energies

Article

Analysis and Calculation of Crosstalk for Twisted
Communication Cables in Umbilical Cable

Runze Cai

check for
updates

Citation: Cai, R.; Yang, S. Analysis
and Calculation of Crosstalk for
Twisted Communication Cables in
Umbilical Cable. Energies 2022, 15,
3501. https://doi.org/10.3390/
en15103501

Academic Editor: Adel Mellit

Received: 19 April 2022
Accepted: 9 May 2022
Published: 10 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Shiyou Yang *

College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China; 11910069@zju.edu.cn
* Correspondence: eesyyang@zju.edu.cn; Tel.: +86-0571-8795-2498

Abstract: An umbilical cable is a compactly integrated cable consisting of electrical power cables,
communication (electric signal) cables, and chemical transposition tubes. An umbilical cable is
widely used in developing oil and gas resources of deep and ultra-deep water. With the increment
of the length and the functional integration of umbilical cables, the crosstalk becomes a crucial
issue in the cable design, and needs to be evaluated carefully before the fabrication and installation.
Moreover, the twisted structure of communication cable cores has incurred extra difficulties to the
crosstalk calculation. Nevertheless, it is not an easy task to model the complex twisted structure
in existing models and methods of the crosstalk computation. In this regard, this paper proposes
a numerical methodology for the crosstalk calculation considering the multi-conductor twisted
structure of the cable cores. In the methodology, the four-wire twisted structure is modelled as a
cascade of uniform multiconductor transmission line (MTL) sections, each wire section covering a
length of 1/4 pitch, with abrupt interchanges of wire positions at the ends. The chain-parameter
equation is introduced to describe the voltage and current transfer relationship in each MTL section.
To obtain the numerical solutions of the twisted cable system, the port constraint equations and
the permutation matrices are also required and developed. The per-unit-length parameters of
the umbilical cable system are computed by numerical methods. The feasibility to engineering
applications and accuracy of the proposed methodology is validated by experimental results, and
the crosstalk characteristics of communication cables in a typical umbilical cable under different
operating conditions are investigated.

Keywords: umbilical cable; crosstalk; twisted structure; chain-parameter matrix; numerical calculation

1. Introduction

An umbilical cable is a compactly aggregated cable consisting of electrical power
cables, communication cables and chemical transposition tubes, and has been widely
used in developing marine resources of deep and ultra-deep water. After more than
50 years of development, umbilical cables have progressed from the hydraulic type to
the electro-hydraulic hybrid type, becoming more and more integrated and complex in
both structures and functions. The umbilical cable today can simultaneously deliver
electric power, transmit the controlling signals and the status signals of an equipment,
and transport the hydraulic oil and chemicals for undersea facilities [1-3]. As a result, the
crosstalk will take place between communication cables in an umbilical cable with the
growing integration of cables and tubes in an umbilical cable. As is well known, crosstalk
is an essential concern in EMC and EMI design of modern electronic and electrical systems
and devices since, for example, it will inevitably degrade the reliability of communications
between onshore and undersea equipment. Therefore, it is necessary to calculate and
evaluate the crosstalk of communication cables in umbilical cable designs.

To investigate the crosstalk of an umbilical cable, a great deal of research has been
reported. In References [4,5], the induced voltages of communication cables in an umbilical
cable are calculated from the solution of the vector magnetic potential. However, only
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inductive coupling is considered, and the capacitive coupling is ignored, as is the effect
of the twisted structure. In order to consider the influence of twisted structures on the
crosstalk, References [6,7] propose a similar method by dividing the twisted cable bundle
into a series of cross sections along the length. Specifically, in Reference [6], the umbilical
cable is substituted with N number of cascaded cross sections within the least common
multiple length. The 2-D finite element analysis is conducted to obtain the induced terminal
voltage in each cross section. The induced terminal voltages of all cross sections are
averaged as the terminal voltage of the whole line. In [7], the twisted cable bundle,
which includes a pair of twisted cables as excitation wires and a single cable as victim
wire, is divided into 128 sections per twist. Each section is analyzed numerically and
the distribution of the crosstalk current in the victim wire is derived. References [6,7]
perform numerical calculations of electromagnetic field for each section, which results
in undesirable computing time and leads to a methodology impractical in engineering
applications. Reference [8] applies the multiconductor transmission line (MTL) theory
to solve the crosstalk issue, and proposes the well-known cascaded circuit model to deal
with the twisted wire pairs. The model in [8] considers both the twisted structure and the
computational time. However, this model is applicable only to the twisted wire pairs, and
cannot be used to study complex stranded wires composed of multi conductors.

