of multiple segments as shown in
Figure 17, because the crosstalk characteristics change over the length of the cable. To avoid regular
structures, the length of the segments contains some variation. The segment lengths are given in
meters and included in the reference matrix file (PE06.zip and PE05.zip) as a second variable

(dref pe06 and dref pe05).
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B.1.4.3 Reference Inductance Matrix for cable type J-H(ST)H Bd 10x2x0.6

MATLAB-file PE06.zip in the Reference Matrices 300MHz.zip (Appendix I1.3) contains the following
arrays.

Variable Name Dimension
Lref pe06 60x60x250
dref pe06 250x1

B.1.4.4 Reference Inductance Matrix for cable type I-O2YS(ST)H 10x2x0.5 STVI Bd

MATLAB-file PE0S5.zip in the Reference Matrices 300MHz.zip (Appendix II.3) contains the
following arrays.

Variable Name Dimension
Lref pe05 60x60x500
dref pe05 500x1

B.1.4.5 Selection of the segment length

The average segment length which is used for the reference matrices is selected for optimal precision
of the model. It is selected to be 10 segments per meter on average.

The rule of thumb for numeric cable modeling is to have 10 segments according to Figure 14 per wave
length. At 300 MHz, the wave length is approximately 0.7m (0.667m) for a speed of the wave to be
about 2x10® m/s in a PE cable which gives the 0.07m segment length of the reference matrices.

For simulation purposes, this is a good compromise in terms of speed and complexity. For emulator
device, the segment length will remain the same, but the cable characteristics are kept constant for
some cable length to reduce the number of different component values. Furthermore, the segments
may not contain the complete set of coupling elements to reduce the number of circuit elements.
Details are for further study.

B.1.4.6 Reference matrix for other cable types

When cables with a different crosstalk behavior than the PE 0.5mm and 0.6mm analyzed above need
to be characterized for the g-MIMO model, a new reference matrix must be created. The details are
shown in Appendix I - Quad Cable Model Supplementary Information.

B.1.5 Characteristic Features on the -MIMO model
B.1.5.1 Topologies

The model can be used for any topology where the binders in the topology have less than 30 pairs. In
case that the topology consists of different sections, one chain matrix is created for each section. They
are multiplied to create the overall chain matrix of the network.

B.1.5.2 Time variations of the termination impedance

Due to the fact that the model is based on the equivalent network of a cable bundle, impedance
changes are handled implicitly in the model. A change of the termination impedance is performed by
multiplying the corresponding chain matrix with a chain matrix containing the corresponding
resistance value.
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For the example of two twisted pairs, where the impedance of line 1 is increased by R, the following
chain matrix is added to provide typical resistance values for analog telephones (during call and
between calls).

1 0 0 R/2 0 0 O

0 : 0 R/2 0 0

: “~ 0 0 0 0 0

Aimpedance change = g 0 é (1) 8 0 g
: 0 . :

0

0 0 0 0 1

The changes of the crosstalk matrix and the changes of the direct channels of other lines will then
change accordingly.

B.1.5.3 Model Ripples

Ripple structure of crosstalk is modeled correctly in the model due to the algorithm construction based
on multiple shorter segments.

B.1.5.4 Length Dependence of Crosstalk

In general in-quad crosstalk does not depend on length as Hpgyr~Vd, but as Hpgyr~d. Similar length
dependence has been observed on strong Inter-Quad crosstalk couplings. This effect is modeled
correctly when multiple binder segments of the model are cascaded.
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Appendix I - Quad Cable Model Supplementary Information

[.1 Direct channel Transfer Function — Defination and Calculation

For the single line models as well as for the multiline model, a chain matrix constructed from the
primary line parameters.

For a single twisted pair, the chain matrix is defined as:

[u(O) Al11 A12”u(l)
i(0) A21 A221 i)

While for the MIMO model, it is define as:

u(0) | [An A fu()

i0) | |Az Axn||i()
Where u and i are voltage and current vectors and Aq;to Ay, are block matrices, which are calculated
from the secondary line parameters.

