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Abstract. In this contribution, a new kind of coupling pa-
rameters for shielded multiconductor transmission lines is
presented. These parameters are easy to calculate and sim-
plify the vulnerability analysis of shielded cables with mul-
tiple inner conductors. In this paper, the underlying theory is
derived in detail. The gained insight is demonstrated with a
sample measurement.

1 Introduction

If the susceptibility of complex structures in large volumes is
analyzed, the attention has to be drawn to a smart integration
of the transmission lines into the entire model of the struc-
ture. A numerical field analysis can be accelerated by sepa-
rating the analysis into two parts. The field analysis is carried
out numerically and afterwards, the cables are added using
multiconductor transmission line theory. This approach is
particularly favourable for shielded transmission lines.

Cable shields can be integrated into transmission line the-
ory by introducing the so-called transfer impedance and
transfer admittance. These quantities are well-defined for
single conductor transmission lines. Transfer parameters
for multiconductor transmission lines are determined in sev-
eral ways in literature (e.g.Weitze, 1991; Kley, 1991; De-
gauque and Hamelin, 1993; Kasdepke, 1997). In this pa-
per, a new definition of multiconductor coupling parameters
is introduced that uses some approximations to simplify the
description of the coupling process.

2 Theory of the transfer parameters

In this section, the theory of the transfer parameters is
briefly reviewed to the extent as it is applied in the
proposed procedure.

To describe the voltages and currents on shielded cables,
the well-known equivalent circuits from transmission line
theory are used. Because of the shield, which separates the
inner conductors from the outer world, one circuit is used for
each of these areas (Fig.1). The inner system consists of the
inner conductor and the inside of the shield (reference con-
ductor). The outer system is made up by the outside of the
shield and the remaining structure around the transmission
line. The shield is assumed to be a good one, which allows
the application of the “good shielding approximation” and
the concept of electromagnetic topology (Baum, 1980). This
permits to consider the influence of external electromagnetic
fields on the inner conductor primarily as an indirect cou-
pling via the cable shield. In this concept, the field couples
to the shield and the resulting voltages and currents of the
shield then cause interferences inside.

The outer and the inner systems are linked via the transfer
impedance and the transfer admittance. They can be defined,
using a short section of a cable (Fig.2), as (Vance, 1978):
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T = −
1

US
·
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These two parameters can be found in the definitions of the
distributed sources of the inner system (Fig.1):
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Abstract. In this contribution, a new kind of coupling para-
meters for shielded multiconductor transmission lines is pre-
sented. These parameters are easy to calculate and simplify
the vulnerability analysis of shielded cables with multiple in-
ner conductors. In this paper, the underlying theory is derived
in detail. The gained insight is demonstrated with a sample
measurement.

1 Introduction

If the susceptibility of complex structures in large volumes is
analyzed, the attention has to be drawn to a smart integration
of the transmission lines into the entire model of the struc-
ture. A numerical field analysis can be accelerated by sepa-
rating the analysis into two parts. The field analysis is carried
out numerically and afterwards, the cables are added using
multiconductor transmission line theory. This approach is
particularly favourable for shielded transmission lines.

Cable shields can be integrated into transmission line the-
ory by introducing the so-called transfer impedance and
transfer admittance. These quantities are well-defined for
single conductor transmission lines. Transfer parameters for
multiconductor transmission lines are determined in several
ways in literature (e.g. (Weitze, 1991; Kley, 1991; Degauque
and Hamelin, 1993; Kasdepke, 1997)). In this paper, a new
definition of multiconductor coupling parameters is intro-
duced that uses some approximations to simplify the descrip-
tion of the coupling process.