From the previous literature review, one can observe that so far there is still no any
general methodology to calculate the crosstalk of a multi-conductor twisted structure in
existing literatures. In this respect, this paper contributes a new discretization method for
four-core twisted cables to better characterize the multi-conductor twisted structure, and
develops a crosstalk model by combining MTL theory with the transposition technique.
Moreover, the proposed crosstalk model is a circuit model in nature, and the model pa-
rameters are derived by numerical solutions of one umbilical cross section. Consequently,
the computational cost of the proposed methodology is relatively small. Experimental
studies validate that the proposed crosstalk model can give relatively precise crosstalk
values. Finally, the crosstalk characteristics between communication cables in a prototype
umbilical cable are explored.

2. Crosstalk Model Considering Twisted Structure

One takes a communication cable of four conductors twisted with each other along the
length as a case study. The cross section of the communication cable is shown in Figure 1,
with four conductors numbered 1, 2, 3 and 4, respectively. In order to simplify the structure
characteristics and retain the basic helical topology, the cable cores are regarded as a cascade
of uniform MTL sections with abrupt interchanges of conductor positions at the end of each
section, as shown in Figure 2. Specifically, the distributed circuit parameters are uniform
in one section; the four conductors rotate 90 degrees along the helical direction at the end
of each section without any increment in cable length, which is an abrupt transposition.
The length of each MTL section is represented by L, which equals to 1/4 pitch. The abrupt
transposition model of the communication cable consisting of four twisted conductors is
shown in Figure 3.

outer sheath

insulation

* >) inner sheath
e/l conductor
metal sheath (screen)

Figure 1. Cross section of the communication cable consisting of conductors 1 to 4.



Energies 2022, 15, 3501

30f13

\ ful]

>
A AxS

©|® |0 |®
O} OROCN®)

Ls

A

Z,=2

'y

Figure 3. The abrupt transposition model of the four twisted conductors, where Vl(z) (i=1,2,3,4)
represents the voltage phasor of each conductor at axial position z, [;(z) (i = 1,2,3,4) represents the
current phasor of each conductor at axial position z. The four twisted conductors marked as D to @
are all used as signal conductors, and the conductor ) represents the reference conductor.

The abrupt transposition model approximates the nonuniform transmission lines as
a piecewise uniform MTL. Each uniform MTL section can be characterized by a chain-
parameter matrix. For a MTL section starting at axial position z; and ending at axial
position zp, the phasor voltages and currents at the two ends of the lines are related by the
following chain-parameter equation as:

{ V() ] _ é(zZ—zl){ V(z) ] B [ ®11(z2—21) Pi2(z2— 1) H V(z1) } 1)

f(z0) i(z1) ®y1(20 —2z1) Por(z2 —21) i(z1)

where & denotes the chain-parameter matrix, é)ij(i, j =1,2) denote the submatrices of ®.
One now sets that z; minus z; equals to Ls. If Ls is much smaller than the wavelength of
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the electromagnetic wave, the MTL section with length Ls can be modeled by a lumped-Pi
structure [9], and the corresponding chain-parameter matrix is:

E,+12Y12 ~2L,

& (L) =| Sl s
n(bs) = _qr, N72Y13 E, + 1YZ12

@

where the subscript n represents the number of signal conductors in MTL (# is an integral
multiple of 4 in this paper). The per-unit-length impedance matrix, Z, and admittance
matrix, ¥, are calculated from the per-unit-length resistance R, conductance G, inductance
L, and capacitance C matrices as:

Z =R+ jwL
{Y—G—l—ij @)

The whole chain-parameter matrix of the nonuniform transmission lines by a series
of piecewise uniform MTL sections can be obtained as the product of the chain-parameter
matrices of the sections and the permutation matrices of the terminals. For a communication
cable with an axial length of NL;, the terminal relations constructed by the whole chain-
parameter matrix is:

[ V(zon-1) ] _ &(Ls)[Pé(LS)]Nl{ V(0) } @)

I(zon-1)

where P is the permutation matrix to transpose the conductor positions. The P matrix is a
quasi-diagonal matrix and is given by:

0 001 0 001
. 0 010 0010

P = diagonal 100 0 100 0 (5)
0100 0100

2nx2n

where the operator diagonal represents constructing a quasi-diagonal matrix using the
matrices in “{ }”.