The primary line parameters are:
Z =R(f)+ jaL

Y, =G(f)+ jaC

e Serial impedance:
e Parallel admittance:

And, for multiple lines, the corresponding matrices are used:
Z =R(f)+ jaL

Yy =G(f)+jaC

e Serial impedance:
e Parallel admittance:

The secondary line parameters are constructed as follows:
Single line characteristic impedance

Z(f)
n(f)

Single line propagation term

y(£)=Zs(f) x Yo f)

Z(f) =

The multiline propagation constant is defined by the eigenvalue decomposition of Y, Zs:
Y- Zs=T-y*> - T
(Often used in linear algebra http://en.wikipedia.org/wiki/Eigenvalue_decomposition)

Propagation constant diagonal matrix: Y =+v?
Impedance Matrix: Z.=Z, T,y 'T;!

(this is a matrix square root http://en.wikipedia.org/wiki/Square_root_of a matrix)
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Admittance Matrix: Y. =Ty '1'Y,
Finally, the single line chain matrix is given by:

_ [ cosh(yd) Z.sinh(yd)
~ |sinh(yd)Y, cosh(yd)

And the multiline chain matrix is constructed as:

_ Z.T,cosh(yd)T; 'Y, Z.T;sinh(yd)T;?!
B T;sinh(yd)T; Y, T;cosh(yd)T;?!

The chain matrix ‘A’ can then be transformed into an S-parameter matrix:

S:[Sn 512]
S$21 S22

$i1= U21UI11

Si,=U,, — U21UI11U12

$,1 = UI11
Sy, = —Uii Uy,
where
1
U, = E(An +A1,Z5 + Ay Zy + Ay)

1
U, = E(An - 1‘112Z0_1 + A Z, — Azz)

1
Uy, = E(An + 1‘112Z0_1 —AnZy— Azz)

1
Uy, = E(An - 1‘112Z0_1 —AxnZy+ Azz)

This equation holds for both, single line and multiline S matrix.
For the single line case, A to Ay, are scalar values. Z is the reference impedance, usually 100 Ohm
resistive.

For the multiline S matrix, Zy is a matrix of termination impedances. Due to the fact that the matrices
use the single-ended description, the diagonal elements are set to Zy/2.

Zo/2 0 0 0
0 Z,/2 0 0
0

0 0 0 Z,/2
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The parameter S;; contains the transfer functions which are needed for transmission simulations.
The multiline S matrix describes the single-ended modes of the cable bundle. Therefore, it is
converted into a mixed mode matrix S,m Which is defined as follows.

S Saa  Sdc
mm Scd Scc

Sqa 1S the differential mode matrix, which is of interest for data transmission. The other matrices are
the common mode matrix S¢. and the mode conversion matrices S¢q and Sqc.
This is done using two conversion matrices M and Mipy.

1 -1 O 0
0 1 -1
1 -1 0
0 0 1 -1
M =
1 1 0 0
0 1 1
1 1 0
0 0 1 1
1 0 0 1 O 0
-1 1
0 1 0 1
-1 1
My, = 1 1
-1 0 1 O
1 1
0 0 -1 0 0 1

The conversion is done using the following equation:

1
Smm = EMSMinv

The differential mode matrix itself consists of four block matrices, where the matrix S,; contains the
direct channel and FEXT transfer functions.

_ [Saa11 Saa1z

Sda =
Sdad21 Sdd22

herefore, Sqaz21 1s equal to the channel matrix Sqq21=H for downstream direction while Sgq12 1s the
channel matrix for upstream direction. The direct channel transfer functions are the diagonal elements
of the matrix H.
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[.2 Reference Matrix Calculator

An example of typical quad cable is shown here.

Figure 15: A Typical quad cable.

The inductance matrix is constructed from the reference geometry.

3 3
- il i A

Figure 16: Quad Cable reference geometry

(ZHZ)Xdik . ( ZﬂZ)xdik-I_h

X1 = —CO0S - Y1 = —SIn -

! dtwist 2 ! dtwist 2
(et ()0

Xo, = COS Yo = SIn —_—

2 dtWLst 2 dtwist 2
(2712) <2ﬂz)xdik+h

X3 = —sin Y3 = — COS —_—

3 dthst ¥ dtwist 2
(27rz> (27TZ>Xdik+h

X, = sin Y4 = COS —_—

* dthSt * dtwist 2

Distance between the wire i and k: dj (e.g. di»)
Distance between the wire and the ground plane: 4(e.g. hs)
Twist length: dj,s.
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Inductance matrix, perfect geometry (for known permittivity € and permeability p of the medium

between the conductors):

