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ABSTRACT In this paper, a geometric model of multi-core twisted wire is established to analyze the
amplitude-frequency and angular-frequency characteristics of crosstalk in electromagnetic compatibility
(EMC). The random combination of the cross-section of the multi-core twisted wire is used to accurately
simulate the randomness of the actual multi-core twisted wire. The rotation transformation of the cross-
section and the random transposition transformation between the conductors and the neural network model
are used to obtain the per unit length (p.u.l) parameters at any position. And bring it into the method of
chain parameters to find the crosstalk. The results show that the crosstalk amplitude-frequency and angular-
frequency characteristics of the different cores of the multi-core twisted wire under the fixed model are very
similar. Under the randommodel, the crosstalk of multi-core twisted wires is very close in the low frequency
range, and satisfies a certain envelope value in the high frequency range. Through comparison with full-wave
simulation, the reliability of the proposed method is proved.

INDEX TERMS Crosstalk, multi-core twisted wires, neural network algorithm, chain parameter, electro-
magnetic compatibility (EMC).

I. INTRODUCTION
The multi-core twisted wire used in various electrified sys-
tems has the characteristics of small coupling and low
noise [1]–[3]. Although it has good performance and char-
acteristics, it is susceptible to external electromagnetic inter-
ference in today’s complex electromagnetic environment.
Among them, crosstalk becomes the main noise in the
electromagnetic compatibility (EMC) of multi-core twisted
wires [3], [4].

The original multi-core stranded wire model was twisted
pair (TWP). Moser and Spencer initially studied the low
coupling characteristics of TWP, the magnetic field radi-
ated by the twisted pair, and the radiation sensitivity (RS)
[5]. Later, Paul and McKnight proposed the use of trans-
mission line cascade transmission line theory (TLT) to deal
with TWP [6]–[8]. After that, the processing and model-
ing methods of multi-core stranded wires have been pro-
posed successively [9], [10], and the processing methods of
crosstalk between wires and multi-core twisted wires [11],
[12]. In [13], the crosstalk between multi-core twisted wires
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with equal torque ratio and unequal torque ratio was com-
pared, and [14] proposed a multi-conductor transmission line
for analyzing the crosstalk of shielded random twisted pair
bundles.

In addition to studying crosstalk, [15] studied the influence
of non-uniform torque on the reliability of twisted wire radi-
ation, and [16] studied the random response of non-uniform
multi-strand twisted pair (MTB-TWP) excited by random
plane waves. Among various models, [17], [18] proposed a
method for predicting the response of multiple TWP beams
when a ground plane is irradiated by a plane wave electro-
magnetic field.

In this paper, an ideal cross-sectional model of uniform
twist is established, and based on this, the neural net-
work method and matrix transposition idea are adopted to
obtain the cross-sectional model of random twist. The BAS
optimization algorithm is used to optimize the neural net-
work model to obtain the global optimal value. Using the
chain parametermodel, the amplitude-frequency and angular-
frequency characteristics of crosstalk are analyzed.

This paper is organized as follows. In Section II, an ideal
twisted multi-core stranded wire model is established, and
the wire transposition when random twisting occurs is
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FIGURE 1. Multi-core twisted wire harness model.

FIGURE 2. Geometry and parameters.

discussed. In Section III, the p.u.l parameters at any posi-
tion are obtained through the idea of random twisting and
matrix transposition. Secondly, combined with the neural
network numerical simulation technology of the transmis-
sion line matrix (TLM) method is given in Section IV, and
the crosstalk amplitude-frequency characteristics and corner-
frequency characteristics are analyzed. It is summarized in
Section V.

II. MODEL OF MULTI-CORE TWISTED WIRES
A. GEOMETRIC MODEL
In an ideal situation, the multi-core twisted wire harness is
evenly twisted inside the core, with a uniform fixed twisting
pitch, and the outside is wrapped with a certain thickness of
insulating layer, as shown in Fig. 1. However, in common
engineering practice, multi-core stranded wires will have ran-
dom non-uniform twists due to artificial and environmental
influences, which are essentially non-uniform transmission
lines.

