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Abstract – Based on the research of genetic algorithm
(GA) to optimize the BP neural network algorithm, this
paper proposes a method for predicting twisted wire
crosstalk based on the algorithm. Firstly, the equiva-
lent circuit model of a multi-conductor transmission line
is established, combined with the method of similarity
transformation, the second-order differential transmis-
sion line equations are decoupled into n groups of inde-
pendent two-conductor transmission line equations, and
the crosstalk is finally solved. Then the mathematical
model of the twisted wire is established and its struc-
tural characteristics are analyzed, and the GA-BP neu-
ral network algorithm is used to realize the mapping of
the electromagnetic parameter matrix of the twisted wire
and the position of the twisted wire. Finally, the map-
ping relationship is substituted into the transmission line
equation, and the near-end crosstalk (NEXT) and the far-
end crosstalk (FEXT) of an example three-core twisted
wire are predicted based on the idea of cascade com-
bined. By comparing with the transmission line matrix
method (TLM), it can be seen that the method proposed
in this paper is in good agreement with the crosstalk
results obtained by the electromagnetic field numerical
method, which verifies the effectiveness of the algorithm
proposed in this paper.

Index Terms – Back propagation neural network
(BPNN) algorithm, crosstalk, genetic algorithm (GA),
multi-conductor transmission line (MTL).

I. INTRODUCTION
As the main body of the car circuit network, the car

wiring harness connects the various electrical and elec-
tronic components of the car and makes them function,
but it also provides a carrier for the propagation of in-
terference signals. It can increase the noise level of the
adjacent equipment and wires, destroy the data, affect
the conducted and radiated emissions of the system, and
make the overall electromagnetic compatibility perfor-
mance of the vehicle drop drastically [1]. Therefore, in

the early stage of automotive EMC performance design,
crosstalk is the primary prediction target [2, 3]. However,
due to the uncertainty of the parasitic parameters of the
twisted wire, there is a lack of research concerning inter-
nal crosstalk.

The research method of non-uniform transmission
line crosstalk is also applicable to twisted wires; the only
difference is the lack of effective methods for extracting
parasitic parameters of twisted wires [4, 5]. Based on the
cascade concept, the non-uniform transmission line can
be equivalent to the cascade of finite micro-element seg-
ments, and a single micro-element segment can be ap-
proximated as a uniform transmission line, and its trans-
mission line equation can be characterized by its RLCG
parasitic parameter matrix [6, 7]. Most of the existing
literature uses computational electromagnetic numeri-
cal methods to extract the parasitic parameters of non-
uniform transmission lines. Literature [8] introduced the
FDTD algorithm when analyzing the transmission line
system, and then obtained the time domain difference
model of the transmission line, and finally extracted the
parasitic parameter matrix from the field solution. In [9],
the finite element method (FEM) is used to solve the
problem of electromagnetic parameter extraction, and
the extraction is based on the equivalent dielectric con-
stant to deal with the layered problem of the medium.
Literature [10] discusses a simple model for approximat-
ing the per-unit-length parameters of a lossy cable pro-
viding a smooth transition from low to high frequencies.

Numerical methods have both precision defects and
application conditions, but modern artificial intelligence
algorithms can better deal with the coexistence of com-
putational efficiency and computational accuracy. Liter-
ature [11] is based on this idea and introduces BP neural
network to construct the nonlinear mapping relationship
between the twisted wire electromagnetic parameter ma-
trix and the axial extension of the twisted wire, and fi-
nally combines the finite difference time domain algo-
rithm (FDTD) to complete the crosstalk prediction of the
twisted wire. BP neural network has a strong non-linear
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mapping ability and can escape the constraint of math-
ematical formulas [12, 13], to complete the one-to-one
correspondence between any position of the twisted wire
and its RLCG parasitic parameter matrix. As the sam-
ple data stimulate it, the BP neural network adjusts the
weight threshold of the hidden layer and the output layer
to achieve the approximate output of the network’s ex-
pected output of the sample data, and self-learning The
essence is to dynamically adjust the connection weight,
so that the algorithm may fall into a local extreme value.
In addition, the BP neural network relies on the initial
network weight threshold. After initialization with dif-
ferent weight thresholds, the network will often acquire
solutions with different accuracy [14–16]. To prevent the
BP neural network from falling into the local optimum,
this paper proposes the GA-optimized BP neural network
algorithm model. A genetic algorithm can solve the prob-
lem of the BP neural network falling into local optimal-
ity. It optimizes the weights and thresholds of BP neural
networks and solves the sensitivity problem of BP neural
networks to initial weights.