2h;
i><log<Tl) fori=k

4h;hy,
di

> fori+k

1% Zhl .
o % log (Tl) + by airect fori=k
ik =

| 4 4h;hy ,
kExlog 1+d—i2k +1l., fori#k

L, girecs and [, ; are both Gaussian zero-mean random variable with different variances which can be

taken from measurements of a cable.
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[.3 Reference Matrices (PE06.zip and PE05.zip)
The following MATLAB files are contained in TR-285.05.zip:

PEOS5 Reference Matrices 300 MHz
PEO6 Reference Matrices 300 MHz

MATLAB-file PE06.zip contains the reference matrix cable type J-H(ST)H Bd 10x2x0.6.
MATLAB-file PE0S5.zip contains the reference matrix cable type I-O2YS(ST)H 10x2x0.5 STVI Bd.

Figure 17 illustrates the reference matrix structure (60x60) for one segment length (dref) comprised of
the in-quad (In-q) and inter-quad (Inter-q) crosstalk (L,.(d)) matrices (4x4).

Figure 17: Reference Crosstalk Matrix Structure

As an example, Table 9 to Table 12 show the corresponding Lref pe06 in-quad and inter-quad
crosstalk coefficients (rounded to two decimal points) for the first cable segment (0.2220 m in
dref pe06).
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Table 9 - In-q1 to In-q4 and corresponding Inter-q crosstalk coefficients

2,44 1,94 :207 207 |18 183 183 183 1,64 165 165 1,63

1 |1,04 247 :207 207 |18 183 183 183 1,64 165 165 164
2,07 207 :240 194 1183 183 183 183 1,64 165 165 164
2,07 207 19 1239 |18 183 183 1,82 1,64 165 165 164
1,83 1,83 183 183 |247 194 1207 207 |184 183 :185 :182 164 166 165 164

2 |1,83 1,83 18 183 |194 246 207 :207 |18 182 :184 :181 164 165 165 164
1,83 1,83 183 183 |207 207 :242 1194 |184 182 1184 1182 164 166 165 164
1,83 1,83 18 18 207 207 194 :243 |18 183 :184 :181 164 166 165 164
1,84 :1,83 :1,84 :183 242 :194 2,07 :207 182 185 :1,83 1,84

3 183 182 182 11,83 |194 :239 i207 :207 |180 183 181 182
1,85 :1,84 :1,84 :1,84 207 :207 242 :194 118 183 :1,81 1,82

1,82 181 182 11,81 |2,07 207 i194 1243 |182 185 1,83 1384

1,64 1,64 164 164 164 164 164 1164 1182 180 1180 :182 |246 193 2,06 :206

4 | 165 1,65 165 165 166 165 166 :166 185 183 1183 :185 193 257 206 :206
1,65 1,65 165 165 165 165 165 165 :183 181 :181 :183 |206 206 241 193
1,63 1,64 164 164 164 164 164 164 184 182 1182 :184 [2,06 2,06 193 244
165 164 i165 :164 165 164 164 165 :183 182 185 181

5 165 165 165 1165 165 :163 i164 :164 182 182 183 {180
1,64 :164 :164 164 :165 :163 164 :164 :182 181 :1,83 1,80

165 165 165 {165 166 :164 1165 i165 182 183 185 {181

1,46 146 146 146 135 1135 135 :135 :134 1133 1134 1134 143 :142 143 142

6 |16 146 146 146 135 11,35 :135 :135 134 1133 134 134 1143 142 143 142
1,46 146 146 146 135 1135 135 :135 :134 :133 :134 1134 143 :142 143 142
1,46 146 146 146 135 11,35 :135 :135 134 1133 134 134 1143 142 143 142
1,60 1,60 1,60 160 146 146 147 146 146 145 146 :146 159 158 159 :1,58

7 161 161 161 ‘161 147 146 147 146 146 :145 1145 1146 158 :158 159 157
1,60 1,60 1,60 160 146 146 146 146 146 145 145 :146 158 157 159 1,57
1,61 161 161 161 147 147 147 146 146 145 146 :146 159 :158 :160 1,58
1,42 142 142 1142 146 145 1146 146 163 161 163 162

8 1,43 1,42 143 1,42 147 146 146 147 164 162 163 1,62
143 142 143 1142 147 146 1146 147 164 162 163 162