The geometric structure and parameters of a three-core
conductor as an example are shown in Fig. 2. The wires are
all cylindrical bare wires, the wire radius is r1, the height
of the twisted center is h, the radius from the twisted cir-
cumference of the three wires to the twisted center is r2,
and the radius of the outer insulating layer is r3. The wire

FIGURE 3. Sections and rotation angles corresponding to different z
values.

is twisted along the z-axis, and the length of the multi-core
strandedwire is L. The position of the center point of the three
wires is Elred ,Elblue,Elpurple. Under the same abscissa z, taking
r = r2 − r1, they can be expressed as:

Elr (x1, y1, z) = r cos θEax + (h+ r sin θ )Eay + zEaz

Elb(x2, y2, z) = r cos(θ +
2π
3
)Eax + (h+ r sin(θ +

2π
3
))Eay

+zEaz

Elp(x3, y3, z) = r cos(θ +
4π
3
)Eax + (h+ r sin(θ +

4π
3
))Eay

+zEaz
(1)

where Eax , Eay, Eaz represents the unit vector of the x, y, and
z-axes, respectively. θ is the cross-section rotation angle at
each position z.

Fig. 3 shows the transposition of thewires corresponding to
the twisting of the three-core twisted wire in a pitch. It can be
seen that the cross-sectional rotation angle θ and the position
z at the initial position of the cross-section show a periodic
change.

Taking into account the process of establishing the random
three-core twisted wire harness model, the corresponding
cross-section and rotation angle under each z value are ran-
dom, and can be randomly generated by the rotation angle of
the ideal three-core stranded wire. Then the rotation angle of
the cross-section in each section of three-core twisted wire is:

θ =


2πz
p
, Ideal model

rand(z), Random model
(2)

B. EQUIVALENT CIRCUIT
The large electromagnetic noise interference to themulti-core
twisted wire is mainly expressed by the line-to-line crosstalk.
Fig. 4 shows the terminal conditions at both ends of the multi-
core twisted wire model and the equivalent circuit p.u.l of the
multi-core twisted wire.

In [2], the voltage and current of the transmission line
satisfy the following equation:

d
dz

V(z) = −Z(z)I(z)

d
dz

I(z) = −Y(z)V(z)
(3)

Among them, V(z) and I(z) represent the voltage and
current vectors at different positions. Z(z) and Y(z) repre-
sent the corresponding impedance and admittance at different
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FIGURE 4. Terminal conditions and equivalent circuit. (a) Termination
impedance and power. (b) Multi-conductor transmission line unit
equivalent circuit.

positions, which can be expressed as:{
Z (z) = R (z)+ jwL (z)
Y (z) = G (z)+ jwC (z)

(4)

Among them, R(z), L(z), C(z), and G(z) respectively rep-
resent the resistance, inductance, capacitance, and conduc-
tancematrices of the corresponding cross-sections at different
positions, that is, the p.u.l parameter matrix. They are all
symmetric matrices of order n×n. w is the angular frequency
of the signal source.

For the convenience of modeling and the unity of descrip-
tion, these four parameter matrices are all represented by
M. In the evenly twisted three-core twisted wire model,
the rotation of the twisted wire is uniform. Therefore, the
parameter matrix M of the uniform cross-sectional model
within 0o ∼120o, 120o ∼240o, 240o ∼360o is the same.
But the location is different, as long as the corresponding
transformation is carried out.

M(θ ′) =

{
PM(θ)PT , θ ′ ∈ [120◦, 240◦)
P2M(θ )(PT )2 , θ ′ ∈ [240◦, 360◦)

(5)

where θ ∈ [0◦, 120◦) and P is the rotation matrix, in the
model of this article:

P =

 0 0 1
1 0 0
0 1 0

 (6)

FIGURE 5. BAS-BP neural network topology.