II. MULTI-CONDUCTOR TRANSMISSION
LINE MODELING ANALYSIS

A. Multi-conductor transmission line equation
Based on the idea of a cascade, the analysis of multi-

conductor transmission lines can be micro-processed, the
multi-conductor transmission line is composed of a finite
length of micro-element small segments, in which the
multi-conductor transmission line can be equivalent to
the equivalent circuit form, which is convenient further
analyze its crosstalk effect, as shown in Fig. 1. The cou-
pling effect of the transmission line can be fully charac-
terized by this model, with high accuracy. Among them,
lii, l j j represent the self-inductance per unit length of the
transmission line, li j represents the mutual inductance
per unit length between the transmission lines. rii, r j j re-
spectively represent the resistance per unit length of the
transmission line. ci j represents the mutual coupling ca-
pacitance per unit length between the transmission lines,
cii, c j j represents the coupling capacitance of the trans-
mission lines to the ground. gi j, gii represent the leak-
age conductance per unit length between the transmis-
sion lines.

Based on the above analysis, the multi-conductor
transmission line equation is derived from the perspec-
tive of Kirchhoff’s law. For the loop between the i-th con-
ductor and the reference conductor, the multi-conductor
transmission line equation can be obtained:

∂

∂ z
V(z, t) =−RI(z, t)−L

∂

∂ t
I(z, t)

∂

∂ z
I(z, t) =−GV(z, t)−C

∂

∂ t
V(z, t)

. (1)

Where RLCG is the parasitic parameter matrix of the
transmission line.
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Fig. 1. The equivalent circuit of a multi-conductor 
transmission line per unit length. 
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Fig. 1. The equivalent circuit of a multi-conductor trans-
mission line per unit length.

B. Similarity transformation decoupled MTL equa-
tions

Equation (1) removes time-domain related t param-
eters to form a frequency-domain multi-conductor trans-
mission line equation:{

dU(z)/dz =−ZI(z)
dI(z)/dz =−YU(z)

. (2)

Where Z is the impedance matrix per unit length, and Y
is the admittance matrix per unit length, which can be
expressed by the RLCG parasitic parameters:{

Z = R+ jωL
Y = G+ jωC . (3)

Differentiating the position z of the transmission line
on both sides of the first-order coupling differential equa-
tion (2) and substituting them for each other can be con-
verted into a decoupled second-order ordinary differen-
tial equation: {

d2U(z)/dz2 = ZYU(z)
d2I(z)/dz2 = YZI(z) . (4)

The idea of similar transformation method is used to
further decoupling [17], removing the coupling between
the cable voltage and the current. Through similar trans-
formation, ZY and YZ are diagonalized at the same time,
so as to realize the decoupling of the above second-order
equation, there are:{

T−1
U ZYTU = γγγ2

TI
−1YZTI = γγγ2 . (5)

Modulus transformation ∑U(z) and ∑ I(z) can ob-
tain the solution of homogeneous differential equations
after decoupling:{

Um(z) = U+
me−γz +U−

meγz

Im(z) = I+me−γz − I−meγz . (6)

Where Um = T−1
U UIm = T−1

I I.
The crosstalk after modulus transformation can be

expressed as:
U(z) = Y−1TIγT−1

I I+me−γz + I−meγz. (7)
Combining the port conditions and reducing the

undetermined coefficients, the crosstalk can be finally
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obtained. It can be seen that, for a multi-conductor trans-
mission line, only the impedance matrix Z and the ad-
mittance matrix Y need to be obtained to actually solve
the parallel cable crosstalk.

