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Equivalent cable harness method generalized for predicting the electromagnetic emission
of twisted-wire pairs

Introduction. In this paper, the equivalent cable harness method is generalized for predicting the electromagnetic emissions
problems of twisted-wire pairs. The novelty of the proposed work consists in modeling of a multiconductor cable, in a simplified
cable harness composed of a reduced number of equivalent conductors, each one is representing the behavior of one group of
conductors of the initial cable. Purpose. This work is focused on the development and implementation of simplified simulations to
study electromagnetic couplings on multiconductor cable. Methods. This method requires a four step procedure which is
summarized as follows. Two different cases, of one end grounded and two ends grounded configurations can be analyzed. Results.
The results had shown that the model complexity and computation time are significantly reduced, without, however, reducing the
accuracy of the calculations. References 20, tables 1, figures 8.
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Bcemyn. 'V yiti  cmammi  memooO  exgisaneHmnoco KabenvbHo2o O0HC2yma  Y3A2AnbHIOEMbCS  OAsl  NPOSHO3YBAMHA  3a0ay
e1eKMpPOMACHIMHO20 BUNPOMIHIOBAHHA Kpyyenux nap Opomis. Hoeusna 3anpononosanoi pobomu noaseac 8 MOOeno8anHi
6a2amodicunbHO20 Kabemo 8 CNPOWEHOMY 0HCYmI NPOBO0Is, WO CKIAOAEMbCL 31 3MEHUEHOT KITbKOCMI eK8I8ANIeHIMHUX NPOGIOHUKIE,
KOJICEH 3 SKUX Penpe3eHmy€e nogediHKy 0OHIEL 2pynu nposioHUKi6 euxionozo kabemno. Mema. Poboma 30cepedacena na po3pobyi ma
peanizayii cnpowenozo Mooent08anHs Ol OOCIIONCEHHSA eleKMPOMAZHIMHUX 36'33Ki6 y bazamodcunvhux Kabenax. Memoou. e
Memoo GuUMazae YoOMmupucmyniniacmoi npoyeodypu, Axka Kopomko onucana y cmammi. Mooicna npoananizyeamu 068a pisHi 6UNAaoKu:
KOH@hieypayii i3 3a3eMAeHHAM 00HO2O KiMys ma 3a3emleHHs. 080X Kinyie. Pezynemamu. Pesynvmamu noxaszanu, wjo CK1aoHicmb
Mooeni ma mpusanicmes 0OHYUCTIEHb 3HAYHO 3HUNCYIOMbCA, npome 6e3 3HUdCeHHA mounocmi o6yuciens. bion. 20, Tabxn. 1, puc. 8.

Kniouoei cnoea: ejleKTpOMarHiTHe BUNPOMiHIOBAHHS, aCHMETPHYHA LH(PPOBa a0O0HEHTCHKA JIiHisf, NepexXpecHi NnepemKkoau,
MeTO/ eKBiBaJIEHTHOI0 Ka0eJbHOr0 MKI'yTa, Mepe:ka 0araTonpoBiAHUX JiHill mepenadyi, BTpaTH NOTYKHOCTi, Kpy4YeHi mapu

JIpOTiB.

Introduction. For transmission signal in complex
telecommunication network one of principle resources of
noise that affect the signal quality is due to the crosstalk
coupling. The crosstalk among twisted-wire pairs (TWPs)
is commonly classified into near end crosstalk (NEXT)
and far end crosstalk (FEXT) [1-4]. Furthermore, we
distinguished two types of coupling crosstalk, the
inductive coupling and the capacitive coupling, the
dominant coupling at an arbitrary configuration is due to
the termination impedance effects [5, 6].

The survey of literature shows that reducing the
number of wires is not a new task. An efficient
simplification technique called the «equivalent cable
bundle method» (ECBM) has been proposed for
modelling electromagnetic (EM) common-mode currents
on complex cable bundles for telecommunications
networks applications with arbitrary loads [7]. This
method, allows, using the theory of Multiconductor
Transmission Line Network (MTLN), to take into account
the phenomena of propagation and couplings on and
between all the wires of the network.

In recent years, the increase in the frequency of
disturbances electromagnetic that can potentially attack
the wiring network encourages the research to extend
digital immunity to high frequencies. This will
unfortunately comes up against the limitation in MTLN
frequency.

In high frequencies, the use of three-dimensional
methods, solving the Maxwell equations in space then
proves to be obligatory. However, they require a fine
discretization of each conductor of the beam in segments
whose length is usually less than one tenth of the
wavelength. The computation times then become

prohibitive as soon as the number of conductors of the
beam in important.