In an ideal conductor, in some cases, if the harness of the
transmission line has strong conductivity and good insulation
properties, it can be regarded as a lossless ideal conduc-
tor, that is, R(z)= G(z)=0. And the corresponding multi-
conductor transmission line equation degenerates to:

d
dz

V(z) = −jwL(z)I(z)

d
dz

I(z) = −jwC(z)V(z)
(7)

III. P U L PARAMETERS AND CORSSTALK SOLUTION
A. OBTAINING THE PARAMETERS OF P.U.L
Because the RLCG parameter at different positions are differ-
ent, but due to the geometric characteristics of the multi-core
stranded wire, only the parameters of 0o ∼120o are needed
to obtain the matrix parameter matrix average at any angle.

However, different positions z correspond to different
parameter matrices, and it is difficult to obtain a parameter
matrix of any angle in the traditional way. Any certain rota-
tion angle of the cross-section has its unique corresponding
parameter matrix, and there is a nonlinear mapping relation-
ship between the rotation angle and the parameter matrix.
The transformations of the four parameter matrices are all the
same. For simple description, the p.u.l parameter matrix can
be expressed as:

M(z) =

m11 m12 m13
m21 m22 m23
m31 m32 m33

 (8)

where mij represents the specific resistance value rij, induc-
tance value lij, capacitance value cij and conductance value
gij corresponding to different parameter matrices. And M
is a symmetric matrix, mij = mji. There is a complex
mathematical relationship with the angle, so the neural net-
work optimized by the BAS method can be used to describe
this complex mapping relationship. The network topology is
shown in Fig. 5.

In the network, the number of input layers is 1, that is, the
input is the cross-section rotation angle, the number of hidden
layers is nh, and the number of output layers is no. That is, the
output is the column vector formed by the upper triangular
elements of the parameter matrix in equation (8).

Y = [m11,m12,m13,m22,m23,m33]T (9)

VOLUME 10, 2022 52225



H. Sun et al.: Analysis of Amplitude and Angle of Crosstalk in Frequency Domain of Three-Core Twisted Wires

The weights and thresholds wi, bi and wij, γj are optimized
using the BAS optimization algorithm. The specific steps are
as follows:

(1) Determine the optimized objective function.
The output value of the network is:

yj =
nh∑
i=1

wij
1+ e−wiθ+bi

+ γj (10)

Arrange all the weights and thresholds to indicate the
position of the long-horned beetle in the high-dimensional
space:

w =
[
w1, · · · ,wi, b1, · · · , bi,w11, · · · ,wij, γ1, · · · , γj

]T
(11)

For N groups of data, the mean square deviation between
the network output value and the actual value is:

f (w) = E(wi,wij) =
1
2N

N∑
i=1

no∑
j=1

(
yj − y′j

)2
(12)

Among them, y′j is the actual given parameter matrix data
value, and f (w) is the optimized objective function.
(2) Initialize the position and direction of the long-horned

beetle and the optimal value fbest of the objective function.

w0
= rands (k, 1) (13)

Herew represents the initial position of the longhorn beetle
in the high-dimensional data space. k represents the dimen-
sion of the weight vector, and rands represents the generation
of a row vector that obeys a uniform distribution.

The direction of longhorn is:

S→ =
rands (k, 1)
‖rands (k, 1)‖2

(14)

In the formula, ‖rands(k, 1)‖2is the 2-norm of the column
vector.

(3) Establish the position vector of the beetle’s left beard
and the beetle’s right beard

wtr = wt + d t • ES/2 (15)

wtr = wt − d t • ES/2 (16)

In the formula, t is the number of iterations, and the hori-
zontal distance between the two whiskers is d .
(4) Let f be the function to be optimized for the algorithm,

that is, the odor intensity of longhorn beetle search. For BP
neural network problems, it is generally the mean square
error. According to the position of the left and right whiskers
and the odor intensity of the beetle at the current moment, the
search direction of the beetle is judged: if f

(
wtl
)
is less than

f
(
wtr
)
, the beetle searches to the left; otherwise, it searches

to the right.

wt+1 = wt + δt • ES • sign
(
f
(
wtr
)
− f

(
wtl
))

(17)

In the formula, δt represents the step size factor under t
iterations, sign is a sign function, and the output result is plus
or minus 1.