III. GA-BP NEURAL NETWORK
ALGORITHM TO EXTRACT PARASITIC

PARAMETERS OF TWISTED RLCG
A. Twisted wire structure analysis

From the perspective of the axial direction of the
transmission line, the twisted wire can be seen as a
combination of countless continuously rotating cross
sections. Taking the three-core twisted wire shown in
Fig. 2 as an example, the phase difference of the initial
point of the single wire is 120◦, and the cross-section
of the twisted wire at the corresponding axial point can
be obtained by continuous rotation of the initial cross-
section. When O1 turns to the O2 position, O2 turns to
the O3 position, and O3 turns to the O1 position, it means
that the rotation angle is 120◦. The definition of the pitch
p shows that the axial extension distance of the strands is
a single pitch at this time.

Figure 3 illustrates the continuous rotation of the
cross-section of the three-core twisted wire within a sin-
gle pitch and the axial extension of the wire. It can be
seen from Fig. 3 that the initial cross-section of the three-
core twisted wire is rotated through the angle to obtain
a cross-section consistent with the initial cross-sectional
shape, only the difference in the serial number of the
transmission line is artificially defined. In this paper, the
position of the axial extension of the three-twisted wire
at this time is defined as the transposition of the three-
core twisted wire, which defines the axial coordinate of
the transposition point as mp/3,m = 0,1,2,↶. By anal-
ogy, the corresponding axial length of the twisted wire
transposition and its corresponding rotation angle can be

             (6) 
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Fig. 3. Three-core twisted single-pitch conversion
model.

expressed as: {
l = mp/n
θ = 2mπ/n . (8)

Where m is a constant and n is the number of cores.
With the axial extension of the twisted wire, the

cross-sectional shape of the twisted wire is also chang-
ing, which corresponds to the change of the parasitic pa-
rameters of the twisted wire, that is, there is a nonlinear
mapping relationship between the axial coordinate of the
twisted wire and the parasitic parameters of the twisted
wire. The functional relationship can be expressed as:

f (l) = [R,L,C,G]. (9)
Where [R,L,C,G] is the parasitic parameter matrix of
the twisted wire, and l represents the horizontal distance
between any cross-section of the twisted wire and the
initial cross-section.

Through the structural analysis of the twisted wire
and the relationship between the axial length of the trans-
position and its corresponding rotation angle, the coordi-
nates of any point on the twisted wire can be converted
into the rotation angle of the twisted wire at that point,
expressed as:{

θ = l
p 2π,0 ⩽ l ⩽ p

θ = (l−mp)
p 2π +2mπ,mp ⩽ l ⩽ (m+1) p ⩽ d

.

(10)
Where l is the axial coordinate of the strand, θ is the
rotation angle, p is the pitch, and d is the total length of
the strand.

From formula (10), formula (9) can be transformed
into:

f (θ) = [R,L,C,G]. (11)

B. BP neural network
The BP neural network is introduced in [12] to ap-

proximate the mapping relationship between the inde-
pendent variable and the dependent variable with high
precision, avoiding the difficulty of mathematical formu-
las to deal with nonlinear problems.