2 Theory of the transfer parameters

In this section, the theory of the transfer parameters is briefly
reviewed to the extent as it is applied in the proposed proce-

Correspondence to: B. Schetelig
schetelig@hsu-hh.de

R′
a L′

a

G′
a C ′

a

∆z

R′
i L′

i

G′
i C ′

i

I ′
s,a

U ′
s,a

U ′
s,i =Z ′

T ·IS

USouter system

inner system

I ′
s,i =−Y ′

T ·US

Ui

Ii

IS

Fig. 1. Equivalent circuit of a shielded transmission line
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the well-known equivalent circuits from transmission line
theory are used. Because of the shield, which separates the
inner conductors from the outer world, one circuit is used for
each of these areas (Fig. 1). The inner system consists of the
inner conductor and the inside of the shield (reference con-
ductor). The outer system is made up by the outside of the
shield and the remaining structure around the transmission
line. The shield is assumed to be a good one, which allows
the application of the “good shielding approximation” and
the concept of electromagnetic topology (Baum, 1980). This
permits to consider the influence of external electromagnetic
fields on the inner conductor primarily as an indirect cou-
pling via the cable shield. In this concept, the field couples
to the shield and the resulting voltages and currents of the
shield then cause interferences inside.

The outer and the inner systems are linked via the transfer
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Fig. 3. Principle of using an equivalent cable description to define
alternative transfer parameter

impedance and the transfer admittance. They can be defined,
using a short section of a cable (Fig. 2), as (Vance, 1978):

Z ′T =
1
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· dUi

dz
; Ii = 0 , (1)

Y ′T =− 1
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· dIi
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; Ui = 0 . (2)

These two parameters can be found in the definitions of the
distributed sources of the inner system (Fig. 1):

U ′s,i = Z ′T ·IS , (3)
I ′s,i =−Y ′T ·US . (4)

This description of cable shields can be expanded to mul-
ticonductor transmission lines. While the equivalent circuit
of the outer system remains the same, the model of the inner
system is replaced by the equivalent circuit of a multicon-
ductor transmission line. In this model, each inner conduc-
tor is stimulated by individual distributed voltage and current
sources. They can be described as follows:

U ′s,i = Z ′T ·IS , (5)
I ′s,i =−Y ′T ·US . (6)

These formulas use transfer parameter vectors of dimension
N to describe the coupling to a shielded N conductor trans-
mission line.

3 Concept of simple equivalent coupling parameters for
multiconductor transmission lines

Previous work (Jung, 2003) analyzed industrial multiconduc-
tor cables with stranded wires. It was shown that the coupling
parameters of the wires within such a cable usually are quite
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Fig. 4. Coupling to the four inner conductors of a shielded LiYCY
transmission line

similar, if the cable is not mechanically damaged. This is
valid for the absolute values and the phases. Other inves-
tigations show that even the difference between the transfer
impedances of a conductor in the centre and a conductor at
the border of a bundle of conductors is rather small. The
difference between the less important transfer admittances is
slightly larger (Kasdepke, 1997).

These observations are of course only valid for cables
without mechanical defects. If shielded multiconductor ca-
bles are bent by force, the coupling parameters of the indi-
vidual wires can become different from each other. As it
is usually not known throughout a susceptibility analysis, if
there are mechanically stressed cables, these differences be-
tween the various wires cannot be taken into consideration,
anyhow.

Therefore, in the following it is assumed that an external
electromagnetic field causes quite similar interferences on
the inner conductors. In fig. 4, the shield of a four-wire-cable
is excited at one end of the cable by a voltage U0. The result-
ing voltages U2,i between each inner wire and the shield are
measured at the other end (setup analogous to fig. 5).

This property of approximately identical voltages and cur-
rents shall be used to simplify the calculation of the cou-
pling parameters of multiconductor transmission lines. That
for, the shielded multiconductor transmission line will be re-
placed by an equivalent model, which is made up by only
one inner conductor and the shield (Fig. 3). Neverthe-
less, that does not mean that the inner conductors are sim-
ply short-circuited or that all wires except one are neglected.
Instead, the observation of almost identical currents and volt-
ages from above is applied the following way:

Following (Andrieu, 2006), the differential equations of

Fig. 2. Very small section of transmission line to define the transfer
impedance (left) and transfer admittance (right).
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N to describe the coupling to a shieldedN conductor trans-
mission line.
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for multiconductor transmission lines
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This description of cable shields can be expanded to mul-
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These formulas use transfer parameter vectors of dimension
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mission line.
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multiconductor transmission lines

Previous work (Jung, 2003) analyzed industrial multiconduc-
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similar, if the cable is not mechanically damaged. This is
valid for the absolute values and the phases. Other inves-
tigations show that even the difference between the transfer
impedances of a conductor in the centre and a conductor at
the border of a bundle of conductors is rather small. The
difference between the less important transfer admittances is
slightly larger (Kasdepke, 1997).