FIGURE 6. The situation where random transposition occurs.

(5) Iteratively update the beetle step length and the distance
between the beetle’s left and right whiskers.

d t+1 = 0.95d t + 0.01 (18)

δt+1 = 0.95δt (19)

Generally, the initial step size is δ =
√
k . For the newwt+1,

the position of the longhorn beetle in the search direction can
be obtained, and the next iteration calculation can be per-
formed. Until the maximum number of iterations is reached
or the minimum error value is met, the iteration is stopped,
so as to obtain the global minimum of the average error.

1.3Taking the cross-section of the wire harness with a
rotation degree of 0◦ in Fig. 3(a). as the reference cross-
section, the corresponding three-core twisted wire model is
established in the Ansys Q3D simulation software. It can be
seen from Fig. 3 that the RLCG parameter matrix of the entire
pitch can be obtained only by extracting the RLCG parameter
matrix of the twisted wire within 1/3 of the pitch. Starting
from 0◦, extract a sample of the R, L, C, G parameter matrix
for the three-core twisted wire at equal intervals of 3◦, and
end at 117◦, forty sets of training samples can be obtained.

B. P.U.L PARAMETERS OF THE RANDOM MODEL
After the network is trained with pre-extracted data, it can
predict the p.u.l parameter matrix at any rotation angle. Tak-
ing into account the symmetry of the cross-section of the
multi-core twisted wire harness and the periodicity of the
rotation angle, the angle of the training network only needs
to be 0o ∼120o.
When considering the situation of non-uniform twisting,

random transpositions between the wires will occur, as shown
in Fig. 6.

When two or more wires are randomly transposed in the
wiring harness, the corresponding parameter matrix M′ after
the position exchange can use the transformation matrix T to
represent the conversion of the unit length parameter matrix
before and after the transposition, which is expressed as:

M′ = T(k)
ij · · ·T

(1)
ij MT(1)

ij · · ·T
(k)
ij (20)

where k is the number of transpositions, and 1 ≤ k ≤ n− 1,
n is the number of cores. T is the transformation matrix when
transposition occurs between the i-th conductor and the j-th
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FIGURE 7. Transmission line chain parameter model.

conductor, expressed as:

T(k)
ij =



1 0 · · · 0 · · · 0 · · · 0
0 1 · · · 0 · · · 0 · · · 0
...

...
. . .

...
...

...
...

...

0 0 · · · 0 · · · 1(i) · · · 0
...

...
...

...
. . .

...
...

...

0 0 · · · 1(j) · · · 0 · · · 0
...

...
...

...
...

...
. . .

...

0 0 · · · 0 · · · 0 · · · 1


(21)

C. SOLVE CROSSTALK BY CHAIN PARAMETERS
Through the discussion in the previous section, different
positions z and cross-section rotation angles can be trans-
formed into each other. In the uniformly twisted multi-core
stranded wire model, the p.u.l within 0o ∼120o can be
obtained through BAS-BPNN. The p.u.l within 120o ∼240o,
240o ∼360o can be obtained by transformation of the rotation
matrix P. In the multi-core stranded wire of the random
model, the p.u.l within 0o ∼120o can still be obtained by
BAS-BPNN, but the p.u.l generated by the random transpo-
sition of its conductor can be obtained by the transposition
matrix T (k)

ij transformation.

