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Abstract — In this paper, a twisted-wire pairs (TWP)
with random non-uniform twisting is established. It is
divided into a complete pitch segment and a non-
complete pitch segment by the ratio between the pitch
and the length. The randomness of the actual TWP cable
is accurately simulated by the following methods: 1)
random combination of complete pitch segments; 2)
random combination of non-complete pitch segments; 3)
random combination between 1) and 2). Based on the
TWP model, an equivalent multi-conductor transmission
lines (MTLs) model can be obtained. The neural network
algorithm is introduced to describe the complex
relationship between the arbitrary position of the TWP
and the per-unit-length (p.u.l) parameter matrix. In
addition, the crosstalk and the common-mode (CM)
and differential-mode (DM) noise under field-to-wire
coupling are predicted. The numerical results show that
crosstalk and CM/DM noise in TWP cable are
susceptible to the twisted pitch at high frequencies.
Compared with full-wave simulation, the accuracy of the
proposed method is proved.

Index Terms — Crosstalk, common-mode (CM) and
differential-mode (DM), field-to-wire coupling, neural
network algorithm, random non-uniform twisting,
twisted-wire pairs (TWP).

I. INTRODUCTION

Twisted-wire pairs (TWP) cable often used in
the automotive and aerospace industries have good
resistance to electromagnetic interference [1-3]. With the
rise of current operating frequencies, predictions
involving crosstalk and field-to-wire coupling noise are
still a challenging issue. Therefore, the establishment
of the TWP model (especially considering the non-
uniformities that occur randomly in the TWP in actual

Submitted On: May 17, 2020
Accepted On: July 9, 2020

wiring) is of primary importance in the follow-up
research.

Taylor and Spadacini have studied the field-to-wire
coupling model of TWP in reference planes [4-6] and
free space [7, 8]. In [5], a worst case model was proposed
to solve the CM/DM noise problem under field-to-wire
coupling. In [9], the Monte Carlo (MC) algorithm was
introduced to statistically represent the randomness of
manually assembled cables. As well as the Random
Midpoint Displacement (RMD) algorithm in [10, 11] and
the Random Displacement Spline Interpolation (RDSI)
method in [12], they are used to model the randomness
of the cable. Due to the discontinuities between adjacent
sections of wires generated by these methods, TWP
cable cannot be accurately simulated.

In recent research, the Cubic Hermite Interpolation
Polynomial was used to ensure the continuity of the
traverse [13, 14]. The inhomogeneity of the per-unit-
length (p.u.l) parameter matrix and the role of reflection
from the ground plane in the radiation sensitivity (RS)
are also studied. The complex relationship between the
TWP position and the p.u.l parameter matrix has been
proved in [15] to be described by a neural network. In
our previous research [15-17] and [18], the crosstalk
results of the cables were obtained using the BAS-BP
(back propagation algorithm optimized by the beetle
antennae search method) neural network. For the
modeling of TWP non-uniformity, the complete pitch
segments are considered in [6], but the non-uniformity
largely comes from the combination of non-complete
pitch segments. In this paper, the geometric model of
TWP in the real world is accurately simulated by
considering the combination between complete and
incomplete pitch segments. Use the neural network
algorithm to obtain the p.u.l parameter matrix at any
position, and calculate the crosstalk and CM/DM noise
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in the TWP cable by FDTD method [19, 20].

This paper is organized as follows. In Section I,
a TWP geometric model with random non-uniform
twisting and a circuit model of wire-to-wire coupling and
field-to-wire coupling are established. In Section Ill, the
p.u.l parameter matrix is obtained by a neural network
algorithm, and the crosstalk and CM/DM noise are
predicted using FDTD technology. The comparison
verification of the full-wave simulation based on the
moment of method (MoM) is given in Section IV, and
the results of crosstalk (CM/DM noise) are analyzed.
Conclusions are eventually drawn in Section V.