These observations are of course only valid for cables
without mechanical defects. If shielded multiconductor ca-
bles are bent by force, the coupling parameters of the indi-
vidual wires can become different from each other. As it
is usually not known throughout a susceptibility analysis, if
there are mechanically stressed cables, these differences be-
tween the various wires cannot be taken into consideration,
anyhow.

Therefore, in the following it is assumed that an external
electromagnetic field causes quite similar interferences on
the inner conductors. In fig. 4, the shield of a four-wire-cable
is excited at one end of the cable by a voltage U0. The result-
ing voltages U2,i between each inner wire and the shield are
measured at the other end (setup analogous to fig. 5).

This property of approximately identical voltages and cur-
rents shall be used to simplify the calculation of the cou-
pling parameters of multiconductor transmission lines. That
for, the shielded multiconductor transmission line will be re-
placed by an equivalent model, which is made up by only
one inner conductor and the shield (Fig. 3). Neverthe-
less, that does not mean that the inner conductors are sim-
ply short-circuited or that all wires except one are neglected.
Instead, the observation of almost identical currents and volt-
ages from above is applied the following way:
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These two parameters can be found in the definitions of the
distributed sources of the inner system (Fig. 1):

U ′s,i = Z ′T ·IS , (3)
I ′s,i =−Y ′T ·US . (4)

This description of cable shields can be expanded to mul-
ticonductor transmission lines. While the equivalent circuit
of the outer system remains the same, the model of the inner
system is replaced by the equivalent circuit of a multicon-
ductor transmission line. In this model, each inner conduc-
tor is stimulated by individual distributed voltage and current
sources. They can be described as follows:

U ′s,i = Z ′T ·IS , (5)
I ′s,i =−Y ′T ·US . (6)

These formulas use transfer parameter vectors of dimension
N to describe the coupling to a shielded N conductor trans-
mission line.

3 Concept of simple equivalent coupling parameters for
multiconductor transmission lines

Previous work (Jung, 2003) analyzed industrial multiconduc-
tor cables with stranded wires. It was shown that the coupling
parameters of the wires within such a cable usually are quite
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similar, if the cable is not mechanically damaged. This is
valid for the absolute values and the phases. Other inves-
tigations show that even the difference between the transfer
impedances of a conductor in the centre and a conductor at
the border of a bundle of conductors is rather small. The
difference between the less important transfer admittances is
slightly larger (Kasdepke, 1997).

These observations are of course only valid for cables
without mechanical defects. If shielded multiconductor ca-
bles are bent by force, the coupling parameters of the indi-
vidual wires can become different from each other. As it
is usually not known throughout a susceptibility analysis, if
there are mechanically stressed cables, these differences be-
tween the various wires cannot be taken into consideration,
anyhow.

Therefore, in the following it is assumed that an external
electromagnetic field causes quite similar interferences on
the inner conductors. In fig. 4, the shield of a four-wire-cable
is excited at one end of the cable by a voltage U0. The result-
ing voltages U2,i between each inner wire and the shield are
measured at the other end (setup analogous to fig. 5).

This property of approximately identical voltages and cur-
rents shall be used to simplify the calculation of the cou-
pling parameters of multiconductor transmission lines. That
for, the shielded multiconductor transmission line will be re-
placed by an equivalent model, which is made up by only
one inner conductor and the shield (Fig. 3). Neverthe-
less, that does not mean that the inner conductors are sim-
ply short-circuited or that all wires except one are neglected.
Instead, the observation of almost identical currents and volt-
ages from above is applied the following way:

Following (Andrieu, 2006), the differential equations of
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the inner multiconductor system,
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can be simplified. This is done by using the assumptions
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Then, the equations 7 and 8 reduce from dimension N to the
dimension 1:
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with ij: indexation of the matrix elements of the prevailing
original per unit length parameters.