1,42 142 142 1,42 146 146 146 146 163 161 163 162

1,37 1,37 137 137 :131 131 131 :131 :134 133 1133 :134 146 1,44 145 1,45

9 1,39 1,39 1139 139 :132 132 132 1132 1135 1134 1134 1135 147 146 147 146
1,38 1,38 :138 138 :131 131 131 :131 :134 134 1134 1134 146 145 146 1,45
1,38 1,38 138 138 :131 :131 131 i131 134 134 134 :134 146 145 146 1,46
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1,28 1,28 11,28 11,28 1129 :129 11,29 i129 1138 138 138 1,38

10 1,29 1,28 {129 :128 129 129 129 129 :138 138 138 1,38
1,28 :1,28 11,28 11,28 1129 11,28 129 :129 1138 137 138 1,37

1,29 1,29 {129 :129 130 129 129 129 :139 :138 139 1,38

1,35 136 136 135 129 :1,28 i1,28 1128 1130 :130 131 1,30

11 135 1136 136 135 129 11,28 i1,28 :128 130 :130 131 {130
1,35 136 136 :135 129 :128 :1,28 :128 130 130 131 :1,30

1,35 1136 136 1,35 129 :1,28 1,28 :1,28 130 1,30 1,31 1,30

146 146 146 1146 136 136 136 :136 136 137 137 :136

12 146 146 146 146 136 135 :136 :13 136 136 136 :1,36
146 146 146 1146 136 136 1136 :136 136 136 137 i136

1,46 146 146 146 136 136 :136 :136 136 136 137 :1,36

1,77 1,77 1,77 1,77 156 :156 (157 156 :146 :145 146 1,45 147 :1,48 1,48 1,47

13 | 1,77 1,78 1,78 1,77 157 157 (157 1157 146 146 146 146 148 148 149 148
1,77 1,78 1,77 1,77 156 :157 (157 156 :146 145 146 1,45 148 :1,48 1,48 1,47

1,77 1,78 1,78 1,77 157 157 (157 {156 146 146 146 146 148 148 149 148

1,61 161 161 161 :145 1145 1145 1145 1139 1139 1139 i139 145 145 146 144

14 1,62 1,62 1,63 1,62 :1,46 :1,46 :146 :145 :140 :1,39 140 :139 :145 145 :1,46 1,45
1,61 161 161 161 :145 145 145 1144 1139 1138 1139 :139 145 144 145 144

1,63 1,63 1,63 162 :1,46 :1,46 :146 :145 :140 :1,40 :140 :140 :146 : 146 :1,46 1,45

1,47 1,47 1,47 147 135 :1,35 135 :135 :130 :1,29 :1,30 130 1,34 :1,34 1,34 1,33

15 | 1,47 1,47 1147 147 135 1135 135 135 1130 11,29 {130 :129 133 :133 134 {133
1,46 1,46 146 146 :135 135 135 :135 :130 1,29 129 :129 133 133 134 1,33

1,47 1,47 1147 147 13 1135 136 135 1130 130 1,30 i130 134 134 134 1,33
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5 6 7