The general relations of the phasor voltages and phasor currents at z = 0 and z = NL;
in (4) involve 2n unknowns as V;(0) and [;(0)(i = 1 : n). Therefore, one needs 21 constraint
equations at the terminations to evaluate these degrees of freedom. Generally, the 2n
constraint equations are the Thevenin equivalent characterizations or the Norton equiv-
alent characterizations of the 2n terminal ports. If the signal conductor is shorted to the
reference conductor, one must use the Thevenin equivalent characterization for this port,
since the Norton equivalent characterization does not exist (the terminal admittance is
infinite). Conversely, if the signal conductor is not connected to the reference conductor,
which means there is an open circuit in this port, one must use the Norton equivalent
characterization since the Thevenin equivalent characterization does not exist (the port has
infinite impedance).

One takes the transmission line system consisting of two four-core communication
cables with the specific terminal networks of Figure 4 as an example. The corresponding
constraint equations can be given by the Norton equivalent characterization as:

i(O) - AS _AYSV(9> R (6)
i(NLs) = 1, + Y, V(NL)
where,
- ~ Py T
s=[—Is14 0 0 Isy 0 0 0 0] -
i,=[00000000]"
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0 0 0 0
0 Y Y4 O
Ys = 0 —Yyu Yot 0 (8)
0 0 0 0
Ogx4
YLup . R
th *th 0 0
YL = =Y Yot p q (9)
0 0 Yoo —Yo
0 0 *Y/ct Y/cif
[ Ymeas p _Ymeus q T
0 th 0 _th
n , N =4k
_Ymeas q Ymeas 0
L O _th O YCt J
[ ?ct 0 0 _th i
0 Ymeus _?meas 0
~ , N=4k+1
q _Ymeas Ymeas p
v _ L — Lct 0 0 th i . .
Y = -1 0 7, 0 - kis an integer  (10)
0 Ymeus O *Y/meas
- o , N=4k+2
— It ,\0 th . 0
L p _Ymeas 0 YrAneas h
[ Ymeas p q _Ymeas |
0 th —th 0 —
0 Y. v, 0 , N=4k+3
L _Ymms 0 0 Ymeas

In Equations (7)-(10), I514 denotes the equivalent current source of the signal source
of Figure 4; th denotes the admittance of every shorted connection in terminal constraint
networks of Figure 4; Yueas denotes the admittance of the resistor for measuring the
crosstalk voltage. One substitutes the general forms of the solutions in (4) into the terminal
constraint equations given in (6) to yield the matrix equations for determining V;(0) and

a

[;(0)(i=1:n)as:

A YSA . E?’l,\ :||:Y(O):|_|:,i\5:| (11)
Y @11 (NLs) — ®21(NLs) Y @1o(NLs) — ®2p(NLy) 1(0) Iy

Once these 2n unknowns are solved, the n terminal voltages and n terminal currents
at z = NLs can be obtained from the terminal relations of (4). The crosstalk can then be
calculated by:

XT = ZOIg% (12)
S

where XT denotes the crosstalk value, Vs denotes the voltage magnitude of the exciting
port, V; denotes the voltage magnitude of the receiving port.
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communication cable A

| __conductor 1 conductor 1__ |
i | conductor 2 conductor2 ! impedance ||
! signal ,\Dl P . for i
| source .+ _conductor 3 conductor3 || measuring | |
b voltage |!
i | _conductor 4 conductor4 | |
. _conductor 5 conductor5 |
o ! | conductor 6 conductor 6
|| _conductor 7 U conductor 7 | :
| terminal | : terminal !
i constraint i . _conductor 8 conductor8 constraint |
! network at | network at |
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Figure 4. The schematic diagram of the specific terminal networks in a transmission line system.