Il. GENERATION OF MODEL

A. Geometric model of TWP with random non-
uniform twisting

TWP with random non-uniform twisting is a non-
uniform transmission line. The model of TWP used in
this paper is shown in Fig. 1. Traditional uniform TWP
cables have the same twisting pitch, but due to
manufacturing errors, random non-uniform twisting as
shown in Fig. 1 may occur. Figure 1 (a) shows the model
under the combination of different complete pitch
segments (a certain cable length s; is an integer multiple
of the corresponding pitch p; there); the model under
different combinations of non-complete pitch segments
(a certain cable length s; is a non-integer multiple of the
corresponding pitch p; there) is shown in Fig. 1 (b); Fig.
1 (c) shows the model under the combination of complete
pitch segments and non-complete pitch segments. The
actual TWP is highly likely to be the model in Fig. 1 (c).
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Fig. 1. TWP model with random non-uniform twisting.
(@) TWP consisting of complete pitch segments. (b)
TWP consisting of non-complete pitch segments. (c)
TWP consisting of complete and non-complete pitch
segments.

The wire is a cylindrical wire with an insulation
layer, the wire radius is r, the center of the wire is d, the
height of the twisted center from the ground is h, and the
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length of the TWP is L. The wire is twisted along the z-
axis, and its parameters and reference ground are shown
in Fig. 2 (b). The positions of the center points of the two

wires are I; and I, , which are expressed as follows:
(X, Y, z):%cos 9§X+(h+%sin 0)a,+zd,
L, (%, Yy, 2) =3 cos(9+T)a, +(h+ 3 sin(6+Z))a, +7a,
2\12: 52> 2 279x 2 2 y rd

)

where & represent unit vectors of the x, v,

X1 4

d,,and d
and z axes, respectively. @ is the cross-section rotation
angle at each position z, which is related to different
pitch lengths:

0=f (2). 2

—‘ Ground f X
@ (b)

Fig. 2. External excitation field and cable parameters. (a)
Plane wave electromagnetic field with electric field
intensity E. (b) Cross section of initial position.
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Fig. 3. Cross-section and rotation angle corresponding to
different z values.

Figure 3 is a cross-section and a rotation angle at
each z value obtained during the combination process
based on Fig. 1 (c). S; is the set of z values in a segment
position in TWP, s; is the length of the corresponding
segment in the axial direction, and p; is the type of the
corresponding pitch length. The cross-section rotation
angle in each section of §; is:
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272 i=1,zeS,
P
i-1
0= o 27(2-) ;) - (3)
i 22765,
j=1 p] pi

The case of i=1 corresponds to uniform TWP, and
the number of pitch types of general non-uniform TWP
is all equal to or greater than two.

B. Circuit model with termination conditions

Large electromagnetic interference noise to TWP is
mainly expressed by crosstalk in wire-to-wire coupling
and CM/DM in field-to-wire coupling. Figures 4 (a)
and (b) show the termination conditions in different
situations. The equivalent circuit models of its unit
length are shown in Figs. 4 (c) and (b). rij, lij Cij,
and gij represent the elements in the parameter matrix
of resistance R, inductance L, capacitance C, and
conductance G, respectively, where i,j=1,2.

15(2) 1z, |ypdz (z+dz) _15(2) ~ Tzl 1,(z+dz)
T czzdz g,dz + + Coodz| (05,07 +
v I,z 2 Vidz itz 2
H(2) |2 L V2(z+dz) V,(2) | d(z] 3 V,(z+dz)
1,(2) ! 19297 | 1,(z + 02) |1(Z) radz?, 'F94a82 91,077 T} (74 gz
+onydz Iudz * e Vodz I,z +
V(D) oyl 01,0\ Vi(z+dz) Vi(2) T IFdz( o0 00,04 | Vi(z+dz)
Qo - 00— —
(© (d)

Fig. 4. Termination conditions and equivalent circuit. (a)
Termination conditions for wire-to-wire coupling. (b)
Termination conditions for field-to-wire coupling. (c)
Unit equivalent circuit for wire-to-wire coupling. (d)
Unit equivalent circuit for field-to-wire coupling.