Eq. 11 and eq. 12 describe a shielded equivalent trans-
mission line with only one inner conductor. This substitute
system is solely defined by its equivalent per unit length pa-
rameters. The corresponding and exact substitute geometry
is neither known nor of interest for this application.

This substitute cable can now be used to calculate the
equivalent transfer impedance and transfer admittance. They
are defined as:

Z ′T,eq =
Ueq

IS
, (17)

Y ′T,eq =
Ieq

US
. (18)

Z1

U0

inner conductor
Zi

Z2

U2

Zein,a

cable under test

Fig. 5. Simplified setup to determine the transfer parameters of a
shielded single conductor transmission line

This means that coupling to the inner system of a multicon-
ductor transmission line can be described by scalar coupling
parameters. The consequence is that one can now use the
simple procedure for a coaxial line to describe the multicon-
ductor coupling process.

4 Measurement setup to determine the coupling para-
meters

The application of the concept of equivalent coupling para-
meters is independent from the measurement procedure used
to determine the parameters. A well-known approach is the
“triaxial setup“. This measurement setup can be simplified
as shown in fig. 5. The measurement principle is, to excite
the shield via the source U0 and to measure the voltage U2

between the inner conductor and the shield. Using transmis-
sion line theory, these quantities can be used to calculate the
transfer impedance and the transfer admittance (Tiedemann,
2001).

There is no difference between the calculation of the trans-
fer parameters of a physical coaxial line and of the substitute
transmission line from above. The equivalent cable is de-
scribed in the usual notation of a single conductor with the
per unit length parameters R′eq, L′eq, G′eq, C ′eq and the equiva-
lent voltage Ueq. If these equivalent substitute quantities are
used instead of physical ones, any measurement setup can be
used to determine the equivalent coupling parameters of eq.
17 and eq. 18.

5 Susceptibility analysis with equivalent coupling para-
meters

The overview of the procedure (Fig. 6) shows that the first
three steps are completed so far. The fourth step is to do the
susceptibility analysis of the structure. This includes calcu-
lating the distributed sources of the inner system using the
quantities Z ′T,eq and Y ′T,eq. Common single conductor trans-
mission line theory can then be used to calculate the inter-
ferences Ueq, Ieq at the end of the lines (Tesche et al., 1997).
After that, eq. 9 and eq. 10 can be used to derive the inter-
ferences U , I , of the original transmission line.

Fig. 5. Simplified setup to determine the transfer parameters of a
shielded single conductor transmission line.

inner conductor and the shield (Fig.3). Nevertheless, that
does not mean that the inner conductors are simply short-
circuited or that all wires except one are neglected. Instead,
the observation of almost identical currents and voltages
from above is applied the following way:

Following (Andrieu, 2006), the differential equations of
the inner multiconductor system,
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Fig. 6. Summary of the concept of alternative coupling parameters

6 Conversion of the equivalent coupling parameters to
the conventional ones

The equivalent coupling parameters in combination with the
equivalent single conductor notation of the inner system can
be used to determine easily the interferences on the inner
conductors. Nevertheless, it is possible to transform the
equivalent transfer parameters to the conventional descrip-
tion. This might be useful, if there is already a multi conduc-
tor transmission line implementation for the inner system.

The relationship can be drawn from the definitions of the
parameters: Using the assumption of approximately identi-
cal interferences on the inner conductors, the conventional
transfer impedance can be written as:

Z′
T =


U1

IS

...

UN

IS

 =
U1

IS
·1N×1 . (19)

Using the definition of the equivalent transfer impedance
Z ′T,eq (Eq. 17) and eq. 9, the demanded link can be estab-
lished:

Z′
T = Z ′T,eq ·1N×1 . (20)

Under the same conditions, the conventional transfer admit-
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Fig. 7. Absolute value of the equivalent transfer impedance for a
LiYCY multiconductor transmission line (4 inner wires)

tance is:
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...
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US
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US
·1N×1 . (21)

For the equivalent transfer admittance, the following is valid:

Y ′T,eq =
Ieq

US
=

N∑
n=1

In

US
= N · I1

US
. (22)

The second demanded link then becomes:

Y ′
T =

Y ′T,eq

N
·1N×1 . (23)

7 Sample measurements

The procedure which was presented before was applied on a
shielded LiYCY cable with four inner conductors. The struc-
ture was condensed to a shielded single conductor line. The
equivalent per unit length parameters and the induced volt-
age Ueq were derived. This data then is used to calculate the
scalars equivalent transfer impedance (Fig. 7) and transfer
admittance (Fig. 8).