146 146 146 146 160 :161 160 161

! 146 146 146 146 160 :161 160 1,61

146 146 146 146 160 :161 160 161

146 146 146 146 160 :161 160 161
165 165 1,64 165 135 135 1,35 i1,35 146 1,47 1,46 147 142 1,43 1,43 1,42
2 164 165 164 165 135 135 1135 135 i146 146 146 147 142 142 142 142
165 165 1,64 165 135 135 1,35 1,35 147 1,47 1,46 147 1,42 1,43 1,43 1,42
164 165 164 165 1135 135 1135 135 i146 146 146 146 142 142 142 142
165 165 165 166 134 134 134 134 146 146 146 146 146 147 147 146
3 1,64 163 1,63 1,64 :133 :133 133 1133 145 145 145 145 :1,45 146 1,46 1,46
164 164 164 165 1134 134 134 134 146 145 145 146 146 146 146 146
165 11,64 164 1,65 134 134 134 134 146 146 1,46 146 1,46 1,47 147 146
1,83 01,82 1,82 1,82 :143 :1,43 143 143 1,59 158 :158 159 :163 164 :164 :1,63
4 182 182 181 183 142 142 142 142 i158 :158 157 158 161 162 i162 161
18 183 :183 185 :143 143 143 143 1159 1159 159 160 163 163 :163 163
1,81 180 :180 181 142 142 142 142 158 1157 157 158 162 162 162 162
242 193 1206 :206 |155 i155 ‘155 1155 178 177 1,77 179 1,71 i1,72 171 1,71
> 1,93 12,40 2,06 206 |155 155 (155 (1,55 1,77 1,77 1,76 1,78 :1,69 1,70 :1,70 :1,69
206 :206 237 :193 156 155 155 i156 179 179 11,78 :i180 :1,70 i1,72 1,71 1,71
2,06 12,06 :1,93 245 154 1154 154 154 1,76 1,76 1,76 1,77 :1,69 1,70 :1,70 :1,69
1,55 1,55 1,56 1,54 |2,41 :193 2,06 2,06 ]1,81 182 182 181 :164 162 164 : 1,63
6 155 155 155 :154 |1193 242 206 206 |182 :18 182 181 164 163 164 163
1,55 155 :155 154 1206 206 :239 193 |182 :182 182 182 164 163 164 163
155 ‘155 156 154 |206 206 193 246 J1,81 i181 182 181 164 163 164 163
1,78 1,77 11,79 1,76 :i181 18 :182 181 |243 :193 206 206 |183 181 :183 1,80
7 1,77 1,77 1,79 1,76 1,82 :1,82 :1,82 :1,81 |1,93 2,44 1206 :206 1,82 :181 :182 1,80
1,77 176 178 1,76 182 18 :182 182 |206 :206 241 193 |182 181 :183 1,80
1,79 1,78 1,80 1,77 :1,81 :1,81 :1,82 :1,81 |2,06 2,06 1193 :242 |1,82 :181 :183 1,80
1,71 1169 1,70 1,69 164 164 164 164 183 1,82 :1,82 182 |245 193 2,06 206
8 1,72 ‘170 1,72 1,70 i162 163 163 163 i181 181 181 :181 193 236 206 2,06
1,71 1,70 1,71 1,70 1,64 164 :164 :164 183 18 :183 :183 |206 206 241 :1,93
1,71 169 1,71 169 i163 163 163 163 1180 :180 180 :180 |2,06 206 193 247
1,50 149 150 :149 i162 163 163 163 i162 i162 162 162 181 179 i179 181
9 1510 151 :152 151 164 164 164 164 165 164 164 164 184 182 1182 184
1,51 1150 1,51 150 164 164 164 164 164 1,64 164 164 1,82 1,79 1,8 1,82
151 150 :151 150 :162 163 162 162 :163 :163 163 163 183 180 :180 1,82
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5 6 8
146 145 146 145 1180 181 180 181 i163 i163 163 163 164 162 163 163
10 1,46 146 1,46 145 1,8 1,8 1,8 18 164 1,64 164 163 164 162 1,63 1,63
145 145 146 145 :181 181 181 181 163 i163 163 163 164 162 163 @163
1,46 146 1,47 146 1,81 1,8 1,81 1,82 164 1,64 164 164 165 163 1,64 1,64
1,40 1,41 1,40 1,40 1,46 146 1,46 1,46 144 1,45 1,45 144 133 133 1,33 11,32
1 1,40 141 140 140 146 146 146 146 144 1145 145 144 133 1133 :133 1,33