The satisfied MTL equation [2] is:

aV(z t) 8I(z t)_

—— ROz )+L(2) ——=Vi(2.1)

(4)

al(z t)
oz

——*tG(@V(z.)+C(2) =|F(th),

6V(z,t)

ot
where V(z,t), 1(z,t) represent the voltage and current
vectors of the cable at different positions z and at time
t. R(z), L(z), C(2), and G(z) respectively represent the
resistance, inductance, capacitance, and conductance
matrix of the corresponding cross-sections at different
positions z, that is, the per-unit-length (p.u.l) parameter
matrix. Ve(z,t), 1e(z,t) represents the equivalent voltage
and current sources of the external excitation field,
which can be written as follows:
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Ve (z,t):ﬁET (z,t)+E (z,1)
oz S . (5)
I (2.0) = C2) S Ex (2)

where E1(z,t) and E.(z,t) represent the horizontal and
vertical components of the incident electric field,
respectively. Considering the non-uniformity of the
TWP, z in each section of Et and E, can be approximately
replaced by the z position at the left end.

The incident electric field is a uniform plane wave.
The general expression is:

EM(x,y,2,t) = (6,8, +€,4, +ezaz)EO(t—vi—Vl—Vi).

x Yy
(6)
The components of the incident electric field along
the coordinate system are:
e =sin g sing,
e, =—sinfg cosd, cosg, —cossing,,  (7)
e, =—Sin6g cosd, sin g, +cos G Cos g,

where vy, vy, and v, represent the components of the
propagation velocity in each axis direction of the
coordinate system:

:Elnc (%1, Y1, Z,t)dx
ET (Z,t) = o ) (8)
jxﬂz Ex (X, Yy, 2,t)dx

E (2 t):{E;nC(Xl’yl,Z’t)_E;nC(XO’YO:Z’t) 9)

E;nc(xzvy21zvt)_E;nC(X01YO:th) ’
where EI™ and EI™ are the horizontal and vertical

components of the uniform plane wave. EI"(x,, Yo, Z,t)

represents the magnitude of the longitudinal component
at the reference ground (xo=x, Yo=0).

As shown in Fig. 4 (a), the voltage and current on
the transmission line also satisfy the formula (4) without
applying an external excitation field. However, the
equivalent voltage and current sources are set to zero,
that is, Vr(z,t)=IF(z,t)=0.

I11. THE EXTRACTION AND
APPLICATION OF P.U.L PARAMETER
MATRIX

A. P.u.l parameter matrix

Equivalent voltage and current sources can be
calculated using uniform plane waves. However, there
are different p.u.l parameter matrices at different
positions z. It is difficult to obtain a parameter matrix of
any angle in the traditional way [14]. Any determined
rotation angle of the cross-section has its own
corresponding parameter matrix, and there is a non-



linear mapping relationship between the rotation angle
and the parameter matrix. The transformations of
the four p.u.l parameter matrices are the same. For
simplicity, they can be expressed as follows:

M(Z){mn mlz}

My My
where M(z) represents the cross-section R(z), L(z), C(2),
G(z) p.u.l parameter matrix, and m; represents the
specific resistance rij, inductance l;;, capacitance c;j and
conductance gi. There is a complicated mathematical
relationship between M(z) and the rotation angle:
M(2) = gy (6). (11)
In [17], the p.u.l parameter matrix corresponding to
the different rotation angles of the cross-section can be
obtained by prediction through the BAS-BP neural
network. The network topology is shown in Fig. 5, but
the hidden layer n, and the output layer n, are different
from the previous [17].

(10)

Input layer Output layer

Hidden layer

Fig. 5. Topological structure of BAS-BP neural network.

The input of the network is the cross-section rotation
angle @, and the output is a column vector consisting of
the elements of the parameter matrix:

O=[ry,f2. . b hp 155, €11, €100 Cop s O3 G2 gzz]T-(]-Z)

After training the network with a small amount of
data extracted in advance, the p.u.l parameter matrix of
any rotation angle can be obtained. Considering the
symmetry of the cross-section and the periodicity of the
rotation angle, the input angle of the training network
only needs 0°~180°. The result M(z") at 180°~360° only
needs to perform row and column transformation on the
corresponding prediction result M(z), as shown below.
The result above 360° is the same as the corresponding
result within 360°:

0 0
M(z’):{1 (ﬂM(z)L (1)} (13)

B. Application in crosstalk

Considering the situation of Fig. 4 (c), the voltage
and current are divided on the cable in space-time as
shown in Fig. 6.