It must therefore find simplifying hypotheses
allowing the complexity to be reduced wiring harness
without, however, reducing the accuracy of the
calculations [8, 9]. The goal final is to generalize the
feasibility of such an approach for twisted-wire pairs.

Purpose of the work is focused on the development
and implementation of simplified simulations to study
electromagnetic couplings on multiconductor cable.

Presentation of the equivalent cable harness
method proposed of complex twisted-wire pairs.
Description of the main assumption adopted in this
modified procedure for a coupling problem in twisted-
wire pairs cable will be detailed in this section.

The proposed geometry consists of a cable
composed of twisted-wire pairs, both ends or only one
end of the each pair circuit can be grounded.

Note that the twisted-wire pairs used here are
connected to the ground plane. We would expect common
mode current to be dominant. Therefore, the main
assumption of the original ECBM is unchanged [10], we
make approach that the impedance loads in such case of
twisted-wire pairs can be considered such as a common
mode loads and the differential loads in one end of the
pairs can be neglected.

The determination of geometrical characteristics of
the reduced cable is omitted here because the aim of the
method is to predict crosstalk in the pairs that we are
interested in his currents and voltages [11, 12].

The modified equivalent cable harness method for
modeling crosstalk in frequency domain among twisted-
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wire pairs requires a four-step procedure [9], which is
summarized as follows.

Step L. The goal of this step is to classify the pairs of
the initial cable in different groups according to their
termination loads at both ends of each pair. The culprit
and victim pairs are classified into two groups separately
and they hold its initial characteristics (including its
positions, radius, and medium). The common-mode
characteristic impedance Z,. is determined by modal
transformation in the MTLN formalism in order to obtain
the characteristics of all the modes propagating along the
cable. Furthermore, the very important condition of the
eigenvector associated with the common mode in the
matrix [7,] is verified, this part is more detailed in the
original ECBM [8, 10].

Then all the remaining pairs in the complete cable
bundle are sorted into groups by comparing the value of
the termination loads (near Zy; and far Z;;) to Z,. The
conductors are installed as pairs; each two conductors for
one pair are in the same group because the modal analysis
is made of twisted-wire pairs configuration. We define the
four groups (may be less than four) which can be
determined in each configuration in Table 1.

Classification of the pairs according to their terminationjiizlies 1

Termination load | Group 1 | Group 2 | Group 3 | Group 4
Near end (0) Z0i <Ze | Z0i <Zne | Z0i> Ze | Zoi > Zie
Far end (L) 21i<Zpe | Z1i> Rope | Z1i < Zpe | Z1i> Zpee

Step II. The determination of the per unit length
(p-u.l) parameter matrices of an equivalent cable is based
on the determination of p.u. parameter matrices of the
pairs from which it is consisted.

We consider a short circuit between conductors of
one group of «k» conductors (Fig. 1). This assumption
allows: firstly to define the group current /. for the
equivalent cable and secondly the group voltage V,. for
the equivalent cable.

P I; Conducter 1

I Conductor M

klec \

Fig. 1. Mode common current and voltage of k conductors
in the same group

To determine the inductance reduced matrix, we
need two additional assumptions detailed in [9]:

1) the currents flowing along all the «k» conductors
of a cable bundle are decomposed in common mode
currents and a differential mode currents. The differential
mode current can be neglected [5, 13, 14].

The current and the voltage of «k» conductors in the
same group can be written by:

IEC:[1+[2+"'+I/€; (1)

Ve =N +Vo+... V). 2)

Thus, from the telegrapher's equation on the MTLN
formalism for lossless line we can obtain the inductance
matrix links the currents and the voltages on each
conductor on an infinitesimal segment of length:

4 Ly Lip - Ly |1

cl

V- L L L 1
0 T2l 2 2% | fe2 3)

62 . . . . .

Vi Liw Ly - Ly | Lok

2) The common mode -currents along all the
conductors of a same group are identical:
Iec=11=[2=”'=[k’ (4)
where [} is the mode common current in the k£ conductor.
The common-mode characteristic impedance of the
harness can be obtained:

V,. Z:
Vck = -1 5 (5)
M, &

where Z; is the common-mode characteristic impedance of
each conductor in the group (Fig. 2).