1,40 1,41 1,40 1,40 1,46 146 1,46 1,46 144 1,45 1,45 144 133 133 1,33 1,32
1,40 141 140 140 :i146 146 146 146 144 1145 145 144 133 1133 i133 1,33
1,47 148 147 147 144 144 143 144 1146 1147 147 147 135 135 i135 135
12 1,46 1,47 1,47 1,47 143 143 1,43 1,43 146 146 1,46 146 135 135 1,35 1,34
1,47 148 147 147 144 144 143 144 1146 1147 146 147 135 135 1135 134
1,47 1,48 1,47 1,47 1,43 11,43 :1,43 :1,43 1,46 147 146 146 :135 :135 :1,35 :1,34
1,63 (165 1,64 1,64 :153 :153 153 153 161 162 161 162 :1,46 146 1,46 1,46
13 164 166 165 165 153 153 153 153 i161 i162 161 162 146 146 147 146
1,63 166 1,65 1,64 :153 :153 153 1153 161 161 161 161 :1,46 146 1,46 : 1,45
1,64 166 165 165 i154 154 154 154 162 162 162 162 147 1,46 1,47 1,46
161 162 162 161 1,74 1,74 1174 1,75 1176 11,78 177 176 154 154 154 153
14 161 162 163 161 1,72 1,72 1,71 1,72 1,74 1,76 1,75 1,75 1,53 153 153 152
160 161 161 160 1,72 1,73 172 1,73 i174 1176 175 1,74 153 153 i153 152
162 1163 163 1,62 1,74 1,74 1,73 1,74 1,76 1,77 1,77 1,76 1,54 154 154 154
1,45 146 146 1,45 163 163 163 163 156 157 157 156 1,41 141 1,42 141
15 1,45 145 1145 145 161 161 161 161 i155 i155 155 :155 141 140 141 140
1,45 145 145 1,44 162 :162 :162 :1,62 155 155 155 155 :1,41 140 1,41 :1,40
1,45 146 146 145 1162 162 162 162 i156 :156 156 :156 141 141 141 141
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1,37 139 :1,38 1,38
! 1,37 139 :1,38 1,38
1,37 139 :1,38 1,38
1,37 139 11,38 1,38
1,31 1,32 1,31 1,31 1,28 1,29 128 1,29 i1,35 135 135 1,35 1,46 1,46 1,46 1,46
2 1,31 132 1131 131 128 128 128 :129 136 136 136 136 146 146 146 146
1,31 1,32 1,31 1,31 1,28 1,29 128 1,29 i1,36 1,36 136 1,36 1,46 1,46 1,46 1,46
1,31 132 1131 131 128 128 128 i129 :135 135 135 135 146 146 146 146
1,34 135 i134 134 129 129 1129 1130 :129 129 1129 129 136 136 136 1,36
3 133 134 :134 :1,34 129 :1,29 :1,28 :1,29 :1,28 :1,28 :128 :1,28 :1,36 :1,35 :136 :1,36
1,33 134 :134 134 129 129 129 i129 1128 :128 1128 128 136 136 136 136
134 135 :134 :1,34 129 :1,29 :1,29 :1,29 :1,28 :1,28 :128 :1,28 :1,36 :1,36 :1,36 :1,36
1,46 147 146 146 138 138 138 :139 130 :130 130 130 136 136 :136 1,36
4 1,44 146 145 145 138 138 137 i138 :130 130 :130 :130 137 136 :136 1,36
145 147 :1,46 :1,46 138 :138 :1,38 :139 :1,31 :1,31 :131 :1,31 :1,37 :1,36 :1,37 :1,37
1,45 146 145 146 138 138 137 i138 1130 130 :130 :130 136 136 136 1,36
1,50 ‘151 i151 151 ‘146 146 145 i146 140 1,40 140 140 147 146 147 147
> 1,49 151 150 1,50 1,45 146 1,45 146 141 141 141 1,41 1,48 147 1,48 1,48
1,50 ‘152 i151 151 146 146 146 :147 140 :1,40 140 140 147 147 147 147
149 151 :150 :1,50 :145 :1,45 :1,45 :146 :140 :140 :140 140 :1,47 :1,47 1,47 :1,47
162 164 164 162 180 :1,8 1,81 1,8 146 146 146 1,46 1,44 143 144 1,43
6 163 164 164 163 181 182 1181 1182 146 146 146 146 144 143 144 1,43
163 164 :164 :162 180 :182 :181 :181 :146 :146 :146 146 :143 :143 :143 :1,43
163 164 1164 162 181 182 1181 1182 146 146 146 146 144 1143 144 1,43
1,62 165 1164 163 163 164 163 164 144 144 144 144 146 146 146 146