V{ and I in Fig. 6 can be expressed as:

= V(jAz,nAt), 17 = 1(jAz, nAt). (14)
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Fig. 6. Spatial-temporal dispersion of voltage and
current.

Equation (4) can be discretized according to the
Implicit-Wendroff format, as shown below:

an+1 Vn an+f an R(JAZ)(IJ+1+In |j+l+|n71)
2A7 4
L(JAZ)(I _In_1+|]+l IT+1
2At ’
(15)
1, =15 +17 =17 G(jAz)(VJ”ﬂ+V“+VJ”+‘11+V”‘1)
2A7 4
LCUANV] VP Vi V)
2At '
(16)

Further simplified to:
{Vn an+1+AVj(|rj] +|?+1):_V'n * V]n+11+B (In * Ij+l)

(Vn -1 VJ+1)_|n I L ’

(V +V]+1)+In IT+1 j+1

(7)
where the coefficient matrix is:
AVJ:—(R(jAz)/2+ L(jAz)/At)Az, "
By; = (R(jAz)/2—-L(jAz)/At)Az, (182)
A =-(G(jAz)/2+C(jAz)/At)Az, (18b)

B, = (G(jAz)/2-C(jAz)/At)Az.

The termination load at both ends is Z;=Z5, and the
excitation source Vs is added to one of the lines as the
termination condition. Combining formulas (17), the
near-end voltage V(0, t) and the far-end voltage V(L,t),
and the voltage and current at any position and time can
be obtained. Since the format (17) is unconditionally
stable, the discrete solution of equation (17) converges
to the analytical solution of equation (4). As for the near-
end crosstalk (NEXT) and the far-end crosstalk (FEXT),
the voltage can be transformed from the time domain to
the frequency domain and is obtained by equation (19).

NEXT = 201l0g,,(V, (0, )/V;), (19a)

FEXT = 20logy, (V, (L, f)/V,). (19b)
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C. Application in CM/DM current under feld-to-wire
coupling

Considering the situation of Fig. 4 (d) and the effect
of a uniform plane wave, the same time-space division is
shown in Fig. 6. The voltage and current satisfy equation
(4), the difference is that it has the effect of uniform
plane wave. The discretized equation is:

VI =V A (1] +15,)= - V] + V] T+Ey,

j+1 j+1 (20)
n-1 n-1
+B,y (Ij +1 j+1)'
AV V) +1T =10, =—1T + 1T+E 1)
+By (V] + Vi),

where the other two parameter matrices are:

1 jAz

2Az Az
By =(AL =~ Ar)— (Bo(nat=-—
z

)- Ey((n-Dat-122))
V.

z z

P 2Az jAz jAz
E, =C(jAz)A; — (Ey(nAt - )—Ey((n-DAt—=—))
1j T At 0 Vz 0 Vz
(22)
where
AN
e +e, Vs Ve v
S A -V L (23)
X +8yY, ﬁ+ﬁ
Vi Yy

The symmetrical load at both ends is Z,=Z, and Z,
which constitutes the terminal condition. Combined with
formula (21), the voltage and current at any position and
time can be obtained. The CM/DM current at the left end
of the circuit can be expressed as equation (24):

Iem = (1,00, )+ 1,(0, 1))/2,
I om = (10, £)—1,(0, £))/2.