Considering the terminal impedance and power supply in
Fig. 4, the transmission line equation can be converted to
analog [3]. {

V (z) = TV (z)Vm (z)
I (z) = TI (z) Im (z)

(22)

The original equation can be reduced to:
d2

dz2
Vm (z) = T−1V (z)Z (z)Y (z)TV (z)Vm (z) = r2Vm (z)

d2

dz2
Im (z) = T−1I (z)Y (z)Z (z)TI (z) Im (z) = r2Im (z)

(23)

where r2 is a diagonal matrix of n× n, and T TV = T−1I .
Reconsider formula (4) and use ports to characterize the

relationship between voltage and current. As shown in Fig. 7,
it is a chain parameter port based on the cascade concept.

Therefore, the voltage and current of each port satisfy:[
V (1zk)
I (1zk)

]
= 8 (1zk)

[
V (1zk−1)
I (1zk−1)

]
(24)

As shown in Fig. 7, get different chain parameter matrix:

8 (1zk) =
[
φ11 (1zk) φ12 (1zk)
φ21 (1zk) φ22 (1zk)

]
(25)

where φ11 (1zk), φ12 (1zk), φ21 (1zk), φ22 (1zk) are the
chain parameter subarrays, they are:

φ11 (1zk) =
1
2
Y−1TI

(
er1zk + e−r1zk

)
T−1I Y

φ12 (1zk) = −
1
2
Y−1TI

(
er1z − e−r1zk

)
T−1I

φ21 (1zk) = −
1
2
TI
(
er1zk − e−r1zk

)
r−1T−1I Y

φ22 (1zk) =
1
2
TI
(
er1zk + e−r1zk

)
T−1I

(26)

Combining the BSAS-BPNN algorithm to obtain the p.u.l
at any position z, all the chain parameters 8 (z) can be
obtained by using formula (26).

The chain parameters of the transmission line are:

8 (L) =
N∏
k=1

8N−k+1 (1zN−k+1) (27)

where N is the divided length of the transmission line, the
voltage and current between the near end (z=0) and the far
end (z= L) of the transmission line satisfy:[

V (L)
I (L)

]
= 8 (L)

[
V (0)
I (0)

]
(28)

The terminal constraints are:{
V (0) = VS − ZSI (0)
V (L) = VL + ZLI (L)

(29)

where VS =[VS;0;0]T is the near-end termination voltage
source, and ZS is the near-end termination impedance. VL =

[0; 0; 0]T is the far-end termination voltage source, and ZL
is the far-end termination impedance.

Find the near-end crosstalk (NEXT) and far-end crosstalk
(FEXT) as: {

NEXT = 20 log10(|V(0)|
/
Vs)

FEXT = 20 log10(|V(L)|
/
Vs)

(30)

IV. NUMERICAL EXPERIMENT VERIFICATION AND
ANALYSIS
The wire used in this paper is a copper core wire, the wire
radius r1 =0.335mm, the radius of the ring enclosed by
the three wires is r2 =0.722mm, the outermost insulating
material is PVC, and the radius from the center of the circle
is r3 =1.022mm. The length of the transmission line is L =
1m, and the height above the ground is h = 15mm. The
transmission line is divided into N = 2000 sections in total.

Through the finite element method (FEM), a small amount
of pul parameter matrix is obtained at 0o ∼120o for network
training. The unit of p.u.l parameter matrix R(z), L(z), C(z),
G(z) is �/m, nH/m, pF/m, mS/m.

Fig. 8 shows the simulation in CST. The model is an ideal
model with uniform twisting for 20 cycles. The near-end and
far-end crosstalk of the transmission line are solved by the
TLMmethod and compared with the method proposed in this
article.

VOLUME 10, 2022 52227



H. Sun et al.: Analysis of Amplitude and Angle of Crosstalk in Frequency Domain of Three-Core Twisted Wires

FIGURE 8. Simulation model in CST.

TABLE 1. Average and maximum error of amplitude in next (dB).

TABLE 2. Average and maximum error of amplitude in fext (dB).