The neural network takes the rotation angle as input,
and the output is RLCG parasitic parameters. Selecting
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a single hidden layer can determine the topology of the
BP neural network as shown in Fig. 4. Among them, the
weight from the input layer to the t-th hidden layer is ex-
pressed as w1,t , the weight from the t-th hidden layer to
the m-th output layer is expressed as wt,m. The number
of hidden layer neurons t is an empirical range value, af-
fected by the number of input elements n and the number
of output elements m can be expressed as:

t = (m+n)0.5 +a,(a = 1,2, . . . ,10). (12)
The output of the corresponding BP neural network

is the RLCG parasitic parameter matrix. However, the
matrix cannot exist directly as the output quantity, and
the matrix needs to be transformed. Study the problem of
twisted wires in the initial pitch, analyze the training data
of training the neural network within the line length, and
combine the theory of multi-conductor transmission line
to know that RLCG is a diagonal matrix. Therefore, the
RLCG matrix only needs the upper or lower triangular
elements as the research target. The diagonal and upper
triangular elements in the R′L′C′G′ matrix are extracted.

R′′ = [r11, · · · ,r1n,r22,r23, · · · ,r2n, · · · ,rnn]

L′′ = [l11, · · · , l1n, l22, l23, · · · , l2n, · · · , lnn]

G′′ = [g11, · · · ,g1n,g22,g23, · · · ,g2n, · · · ,gnn]

C′′ = [c11, · · · ,c1n,c22,c23, · · · ,c2n, · · · ,cnn]

(13)

Reorganize R′′L′′C′′G′′ into a vector as:

Y =
[
R′′L′′C′′G′′]T

= [y1,y2, ,,ym]
T . (14)

Where y represents the value of the sample element of
the RLCG parameter matrix, where the total number of
elements in y is m=2n(1+n) and n is the number of cores.
It can be seen that the output of the BP neural network
is a column vector organized by diagonal and upper tri-
angular elements of the twisted RLCG parameter matrix,
m is the number of outputs, and one element of the cor-
responding column vector corresponds to one element in
the twisted RLCG parameter matrix. The BP neural net-

θ

.

.

.

Input layer Hidden layer Output layer

.

.

.

Angle

h1

h2

ht
1,tw

,t mw

1y

2y

my

RLCG

Fig. 4. Topological structure of the multi-core twisted ca-
ble neural network.

work prediction model is the twisted wire parasitic pa-
rameter extraction model. Through the above analysis,
the input of the parasitic parameter extraction network is
the axis coordinate of the twisted wire and the output is
the column vector of the RLCG parameter matrix.

C. Genetic algorithm optimizes BP neural network
First, the application effect of the BP neural network

is greatly affected by its weight and the initial value of
the threshold. Therefore, when the neural network is for-
warded, it is easy to fall into a local minimum and affect
the prediction effect; secondly, the BP neural network
uses the gradient descent method, when optimizing com-
plex objective functions, the required training time is too
long, which leads to too many iterations of the algorithm
and slower convergence. Based on the above two rea-
sons, this study uses the genetic (GA) algorithm [18] to
optimize the weights and thresholds of the BP neural net-
work, forming a new GA-BP neural network algorithm,
and applying it to the analysis and calculation of the par-
asitic parameters of the twisted wire.

The genetic algorithm mainly includes three steps
(selection, crossover, and mutation), and its modeling
process is as follows:

Selection: According to individual fitness, select
good individuals to pass on to the next generation. The
calculation method used in this study is the roulette
method.  fi = k/Fi

pi = fi/
N
∑

i=1
fi
. (15)

Where fi is the fitness of individual i; Fi is the fitness
function of individual i; k is the selection coefficient; pi
is the selection probability of individual i.

Crossover: The GA algorithm uses entity coding in
the calculation process. This study uses the real number
crossover method.{

axi = axi(1−b)+ayib
ayi = ayi(1−b)+axib

. (16)

Where axi is the i position of the xth chromosome, ayi is
the i position of the yth chromosome, and b is a random
number, 0≤b≤1.