(24a)
(24b)

IV. NUMERICAL EXPERIMENT
VERIFICATION AND ANALYSIS

A. Validation of the proposed method

The wire used in this paper is a copper core wire,
and the outer insulation material is polyvinyl chloride
(PVC). Where r=1.2mm, d=2r=2.4mm, h=8mm, L= 1m.
The p.u.l parameter matrix set for network training is
obtained by the finite element method (FEM) [16]. A set
of data is extracted every 5° within 0°~180°, and a total
of 36 sets of data are extracted for training network. The
results are predicted using different random rotation
angles and compared with the results obtained by FEM
calculations. The relative errors of the pul parameter
matrices R(z), L(z), C(z) and G(z) in the unit scales of
Q/m, nH/m, pF/m, and mS/m are shown in Fig. 7, which
are all less than 5x107,

In order to illustrate the accuracy of the proposed
method in crosstalk prediction and CM/DM current
prediction for TWP cable with random non-uniform
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twisting, a TWP model was randomly selected. The
terminal port accesses the load, as shown in Fig. 4 (a) and
Fig. 4 (b), respectively. Where Z1=Z,=50Q, Z,=Z,=50Q,
Z:~100Q. As shown in Fig. 8, the prediction result under
the wire-to-wire coupling and field-to-wire coupling
(solid red line) are compared with the MoM (black
dotted line) method. It can be seen from Table 1 that the
maximum and minimum values of the average error are
3.524% and 0.158%, respectively.

%10

Error

Fig. 7. Error histogram of p.u.l parameter matrix at
different rotation angles.

The TWP cable is divided into 1000 sections.
The externally applied excitation field is an uniform
plane wave electric field incident at the port, where
Eo=1V/m, 6,=90°, ¢,=-90° and & =90°. Considering

the frequency of the signal source, the frequency range
of the crosstalk result is 0.1MHz~1GHz, and the
frequency range of the CM/DM current result is
1MHz~1GHz. The results further prove that the method
in this paper has a more accurate prediction ability for
the electromagnetic anti-interference performance of
TWP cable with random non-uniform twisting.

Ll
— Proposed method — Proposed method
—---MoM --=-MoM

0
10° 10° 107 108 10° 10° 10° 10 108 10
Frequency[Hz] Frequency[Hz]

= 5700% 4 —-00° 7 =90° -80 e 90° 4 =-00° A =90°
Enfl\//m,ﬁpf’z‘() ,0"7—90 ,Htf‘)() E(FlV,m,HPJ)() ,g’)pf—’;’() ,9‘;9“

I cyldBA]

-140

—— Proposed method
--=-MoM

107 108 10
Frequency[Hz]

— Proposed method
----MoM

107 108 10
Frequency[Hz]

-160
10

Fig. 8. Results verification of crosstalk and CM / DM
current.



Table 1: Average error (%) of crosstalk and CM/DM
current

Frequency (MHz) | 0.1~100 | 100~500 | 500~1000
NEXT 2.140 1.864 1.131
FEXT 1.945 0.332 2.250

IL-cm 3.524 0.158 0.948
ILom 2.523 1.920 0.551

B. Prediction of crosstalk

The crosstalk results are shown in Fig. 9. Figures 9
(@) and 9 (b) are near-end crosstalk (NEXT) and far-end
crosstalk (FEXT), respectively. A total of 500 sets of
TWP models with random non-uniform twisting are
calculated, and the CPU time of each set is 52.11s.
NEXT and FEXT reach a minimum of -56.2dB and
-57.3dB at 0.1MHz, respectively, and a maximum of
-12.5dB and -6.23dB at 613MHz and 445MHz,
respectively.

The ranges of the upper and lower envelope widths
of the NEXT and NEXT curves are 0.024~25.197 dB
and 0.045~17.483 dB, respectively. The envelope width
fluctuates less in the low frequency range, indicating that
different TWP models are less affected. The envelope
width changes greatly in the high-frequency range,
indicating that the TWP models is susceptible to
high-frequency signals, and its crosstalk increases
correspondingly.

-10 -

-20

<
>

NEXT[dBV]

10° 107 10° 10
Frequency[Hz]

@)

FEXT[dBV]

100 107 10
Frequency[Hz]

(b)

Fig. 9. Wire-to-wire coupling model: crosstalk prediction.
(@) Near-end crosstalk (NEXT). (b) Far-end crosstalk
(FEXT).
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C. Prediction of CM/DM currents

The results of the CM and DM currents irradiated by
the plane electric field wave incident at the port are
shown in Fig. 10. Figures 10 (a) and 10 (b) show the CM
current and DM current, respectively. As with crosstalk,
500 groups of the TWP models are calculated, and the
CPU time of each group is 68.74s. The maximum and
minimum of CM and DM currents are much reduced
compared to crosstalk. This indicates that the effect of
field-to-wire coupling is less than the effect of wire-to-
wire coupling. The overall trend of CM and DM currents
is a straight rise along a slope of 20dB/decade, and the
amplitude fluctuation in the high frequency region is
small.