If these coupling parameters are applied to the suscepti-
bility analysis of the cable under test, the induced voltage
at the inner conductor of the equivalent cable can be calcu-
lated (Fig. 9). The transfer parameters are calculated with
the measured data of the ”cable piece no. 2“. This data then

Fig. 6. Summary of the concept of alternative coupling parameters.

with ij : indexation of the matrix elements of the prevailing
original per unit length parameters.

Equations (11) and (12) describe a shielded equivalent
transmission line with only one inner conductor. This sub-
stitute system is solely defined by its equivalent per unit
length parameters. The corresponding and exact substitute
geometry is neither known nor of interest for this application.

This substitute cable can now be used to calculate the
equivalent transfer impedance and transfer admittance. They
are defined as:

Z′

T,eq=
Ueq
IS

, (17)

Y ′

T,eq=
Ieq
US

. (18)

This means that coupling to the inner system of a multi-
conductor transmission line can be described by scalar cou-
pling parameters. The consequence is that one can now
use the simple procedure for a coaxial line to describe the
multiconductor coupling process.

4 Measurement setup to determine the coupling
parameters

The application of the concept of equivalent coupling pa-
rameters is independent from the measurement procedure
used to determine the parameters. A well-known approach
is the “triaxial setup“. This measurement setup can be sim-
plified as shown in Fig.5. The measurement principle is,
to excite the shield via the sourceU0 and to measure the
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6 Conversion of the equivalent coupling parameters to
the conventional ones

The equivalent coupling parameters in combination with the
equivalent single conductor notation of the inner system can
be used to determine easily the interferences on the inner
conductors. Nevertheless, it is possible to transform the
equivalent transfer parameters to the conventional descrip-
tion. This might be useful, if there is already a multi conduc-
tor transmission line implementation for the inner system.

The relationship can be drawn from the definitions of the
parameters: Using the assumption of approximately identi-
cal interferences on the inner conductors, the conventional
transfer impedance can be written as:

Z′
T =


U1

IS

...

UN

IS

 =
U1

IS
·1N×1 . (19)

Using the definition of the equivalent transfer impedance
Z ′T,eq (Eq. 17) and eq. 9, the demanded link can be estab-
lished:

Z′
T = Z ′T,eq ·1N×1 . (20)

Under the same conditions, the conventional transfer admit-
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7 Sample measurements

The procedure which was presented before was applied on a
shielded LiYCY cable with four inner conductors. The struc-
ture was condensed to a shielded single conductor line. The
equivalent per unit length parameters and the induced volt-
age Ueq were derived. This data then is used to calculate the
scalars equivalent transfer impedance (Fig. 7) and transfer
admittance (Fig. 8).

If these coupling parameters are applied to the suscepti-
bility analysis of the cable under test, the induced voltage
at the inner conductor of the equivalent cable can be calcu-
lated (Fig. 9). The transfer parameters are calculated with
the measured data of the ”cable piece no. 2“. This data then
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Fig. 8. Absolute value of the equivalent transfer admittance for a
LiYCY multiconductor transmission line (4 inner wires)

is applied on a susceptibility analysis of the ”cable piece no.
1”.

Because of eq. 9, the values of the induced voltages of the
original cable are the same as the induced voltage of the sub-
stitute. That means, no further calculation has to be carried
out.

8 Conclusions

The procedure, which is presented here, is a considerable
simplification when calculating the coupling parameters of
industrial multiconductor transmission lines with stranded
wires. The deviations are quite acceptable. The application
to the susceptibility analysis of the cables under test results in
a reduced complexity, since only a simple single conductor
transmission line has to be considered. The total procedure
is summarized in fig. 6.
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voltageU2 between the inner conductor and the shield. Us-
ing transmission line theory, these quantities can be used to
calculate the transfer impedance and the transfer admittance
(Tiedemann, 2001).