3. Per-Unit-Length Parameters of the Cable

The per-unit-length parameter matrices of R, L, G, and C for the umbilical cable are the
essential ingredients of the proposed crosstalk model, and have the specific form as follows:

1+ 19 10 cee 70
70 rp+ryg - 70
R = ) ) ) ) (13)
7o 70 EERE PP o )
hi ho lin
lp I - Dby
L=1| . . . ) (14)
lln lZn to lnn
- -
Y8k —812 v —&n
k=1 i
—812 XL &k " —Som
G = k=1 (15)
n
—81n —8&2n co Z Snk
L k=1 i
. -
Yok —Ci2 ot —C1
k=1
n
—C12 Y Ck - —Cop
C= k=1 (16)
n
—Clin —Cn X Cuk
L k=1 |

where 7; is the per-unit-length resistance of the ith conductor, r( is the per-unit-length
resistance of the reference conductor, [;; is the per-unit-length self-inductance of the ith loop,
ljj is the per-unit-length mutual inductance between the ith loop and the jth loop, g;; is the
per-unit-length conductance between the ith conductor and the reference conductor, g;; is
the per-unit-length conductance between the ith conductor and the jth conductor, c;; is the
per-unit-length self-capacitance between the ith conductor and the reference conductor, ¢;;
is the per-unit-length mutual capacitance between the ith conductor and the jth conductor
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(i,j=1,2,...,n;i#j). However, it is difficult to give analytical solutions for the entries in
the per-unit-length parameter matrices of the umbilical cable due to the inhomogeneous
dielectric medium surrounding the conductors and the complex configuration of the
umbilical cable. In this respect, one will use a numerical methodology to obtain the per-
unit-length parameter matrices of communication cables in an umbilical cable.

The proposed crosstalk model simplifies the twisted wires to a series of uniform MTL
sections. The electromagnetic field of each uniform MTL section can be approximated to a
two-dimensional issue. Therefore, one can use 2-D finite element method to calculate the
per-unit-length parameter matrices. To compute the entries in the matrices of R, L, G and C,
one needs to perform a sequence of field simulations, then computes the energy stored in
the simulated field. In each field simulation, an arbitrary non-zero phasor voltage (for G and
C matrices) or an arbitrary non-zero phasor current (for R and L matrices) is applied to one
signal conductor and 0 volts or 0 amps is applied to all other signal conductors, meanwhile
0 volts (for G and C matrices) or the reverse of the current in the signal conductor (for R
and L matrices) is applied to reference conductors. Therefore, for an (n + 1)-conductor
system, 2n field simulations are needed in total. Once the electromagnetic field is solved,
the entries in per-unit-length parameter matrices can then be calculated from:

M,’ ook
Re Y. lidiepe
=1 ¢

e
Re(1:1})
M . L%
Re Y, B, - HjAe
lj=—""———,(i,j=12,,n) (18)
Re(lilj)

M ] L
Re Y (0¢ +jwe,)Ej, - E;,Ae

1= ,(i=0,1,---,n) 17)

n
Y g =—= — (=12, ,n) (19)
P Re (Ui )
M . L%
Re 21 (0e +jwee)E;, - Ejee
8ij=——— — L0,j=1,2 mi#j) (20)
Re(llill]->
M . L%
" Re) Dj, -E;,Ae
Zcik:e:l.—.*,@:l,Z,“-,n) (21)
P Re (Ui )

M . L%
Re Y, Dj - Ej,Ae
e=1

Cl'jzi ,(l,]:1,2,,7’l,l§é]) (22)

Re(UiU; )
where e denotes the eth element, Ae denotes the area of the eth element, M denotes the
total number of elements, M; denotes the total number of elements in the ith conductor;
I;(i=1,2,---,n) is the phasor current in the ith loop, Iy is the phasor current in the
reference conductor, J;, is the complex current density vector at the centroid of the eth
element in the ith conductor, By, is the complex magnetic flux density vector at the centroid
of the eth element produced when I; is in the ith loop and zero current is in other loops,
H e is the complex magnetic field vector at the centroid of the eth element produced when

I j is in the jth loop and zero current is in other loops, U; is the phasor voltage of the ith

conductor relative to the reference conductor, D, is the complex electric flux density vector
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at the centroid of the eth element produced when U; is applied to the ith conductor and

0 volts are applied to all other conductors, E;, is the complex electric field vector at the

centroid of the eth element produced when U is applied to the ith conductor and 0 volts
are applied to all other conductors; o, represents the electrical conductivity of the eth
element, ¢, represents the permittivity of the eth element, w represents the electrical angular

“

frequency of the excitation source, “*” represents a conjugate operation.