7 162 164 :164 :163 163 :164 :163 :164 :145 :145 :145 145 :1,47 :1,46 1,47 :1,47
1,62 164 1164 163 163 164 163 164 145 1145 145 145 147 146 146 146
1,62 164 164 1,63 163 1,63 163 1,64 144 144 144 144 147 146 1,47 1,46
1,81 184 :182 183 164 164 :164 165 1133 133 :133 133 135 :135 135 :1,35
8 1,79 18 1,79 180 162 162 162 163 i133 133 :133 133 135 135 135 1,35
1,79 18 :180 180 :163 163 :163 164 1133 133 :133 133 135 :135 135 :1,35
1,81 184 :182 182 163 163 163 i164 1132 1133 1132 1133 135 134 134 134
248 192 205 :205 |18 180 i181 181 :128 128 1,28 128 1128 :128 128 1,28
9 192 244 1205 :205]181 :180 :180 :1,82 (129 :129 :129 :129 :129 129 129 1,29
205 1205 237 192 |183 182 i182 184 :129 129 i129 1129 1129 129 129 1,29
205 205 192 9243 |J180 1,79 1,79 180 1,28 :1,28 :1,28 1,28 :1,28 1,28 1,28 1,28
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10 11 12
1,82 181 :183 180 |246 192 205 205 |134 134 134 134 132 132 :132 132
10 1,80 1,8 1,8 1,79 |19 246 205 205 |135 135 135 1,35 1,32 1,32 1,32 1,32
1,81 180 :1,82 1,79 |205 205 244 :192 134 134 134 134 132 132 :132 132
1,81 1,8 1,84 1,80 |20 205 192 245 |134 1134 134 1,34 1,32 1,32 1,32 1,32
1,28 1,29 1,29 11,28 1,34 135 1,34 1,34 |2,45 1194 207 207 |18 1,8 1,83 1,83
1 1,28 1,29 i129 128 134 135 1134 134 |194 238 1207 207 |183 :183 183 1,83
1,28 1,29 1,29 1,28 1,34 135 134 1,34 |207 207 246 1,94 |1,83 1,8 1,83 1,83
1,28 1,29 i129 128 134 135 134 :134 |2,07 207 194 236 |183 183 :183 1,82
1,28 129 i129 128 132 132 132 :132 1183 :183 1183 183 |244 194 207 2,07
12 1,28 1,29 1,29 i1,28 1,32 132 1,32 1,32 i1,83 183 1,83 1,8 [|1,94 243 2,07 2,07
1,28 129 i129 128 132 132 :132 :132 1183 :183 1183 183 |2,07 207 236 194
1,28 :1,29 :1,29 :1,28 132 :1,32 :1,32 :132 :183 :183 :183 :182 |207 :207 :194 :246
1,37 138 :137 137 139 140 i139 1140 i165 166 :166 165 |1,84 1,83 184 1,83
13 1,36 137 i137 137 1139 140 i139 :140 164 164 164 164 183 182 182 1,83
1,36 137 i137 136 139 139 :139 :139 165 165 165 165 185 184 1184 184
1,37 1138 i138 137 1139 140 :139 140 :164 164 165 164 182 181 :182 181
1,46 147 147 146 152 153 152 153 164 164 164 164 164 164 164 164
14 1,44 146 145 :145 150 151 :151 i151 165 165 :165 165 166 165 (166 :1,66
1,45 146 i146 145 151 152 i151 152 i165 165 :165 165 165 165 165 1,65
1,45 1,47 1,46 1,46 151 i152 151 152 163 164 164 164 164 164 164 1,64
1,37 :1,38 :138 :137 :146 :1,47 :1,46 :146 :182 :182 :182 :182 :165 :164 165 :1,64
15 1,37 137 i137 137 1145 146 145 145 :183 183 :183 183 165 165 165 1,65
1,37 :1,38 :138 :137 :145 :1,46 :146 :146 :182 :182 :182 :182 :164 164 164 :164
1,37 138 :138 137 1145 146 145 146 :183 183 1182 183 165 165 165 1,65
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13 14 15
1,77 1,77 1,77 1,77 161 162 161 163 1,47 147 146 1,47
1,77 1,78 1,78 1,78 161 162 161 163 1,47 147 1,46 1,47
1,77 1,78 1,77 1,78 161 163 161 163 1,47 147 146 1,47
1,77 1,77 1,77 1,77 161 162 161 162 1,47 1,47 1,46 1,47
1,56 1,57 1156 157 145 146 145 146 135 135 135 135
1,56 1157 1157 1157 145 146 145 146 135 135 135 1,35