There is no difference between the calculation of the trans-
fer parameters of a physical coaxial line and of the substitute
transmission line from above. The equivalent cable is de-
scribed in the usual notation of a single conductor with the
per unit length parametersR′eq, L′eq, G′eq, C′eq and the
equivalent voltageUeq. If these equivalent substitute quanti-
ties are used instead of physical ones, any measurement setup
can be used to determine the equivalent coupling parameters
of Eqs. (17) and (18).
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is applied on a susceptibility analysis of the ”cable piece no.
1”.

Because of eq. 9, the values of the induced voltages of the
original cable are the same as the induced voltage of the sub-
stitute. That means, no further calculation has to be carried
out.

8 Conclusions

The procedure, which is presented here, is a considerable
simplification when calculating the coupling parameters of
industrial multiconductor transmission lines with stranded
wires. The deviations are quite acceptable. The application
to the susceptibility analysis of the cables under test results in
a reduced complexity, since only a simple single conductor
transmission line has to be considered. The total procedure
is summarized in fig. 6.
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5 Susceptibility analysis with equivalent coupling
parameters

The overview of the procedure (Fig.6) shows that the first
three steps are completed so far. The fourth step is to do the
susceptibility analysis of the structure. This includes calcu-
lating the distributed sources of the inner system using the
quantitiesZ′

T,eq and Y ′
T,eq. Common single conductor

transmission line theory can then be used to calculate the in-
terferencesUeq, Ieq at the end of the lines (Tesche et al.,
1997). After that, Eqs. (9) and (10) can be used to derive the
interferencesU , I , of the original transmission line.

6 Conversion of the equivalent coupling parameters
to the conventional ones

The equivalent coupling parameters in combination with
the equivalent single conductor notation of the inner sys-
tem can be used to determine easily the interferences on
the inner conductors. Nevertheless, it is possible to trans-
form the equivalent transfer parameters to the conventional
description. This might be useful, if there is already a
multi conductor transmission line implementation for the
inner system.

The relationship can be drawn from the definitions of the
parameters: Using the assumption of approximately identi-
cal interferences on the inner conductors, the conventional
transfer impedance can be written as:

Z′

T =


U1
IS
...
UN

IS

 =
U1

IS
·1N×1 . (19)
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Using the definition of the equivalent transfer impedance
Z′

T,eq(Eqs.17and9), the demanded link can be established:

Z′

T = Z′

T,eq·1N×1 . (20)

Under the same conditions, the conventional transfer admit-
tance is:

Y ′

T =


I1
US
...
IN

US

 =
I1

US
·1N×1 . (21)

For the equivalent transfer admittance, the following is valid:

Y ′

T,eq=
Ieq
US

=

N∑
n=1

In

US
= N ·

I1

US
. (22)

The second demanded link then becomes:

Y ′

T =

Y ′
T,eq
N

·1N×1 . (23)

7 Sample measurements

The procedure which was presented before was applied on a
shielded LiYCY cable with four inner conductors. The struc-
ture was condensed to a shielded single conductor line. The
equivalent per unit length parameters and the induced volt-
ageUeqwere derived. This data then is used to calculate the
scalars equivalent transfer impedance (Fig.7) and transfer
admittance (Fig.8).

If these coupling parameters are applied to the suscepti-
bility analysis of the cable under test, the induced voltage
at the inner conductor of the equivalent cable can be calcu-
lated (Fig.9). The transfer parameters are calculated with the
measured data of the ”cable piece no. 2“. This data then is
applied on a susceptibility analysis of the ”cable piece no. 1”.

Because of Eq. (9), the values of the induced voltages
of the original cable are the same as the induced voltage
of the substitute. That means, no further calculation has to
be carried out.

8 Conclusions

The procedure, which is presented here, is a considerable
simplification when calculating the coupling parameters of
industrial multiconductor transmission lines with stranded
wires. The deviations are quite acceptable. The application
to the susceptibility analysis of the cables under test results in
a reduced complexity, since only a simple single conductor
transmission line has to be considered. The total procedure
is summarized in Fig.6.
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