4. Numerical Results and Experimental Validation

To show the accuracy of the proposed numerical methodology for the crosstalk calcula-
tion, the umbilical cable shown in Figure 5 is used as a prototype and the case study. In this
prototype, two four-core communication cables are included where the core conductors
are numbered 1 to 8, respectively. The configuration of the cross section does not change
while interchanging the position of core conductors. Therefore, it is enough to perform
the numerical calculation only for the certain configuration of Figure 5, resulting in a
computationally inexpensive procedure. All the metal structures shorted to ground are
considered to be the reference conductors. Specifically, these structures include chemical
transposition tubes, the metal sheaths, the armors and so on, as shown in Figure 6.

communication cable A

Figure 6. Reference conductors of the finite element model.

4.1. Per-Unit-Length Parameter Matrices

First, one will compute the per-unit-length parameter matrices using the finite element
method, and the mesh of the umbilical cross section is shown in Figure 7. The per-unit-
length parameter matrices is then calculated by post -processing the numerical solutions
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of the electromagnetic field, as explained in Section 3. At the frequency of 100 kHz, the

per-unit-length parameter matrices of the umbilical cable are listed in (23)—-(26).

[ 242.510 29339 53.671
29.339 242580 53.621
53.671  53.621 242.630
53.598 53.639 29.321

0 0 0
0 0 0
0 0 0

L 0 0 0
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Figure 7. Finite element mesh of the cross section of the umbilical cable.
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(26)
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Note that the off-diagonal entries of matrix R are not exactly the same. This is because
the reference conductors of this case study are not finite-sized conductors such as wires,
but have complex structures such as surrounding some signal conductors. Therefore, each
current returning in the reference conductors will be concentrated near the corresponding
signal conductor. These currents spread out to different degrees in the reference conductors
and cause the off-diagonal entries in matrix R being generally not equal.

4.2. Numerical Results of the Far-End Crosstalk Voltage

The far-end crosstalk voltage at the frequency of 100 kHz for the prototype umbilical
cable line of Figure 5 is then calculated according to the proposed numerical methodology.
The total axial length of the prototype is 170 m. The configurations for both terminal
networks are shown in Figure 4, where the equivalent current source is set to 0.685 A,
the measuring impedance is set to 760.132e/1%%° (), and the resistance of each shorted
connection is set to 0.01 (). These are characterized as a generalized Norton equivalent
form as in (6) where:

fs=[-068 0 0 0685 0 0 0 O]TA (27)
i,=[0 000000 0] (28)
0 0 0 0
0 100 —100 O
Ys=1| 0 —100 100 © S (29)
0 0 0 0
044
0 —100 0 0 0 0 0 ]
0.0013e 11559 0  —0.0013e7715% ¢ 0 0 0
0 100 0 0 0 0 0
—0.0013e 711559 0.0013ei1-55 0 0 0 0 S (30)
0 0 0 100 —100 0 0
0 0 0 —100 100 0 0
0 0 0 0 0 100  —100
0 0 0 0 0 —100 100 |

A 31.065 V voltage on the far-end impedance can therefore be calculated.

4.3. Experimental Results and Comparison

To validate the previously numerical results, experimental studies are conducted.
For a fair comparison, the experimental settings are identical with that of the numerical
calculation except that the 170 m cable is wound on the cable drum, as shown in Figure 8.
The configuration of the terminal structures in experiment is like that in Figure 4. Crosstalk
testing is conducted in communication cable A, in which conductors 1 and 4 constitute
a circuit loop with shorted connection at far end and a signal source at near end, and
conductors 2 and 3 constitute another circuit loop with shorted connection at near end and
an impedance at far end. The parameters of the signal source and the measuring impedance
are identical with that of the numerical calculation model, respectively.

The calculated and measured magnitudes of the crosstalk voltage on the impedance
are compared in Table 1. Observe that the numerical result is only 7 percent different from
the measured one. Considering the cable laying method in the experiment is different from
that in the numerical calculation model (straightly laid), this difference is acceptable. In
the process of constructing the crosstalk model, the twisted cable bundle over one pitch
range is divided into four uniform sections. This novel discretization method retains more
features of the twisted structure. Therefore, the predictions of the proposed model can



Energies 2022, 15, 3501

110f13

be accurate in theory. The experimental results indeed verify that the proposed crosstalk
model can give a relatively high-precision prediction on the crosstalk.

Figure 8. The umbilical cable used in the experiment.

Table 1. Comparison of the calculated and measured crosstalk voltages on the impedance.