)

Complete model
(N conductors)

Reduced madel
(4 Harness)

777
Fig.2. Cross section view of complete and reduced cable
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These assumptions may allow finding the final system
matrix; we index the conductors of each group as follows:
e N, conductors of the first group indexed 1 to x;
e N, conductors of the second group indexed x+1 to y;
e N; conductors of the third group indexed y+1 to z;
e N, conductors of the fourth group indexed z+1 to N.
The final system that allows finding L,.; can be

obtained:
x y
Zl=1 1i [ + Zi:x+1 1i I
aVl N] ecl N2 ec2
Lo ; (6)
o) z N
N Zi:)"*'l Lll Zl=2+1 Lll
I ec3 T I ec4
N3 4
x y
Z:l_l Ni I + Zi:x+1 Ni I
aVN Nl ecl N. ec2
=—Jjo) (7
Ox z ) N
Zi:yHLNl Ls+ DL I
ec ec
N3 N4

The voltages of each conductor belonging to the
same group being equal (2), the insertion of this property
in previous equations leads to the following system
connecting the voltages and currents of the four groups of
conductors [7]:
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1
The expression of p.u. capacitance matrix for the
reduced model [C,.;] can be obtained with the same
reasoning in no homogenous and polar medium.
For a weakly polar medium, one can ignore the
dispersion of the dielectric constant and, accordingly, the
phase velocity [11]:

[Cred ] = Lz
where v = c/ JZ .

So, using the assumptions and approximations set
out above, the matrix inductance and capacitance with
(NxN) dimension can be reduced into matrix (4x4) which
coefficients exerted on and between the conductors.

Step III. The aim of this step is to determine the
termination loads to be connected at both ends of the
equivalent conductor. Here, all load impedances are

[Lred ]_1 > ( 1 5)

considered as pure resistance and are not frequency
dependent. There are two kinds of the termination loads,
differential-mode loads and common-mode loads:

o Common-mode loads. Each load connected to the
ground plane at his terminal end (Fig. 3).

Vec

Vi 'V, Vi

Fig. 3. Equivalent termination common-mode loads

The impedance equivalent Z,. for «k» conductors in

the same group (Z,, Z, ...Zy), is:
SR PR S
Zec Zl Z2 Zk

o Differential-mode loads. We consider the type
differential loads connected between conductors from
different groups (Fig. 4). The impedance equivalent Z,,
for two conductors (1 and 2) in group 1 and two
conductors (N1+1 and N1+2) in group 2, is:

1 1 1
= + . (17)
Za12  Z1-N1+1 Z2-N1s2
Conductors Conductors
Group 1 Group 2
Vi W Vi« Vs
L s L2 e, Vec,
Z 1+
! *Iecl *Iecz
Zd
- 12
Zec,

Zec,

Fig. 4. Equivalent termination differential-mode loads

The type of differential loads connected between
conductors in the same group is neglected.

Step IV. The aim of this step is to determine the
section geometry (radius, coating radius, permittivity
relative of coating, height, distance between harnesses), of
each reduced harness using the linear parameter matrices
determined at the Step II. This part is more detailed in the
original ECBM [8, 10].

For modeling the twist of pairs on complete model
the matrix P [1] was used, in the reduced model this
matrix is evaluated to take into account only the twisted
wires of the pairs which we not apply the method [1].

For the equivalent cable for each group the current
and voltage are multiplied by 1 in the matrix P.

In order to determine currents and voltages in both
ends of each pair, the excited pair is assumed to be a
disturber and the crosstalk in an arbitrary victim pair in
term of power loss (PL) is shown.

Note that the values of the power loss crosstalk
(PLygxt, PLrgxT) In decibels can be calculated as follows
[15-18]:
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(18)
(19)

2
PLygxr/ap = =1010g10(H ypxr () :

2
PLpgxr/ap =—1010g10(H pexr ()]

where Hygxr and Hegyr are the transfer function.
The PL expression can be written as follows:

PLNgxT i/aB = 1010g10[(Vi(x1)/V1(x1))2J; (20)

PLrgxrija8 =10log |V, () 1) @)
where V; is the voltage in the victim wire which we want
calculates his crosstalk; x;, x; are the first and the last
extremities of the line [19].

Application of the equivalent cable harness
method. The mathematical model established will be
used for obtaining the power loss near and far (PLygxr and
PLrgxr) in a bundle of twisted wire pairs. Twisted wire-
pair is connected by two ends of each pair to the ground
plane. Figure 5 illustrates the geometry used, they shows
the first case of initial model of twenty-eight pairs
denoted from 1 to 56, and the reduced cable of two pairs
and two equivalent harness denoted ec,, ec,.

Complete model Reduced model
(36 conductors) “ {4 conductors+2 Harness,

Fig. 5. Complete model cable and reduced model cable
twisted-wire pairs cross sectional view

All wires are further assumed to have the same
radius @ = 0.523 mm and polyvinyl chloride coating
radius of b = 0.549 mm. The length of the wire is
L =1 km. The twisted pair consists of N = 10000 loops.
The height of the first wire (numerated 8 and 10) above
ground conductor is 2 = 20 mm, the height is very close to
the reference plane, the intention in doing so is to avoid
the noise produced by the loop between the receptor
circuit and the reference plane.