A. THE AMPLITUDE-FREQUENCY CHARACTERISTICS OF
CROSSTALK IN THE IDEAL MODEL
In the ideal multi-core stranded wire model, the method in
this paper is used to apply a voltage source on the conductor 1,
and the frequency range of the power supply is from 0.1MHz
to 1GHz. The comparison of the results of calculating the
amplitude-frequency characteristics of the crosstalk of No.
2 and No. 3 wire with the results based on the TLM method
are shown in Fig. 9 and 10, respectively. It can be seen that
it has a higher degree of agreement, the effect in the middle
frequency band is better than the effect in the low frequency
band (f < 100MHz) and the high frequency band (f >

500MHz), and the trend of change is very similar to the peaks
and valleys. This can prove the reliability of themethod in this
paper.

It can be seen that the NEXT and FEXT amplitude-
frequency characteristic curves of No. 2 wire and No. 3 wire
are very close. This is because the power is applied to No. 1
conductor and the disturbed No. 2 and No. 3 wire are sym-
metrically distributed with each other. In addition, the results
of FEXT in the two conductors and CST vary greatly in the
mid-frequency range, while NEXT varies less in the high-
frequency range. This may be because NEXT is closer to the
power supply and is more affected. The maximum value of
NEXT is close to about −10dB, and the maximum value of
FEXT is close to about −14dB.

Table 1 and Table 2 respectively show the average error
and maximum value of the amplitude of NEXT and FEXT in
different frequency ranges. It can be seen that the minimum
error of NEXT is greater than FEXT, while the maximum

FIGURE 9. Amplitude-frequency characteristics of crosstalk in No. 2 wire.
(a) NEXT. (b) FEXT.

error is less than FEXT, and the maximum error of No. 3
wire is greater than that of No. 2 wire. The maximum error
of NEXT is 2.1480dB, and the maximum error of FEXT is
3.8153dB.

From the perspective of different frequency ranges, the
average error of NEXT of No. 2 wire is less than that of
No. 3 wire, and the average error of FEXT of No. 2 wire is
greater than that of No. 3 wire. In the range of 0.5GHz-1GHz,
the average error of NEXT and FEXT both reach the
maximum.

B. THE ANGULAR-FREQUENCY CHARACTERISTICS OF
CROSSTALK IN THE IDEAL MODEL
Similarly, the comparison of the angular frequency charac-
teristics of the crosstalk of No. 2 and No. 3 wire with the
results based on the TLMmethod are shown in Fig. 11 and 12,
respectively. It can be seen that there is a similar agreement
with the amplitude-frequency characteristics.

The difference is that the results of the corner frequency
characteristics in the low frequency band (f < 100MHz) are
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FIGURE 10. Amplitude-frequency characteristics of crosstalk in No. 3
wire. (a) NEXT. (b) FEXT.

TABLE 3. Average and maximum error of the angular in next (o).

quite different from the CST results, and the effect is better
in the high frequency band (f > 500MHz). According to the
theory of multi-conductor transmission lines, the parameters
R, L, C, and G are related to frequency. In this paper, the
influence of frequency on the parameter matrix is ignored
[9], and the parameters extracted at 1GHz are used, so the
calculation results in the high frequency band close to 1GHz
are closer to the actual value. And NEXT has a small change
in the high frequency range, and the maximum angle is kept
at about ±20◦. The FEXT has a large range of changes in
the high frequency range, and the maximum angle remains at
about ±180◦.

FIGURE 11. Angular-frequency characteristics of crosstalk in No. 2 wire.
(a) NEXT. (b) FEXT.

TABLE 4. Average and maximum error of the angular in fext (o).