100 kHz
measured magnitude of voltage/V 33.500
calculated magnitude of voltage/V 31.065

5. Crosstalk Analysis of the Umbilical Cable

The proposed crosstalk model is then used to further study the crosstalk patterns of the
umbilical cable. For the umbilical cable shown in Figure 5, the changing patterns of crosstalk
between the two communication cables are computed and analyzed. In the numerical
calculation, conductors 1 and 2, 3 and 4, 5 and 6, 7 and 8 constitute the circuit loops,
respectively, with the same resistance connected to the core conductors in every terminal
port, and only one signal source connected to some terminal port in communication cable A.
The numerical results are shown in Figures 9 and 10. Figure 9 shows the changing pattern
of the far-end crosstalk value over the frequency range from 100 Hz to 30 kHz, where the
total cable length is 2 km, both pitch lengths of communication cables are 325.5 mm, and
all the terminal resistances are set to 50 Ohm. Figure 10 shows the changing pattern of
the far-end crosstalk value over the pitch range of communication cable B from 80 mm
to 1800 mm, while the pitch length of communication cable A retains 325.5 mm, the total
cable length is set to 10 km, the terminal resistances are all set to 50 Ohm and the source
frequency is set to 40 kHz.

-80 AN
-85 /

)\

-100

crosstalk value / dB

-105

\
-110

0.1 5 10 15 20 25 30
frequency / kHz

Figure 9. The changing pattern of the far—end crosstalk value versus frequency.
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-250 i

crosstalk value / dB

-300

0
0.08  0.3255 0.651 0.9765 1.302 1.6275 1.8
pitch length of communication cable B/ m

Figure 10. The changing pattern of far—end crosstalk value versus pitch length.

From Figure 9, it is observed that, as the frequency increases, the crosstalk value be-
tween the two communication cables first increases and then decreases. This phenomenon
can be qualitatively interpreted as the combination of electromagnetic induction and skin
effect. The higher the frequency, the more pronounced the electromagnetic induction, as a
result strengthening the crosstalk value. Meanwhile, the higher the frequency, the more
pronounced the skin effect, which means that it is harder for electromagnetic fields to pene-
trate the metal sheaths, weakening the crosstalk value between the two communication
cables. In the relatively low frequency range, the electromagnetic induction is predominant,
which results in the increase of the crosstalk value with the increment of frequency. In the
relatively high frequency range, the skin effect dominates, leading to the decrease of the
crosstalk value with the increment of frequency.

From Figure 10, it is observed that, when the pitch length of communication cable B is
one time, three times or five times the pitch length of communication cable A, (correspond-
ing to 325.5 mm, 976.5 mm and 1627.5 mm, respectively), the local maximum crosstalk
values are reached. Yet at other pitch lengths of communication cable B, the crosstalk values
all decrease significantly compared to the local maximum values. Figure 10 indicates that
the crosstalk will be prominent when the pitch lengths of communication cables are odd
multiples, which should be avoided in manufacturing.

6. Conclusions

A numerical model and methodology for crosstalk calculation considering the twisted
structure of conductors is proposed in this paper to tackle the difficulty in calculating the
crosstalk between communication cables in an umbilical cable, by using the discretization
method, the transposition technique and the MTL theory. Concretely, the proposed model
divides the twisted transmission lines into a certain number of sections. Each section is
1/4 pitch long, and is regarded as a uniform one, which means that there is no twist in any
discrete section. The helical topology of the original cable cores is represented with a series
of abrupt transpositions at the end of each wire section. Every transposition requires the
cable cores to rotate 90 degrees along the helical direction instantly, where four sections just
form a cycle of twist. The difference between this discrete model and the actual twisted
structures is small. Therefore, this crosstalk model can give relatively accurate predictions.
With the chain-parameter matrices and the permutation matrices, the general solutions
characterizing the discrete model have been obtained. The special solutions of the specific
operating condition are obtained by the numerical calculation with terminal constraint
equations. Due to the numerical calculation of electromagnetic field only for one cross
section required, the proposed crosstalk model is not computationally expensive. The
accuracy of the calculation results of the proposed crosstalk model have been validated
by experimental studies. Numerical results on the changing patterns of crosstalk in some
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umbilical cable show that the odd multiple relation of pitch lengths of cable cores should
be avoided for better signal transmission performance.
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