The envelope widths of CM and DM currents are
0.399~2.369dB and 0.208~11.695dB, respectively. The
envelope width of the CM current is more evenly
distributed over the entire frequency range. The envelope
width of the DM current is smaller in the low frequency
range, but is larger in the high frequency range. This
shows that the DM current of the TWP model is more
susceptible to high frequency signals.

-80 1
-90
-100

-110

[dBA]

-120 -

L-CM

I

-130
-140

-150 /

E =1V/m,d =90°¢ =-90°,0 =90°
0 P “p E

-160 - —
10° 10
Frequency[Hz]

Y (@)

90 -

-100

L. l)\’lldBAJ
\

1

-130

L —00° 4 —00° § —00°
I:U—IV/m,(')p—‘JO ,vp—-‘)() ,9E—90

2140 € . — L i il
10° 107 10 10
Frequency[Hz]

(b)

Fig. 10. Field-to-wire coupling model: CM and DM
current prediction. (a) CM current and (b) DM current.

Figure 10 is a CM and DM current curve under the
irradiation of a plane wave incident at a port. The general
actual situation is that the position and the incident angle
of the plane wave are both random irradiation with
uncertainty. The field-to-wire coupling model under
the random position uniform plane wave irradiation is
shown in Fig. 11. Figures 11 (a) and 11 (b) show the CM
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current and DM current, respectively. A total of 1,000
TWP models under uniform plane wave irradiation with
random positions were calculated, and the CPU time
spent by each group was 71.83s.

The envelope widths of CM and DM currents are
29.873~56.783dB and 29.755~56.823dB, respectively.
Its width is larger than that of a single plane wave.
Compared with Fig. 10, CM and DM are greatly affected
by the externally applied excitation field. The reason is
that the amplitudes of the CM and DM currents are
mainly determined by the externally applied excitation
field.

It can be seen that all the curves are under the black
dotted line in Fig. 11, which represent the worst case of
the CM and DM currents. Its initial values start from -
143.31dB and -78.46dB, respectively. It can be noticed
that the curve of Fig. 10 will show different changing
trends in some frequency ranges. This is because different
wave angles may cause the observed CM and DM
currents to increase or decrease.

100 -
-110 -
-120
130 -
-140 -

[dBA]

-150

L-CM

Frequency[Hz]

IL-D.\A[dBA]

6 7
10 10 10
Frequency[Hz]

(b)

Fig. 11. Field-to-wire coupling model under uniform
plane wave irradiation at random position. (a) CM
current and (b) DM current.

V. CONCLUSION

In this paper, a new TWP model is proposed. The
model considers the randomness of the twisting pitch and
the combination of different pitch types. A TWP model
is established for the combination of complete pitch
segments and non-complete pitch segments, which
overcomes the randomness problem in the references.

The p.u.l parameter matrix at any position was

ACES JOURNAL, Vol. 35, No. 12, December 2020

obtained by a neural network algorithm, and the FDTD
method was used to solve the crosstalk under the
wire-to-wire coupling model and the CM/DM current
under the field-to-wire coupling model. The full-wave
electromagnetic simulation (based on the MoM method)
is used for comparison and verification, which proves
that the proposed method has high accuracy.

In crosstalk results, TWP with random non-uniform
twisting are susceptible to high-frequency signals, and
the low-frequency range is less affected. In the CM and
DM noise results, the DM current is more susceptible to
high-frequency signals than the CM current. However,
for CM and DM currents, the impact of uniform plane
wave irradiation position and wave angle is greater
than the effect of random non-uniform twist pitch.
These influencing factors will have important reference
significance in subsequent research and engineering
applications.
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