Table 3 and Table 4 respectively show the average error
and maximum value of NEXT and FEXT angles in different
frequency ranges. It can be seen that the maximum error of
NEXT is also less than FEXT, and the maximum error of
No. 3 wire is less than that of No. 2 wire. The maximum error
of NEXT is 13.3689o, and the maximum error of FEXT is
27.0645o.
From the perspective of different frequency ranges, the

average error of NEXT and FEXT of No. 3 wire is smaller
than that of No. 2 wire. In the range of 0.1MHz-0.1GHz, the
average errors of NEXT and FEXT reach the maximum of
2.1495o and 12.5001o, respectively.
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FIGURE 12. Angular-frequency characteristics of crosstalk in No. 3 wire.
(a) NEXT. (b) FEXT.

C. THE AMPLITUDE-FREQUENCY AND
ANGULAR-FREQUENCY CHARACTERISTICS OF CROSSTALK
IN RANDOM MODELS
The amplitude-frequency and angular-frequency character-
istics of the random model are shown in Fig. 13 and 14,
respectively. Fig. 13(a), 14(a) and Fig. 13(b), 14(b) are NEXT
and FEXT, respectively. It calculates a total of 600 models,
and there are 1200 corresponding NEXT and FEXT curves
each, which more accurately describes the crosstalk char-
acteristics of the random twisted wire model. The green
dashed line represents the upper envelope and lower enve-
lope of the crosstalk amplitude-frequency and angular-
frequency characteristic. The curves of other colors are the
crosstalk characteristic waveforms under different twisting
conditions.

It can be seen that both NEXT and FEXT are very
close in the low frequency, while the NEXT fluctuation
is small in the high frequency, and the FEXT fluctua-
tion is large. And the change of the upper and lower
envelopes of NEXT is relatively stable, and the change

FIGURE 13. Amplitude-frequency characteristics of crosstalk in random
model. (a) NEXT. (b) FEXT.

of the upper and lower envelopes of FEXT is more
rapid.

In the high frequency range, the upper envelope value
of the amplitude-frequency characteristic curve of NEXT
is basically about −10dB, and the lower envelope value is
about−17dB. The upper envelope value of theNEXT angular
frequency characteristic curve in the high frequency range is
basically about 20o, and the lower envelope value is basi-
cally about −20o. The FEXT amplitude-frequency charac-
teristic curve has a maximum upper envelope value of about
−20dB in the high frequency range, and a large change in
the lower envelope value, with a minimum of about −47dB.
The FEXT angular frequency characteristic curve changes
between ±180◦in the high frequency range.

It can be seen that the FEXT amplitude-frequency charac-
teristics and angular frequency characteristics of the three-
core stranded wire under different twisting conditions are
susceptible to the influence of high-frequency signals, but
the influence on NEXT is limited. This may be that FEXT
is affected by the accumulation of twisting effects of three-
core twisted wires, while NEXT is less affected by changes
in twisting conditions. And as the complexity of twisting
increases, the curves of NEXT and FEXT will gradually
become similar.
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FIGURE 14. Angular -frequency characteristics of crosstalk in random
model. (a) NEXT. (b) FEXT.

V. CONCLUSION
In this article, a model of multi-core stranded wire is
proposed. The model includes ideal twisting and random
twisting, which overcomes the randomness problem in the
multi-core twisted wire model in the literature.

In addition, the p.u.l parameter matrix within the rota-
tion angle of part of the cross-section is obtained through
the neural network algorithm. Through cross-section rota-
tion matrix transformation and conductor random trans-
position matrix transformation, the p.u.l parameter matrix
at any position is extracted. The crosstalk is solved
by the chain parameter method with cascade thought
and the amplitude-frequency characteristics and angular-
frequency characteristics of NEXT and FEXT are ana-
lyzed. And compared with CST simulation based on
TLM, it proves that the method in this paper has high
reliability.

In the crosstalk characteristic curve, the FEXT character-
istic is easily affected by high-frequency signals, and both
NEXT and FEXT are less affected in the low frequency
range. In different twisting models, the characteristic curves
of NEXT and FEXT are kept in a certain envelope range
in the high frequency range, especially the envelope value
of NEXT presents an approximate horizontal straight line

change trend. These influencing factors and results will have
important reference significance in subsequent research and
engineering applications.
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