1,57 11,57 1157 1157 145 146 145 146 135 135 135 1,36
1,56 1157 1156 156 145 145 144 145 135 135 135 1,35
1,46 146 146 146 139 140 139 1,40 1,30 1,30 1,30 1,30
1,45 1,46 145 146 139 139 138 1,40 129 129 1,29 1,30
1,46 146 146 146 139 140 139 1,40 1,30 1,30 1,29 1,30
1,45 1,46 145 146 139 139 139 1,40 1,30 129 1,29 1,30
1,47 1,48 1148 148 145 145 145 1,46 1134 133 133 134
1,48 148 148 148 145 145 144 146 134 133 133 1,34
1,48 1,49 1148 149 1,46 146 145 1,46 134 134 134 134
1,47 1148 147 148 144 145 144 145 133 133 133 1,33
1,63 164 163 164 161 161 1160 162 1,45 1,45 145 145
1,65 1,66 1166 1,66 162 162 1,61 163 146 145 1,45 146
1,64 1165 165 165 1162 1163 161 163 146 1,45 1,45 1,46
1,64 1,65 1164 1,65 161 161 1,60 162 1,45 145 1,44 145
1,53 1,53 1153 154 1,74 1,72 1,72 1,74 1163 1,61 162 162
1,53 1153 1153 154 1174 1172 1173 174 163 161 162 1,62
1,53 1,53 153 154 1,74 1,71 1,72 1,73 1163 1,61 162 162
1,53 1153 1153 1154 1175 1172 1173 174 163 161 162 1,62
161 161 161 162 11,76 174 174 176 156 1,55 1,55 1,56
1,62 162 1161 162 1,78 1,76 1,76 1,77 157 155 155 156
161 161 161 162 1177 1175 1175 177 157 155 1,55 1,56
1,62 162 1161 162 1,76 1,75 1,74 1,76 156 1,55 155 156
1,46 1,46 146 1,47 154 153 153 154 141 141 1,41 141
1,46 146 146 146 154 153 1153 154 141 1,40 1,40 1,41
1,46 147 146 1,47 154 153 153 154 142 141 1,41 1,41
146 146 145 146 153 152 1152 154 141 1,40 1,40 1,41
137 1136 136 137 146 144 145 145 137 137 137 1,37
1,38 1137 1137 1138 147 146 146 1,47 138 137 138 1,38
137 1137 1137 1138 147 145 146 146 138 137 138 1,38
137 1137 1136 137 146 145 1145 146 137 137 137 1,37
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13 14 15
1,39 1139 1139 1139 152 1150 151 151 1,46 1,45 1,45 1,45
00140 140 139 140 153 151 152 152 (147 146 146 | 146
1,39 1139 1139 1139 152 151 151 151 1,46 1,45 1,46 1,45
1,40 11,40 1,39 140 153 151 152 152 1,46 1,45 1,46 1,46
1,65 1,64 165 164 164 165 165 163 1,8 1,8 1,82 1,83
Miliee 164 165 164 164 165 165 164 18 18 18 183
1,66 1,64 165 165 164 165 165 164 1,8 1,8 1,82 1,82
1,65 11,64 165 164 164 165 165 164 1,8 1,83 1,82 1,83
1,84 1183 185 18 164 166 165 164 165 1,65 1,64 1,65
12 0183 18 188 181 164 165 165 164 164 165 164 165
1,84 1182 184 18 164 166 165 164 165 1,65 1,64 1,65
1,83 1,83 11,84 181 164 166 1,65 164 164 165 164 165
2,44 1,94 207 207 |18 185 ;1,8 184 165 165 1,65 1,66
B l1oa 235 207 207 |180 18 18 18 164 163 163 164
2,07 207 233 1194 |18 1,83 181 18 164 164 1,64 | 1,65
2,07 1207 194 244 |18 185 183 1,84 1,65 1,64 1,64 1,65
1,82 1180 18 18 |250 1193 1206 206 |1,83 1,82 1,82 1,82
M li85 183 18 18 |193 245 206 206 |182 18 18 183
1,83 11,81 181 18 |206 1206 1234 193 |185 1,83 1,83 185
1,84 1,82 11,82 1,84 |206 206 1,93 246 [1,81 1,80 1,80 1,81
1,65 1164 1164 1165 118 18 18 1,81 [239 1,93 2,06 2,06
B lies 163 164 164 18 18 18 18 |19 237 206 206
1,65 11,63 1164 164 118 18 18 1,80 |206 206 245 1,93
1,66 164 165 165 18 18 18 181 [206 206 1,9 2,40
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