The other conductors are located just above and next
to the first wire with vertical distance of 0.127 mm for the
same pair conductors and 3.17 mm for other conductors,
the horizontal distance between the wires is d =3.17 mm.

In Fig. 6 the pair one is given as an example, which
is connected to the voltage source V), at its near end
through a load Z;, and adapted at its far end through a
load Z;;.

The crosstalk will be studied in the frequency range
from 1 kHz to 30 MHz with reference to Fig. 6 and in order
to make same loads such as in XDSL systems, the loads in
the pairs which we are interested are set to Zy = Z; 1= Zy, =
= Z;» =120 Q under the condition, that for a twisted pair the
active resistance R of the conductors is much less than the
inductive resistance wL, and the active conductivity G of the

insulation is much less than the capacitive resistance wC,
respectively: R << wlL, G << wC [20].
N ;-b_—\\ —r— Ir_.‘—\\
VL(X]-J\!\, Pairl *SJDIJICE pair) \‘ )l Vi)
VS A Y P
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Fig. 6. Model of two ends grounded geometry of twisted-wire
pairs longitudinal view

The classification of groups is made according to the
comparison with the common-mode loads determined by
the modal analysis.

The pairs of the complete cable bundle sorted into
four groups as follows (Fig. 5):

e group 1: pairs 1 (conductors 1-2);

e group 2: pairs 2 (conductors 3-4);

e group 3: harness 1 (conductors 5-30);
e group 4: harness 2 (conductors 31-56);

The p.u. parameter matrices [L,.;] and [C,.4] of the
reduced harnesses cables are calculated in nH/m and pF/m
for a 1 km long line respectively:

[1.02 088 025 0.25 025 0.19]
1.02 025 024 024 0.19
.- 1.02 0.88 0.13 0.17 .
red 1.02 0.13 0.17 ’
036 0.16
i 0.34 |
(4374 -3656 —0.53 —047 -4.13 —1.21]
4374 -047 -052 —4.64 —0.71
] 4370 -36.59 —0.64 —1.04.
red 4372 —0.65 —0.64
46.10 —1520
46.17

Next before and after applying our equivalent cable
harness method the results are compared. The culprit pair
is the pair one numerated (1, 2) in Fig. 5, we are
interested in the voltage and current of the second pair
numerated (3, 4) in Fig. 5.

The near end of conductor one (first pair (culprit
pair)) is excited with a constant voltage source of 1 V.

The first pair is activated and we calculate the PL in
the second pair (conductor 3). Next, we apply the method
and we calculate again the PL on the second pair when
the first pair is activated.

Figures 7, 8 show the power loss in the second pair
(conductor 3) for NEXT and FEXT successively for the
initial model and the complete model.
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Fig. 7. PLygxr voltage in the frequency domain on pair two
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Fig. 8. PLygxr voltage in the frequency domain on pair two

For this configuration the difference between the
two models is a few decibels. In the high frequency some
differences are observed which are possibly due to the
apparition of the transverse electric and magnetic mode.
Results for this case confirm that equivalent cable harness
method can be successfully applied in prediction crosstalk
in a two ends grounded configuration of twisted-wire
pairs cable in frequency domain.

To evaluate currents and voltages at both ends of
each pair, the MTLN technique is used [5, 6] because for
telecommunications networks the length of the wire is
L =1 km and greater than. For automotive applications
where the lengths are too shirt (some meters) we can used
three-dimensional methods, solving the Maxwell
equations in space, how require a fine discretization of
each conductor of the beam in segments.

Conclusion.

In this work the equivalent cable harness method
was applied at different groups of pairs and voltages for a
model of twisted-wire pairs in a cable bundle of
telecommunication networks.

The foremost attributes of the modified method are:

o the study of crosstalk is established in the frequency
domain from 1 kHz to 30 MHz where the line is
electrically long and the transverse electric and magnetic
mode is considered;

e the conductor, twisted wire to wire in both
configurations studied which affect the terminal loads and
give rise to a new approach of the equivalent loads;

e the victim and culprit pairs considered as different
groups and were involved in the reduced per unit length
parameter matrices.

The crosstalk NEXT and FEXT are simulated at an
arbitrary culprit pair in term of power loss this task allows
reduction of complexity and computation time for a
complete cable bundle modeling and maintains a fairly
good precision, the total computation time is reduced by a
factor of 2.8 after equivalence of the complete model by
using the method of Multiconductor Transmission Line

Network theory for cable of 28 pairs (56 conductors),
which have been performed on a 2.5 GHz processor and a
4 GB RAM memory computer. Numerical simulations
presented in this paper validate the efficiency and the
advantages of the proposed method.
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