Mutation: After selecting an individual, convert
certain genes into other genes with a certain probability.

ai j =
{

ai j +(ai j −amax)
∗ f (g),r > 0.5

ai j +(amin −ai j)
∗ f (g),r ≤ 0.5 . (17)

f (g) = r2

(
1− g

Gmax

)2

. (18)

Where amax is the upper bound of gene ai j, amin is the
lower bound of gene ai j, r2 is a random number, g is the
number of iterations, Gmax is the maximum number of
iterations, r is a random number, 0≤r≤1.
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The steps for GA to optimize BP are as follows:

(1) The training samples are normalized. Use maxi-
mum and minimum normalization to compress the
training samples to speed up the training speed
while preserving the characteristics of the data.

(2) Initialize the BP neural network algorithm. Deter-
mine the topology of the BP neural network, deter-
mine the number of hidden layer units, learning rate
and activation function and other network parame-
ters based on the training samples, and generate the
corresponding network topology.

(3) Initialize the genetic algorithm. Generate the initial
population, randomly generate the initial values of
the weights and thresholds, and use them as individ-
uals in the population to perform real number cod-
ing. Define the chromosome code length l, then for
the BP neural network of 1-M-N topology:

l = 1∗M+M ∗N +M+N. (19)

(4) Determine the fitness function. The root mean
square error MSE of the test data is used as the
fitness evaluation function to evaluate the chromo-
somes.

fitness = MSE =
1
N

N

∑
i=1

(tsim(i)− yi)
2 . (20)

Where N is the number of samples in the training
set; tsim(i) is the predicted value of the ith sample; yi
is the actual value of the ith sample. Therefore, the
minimum fitness function value when the algorithm
iteration stops is the optimal solution.

(5) Choose the parent. Sort the individuals according
to their fitness, and use the roulette algorithm to
screen out 2 individuals as parents. Calculate the
best-fitness of the individual, and record the chro-
mosome code of the best individual.

(6) Random crossover. The parent uses the weight and
threshold of each layer of the network as genes
and uses a random crossover algorithm to combine
genes with a certain crossover probability p1 to gen-
erate new offspring.

(7) Mutation operation. In the generation of offspring,
there is a certain probability that some individuals in
p2 will mutate, and the weights and thresholds of the
mutated individuals will be re-assigned to generate
new genes.

(8) Iteratively update to solve the optimal individual. If
the fitness of the best individual of the next gener-
ation is better than that of the previous generation,
update the best fitness and the best individual; oth-
erwise, keep the same and eliminate the worst indi-
vidual.

(9) Iteration stop condition. When the stop condition is
not met, select some individuals with high fitness

from the original population and the newly gener-
ated offspring to form a new population, and re-
peat steps (5) to (8) to continue solving the weights
and thresholds of the satisfied conditions. When the
stopping condition is satisfied, that is, the maximum
number of iterations or the accuracy condition is
satisfied, the chromosome encoding information in
bestchrom is the optimal weight and threshold, and
the optimal solution is generated.

IV. VERIFICATION AND ANALYSIS
A. Comparison between BPNN and GA-BPNN

This article takes three-core twisted wire as an ex-
ample to verify and analyze the method proposed. Strand
parameters are shown in Table 1. The specific distribu-
tion graph on the ground is shown in Fig. 5.

Taking the cross-section of the wire harness with a
rotation degree of 0◦ in Fig. 5. as the reference cross-
section, the RLCG parameter matrix within a single pitch
is extracted using Ansys Q3D simulation software. At
high frequencies, the resistance per unit length of the
conductor increases with the square root of the frequency
due to the skin effect [19], and the conductance of the
homogeneous medium surrounding the conductor is also
frequency dependent. The RLCG parameter in the model
in this article uses the value extracted at 500 MHz

In summary, the neural network takes the upper tri-
angular element of the RLCG parameter as the output

Table 1: Three-core twisted cable
Parameters Values
Single wire radius 0.6 mm
Single wire conductivity 58000000

S/m
Single wire insulation thickness 0.6 mm
Insulation layer relative permittivity 2.7
Pitch 1000 mm
Height 3.5 mm

Ground

Fig. 5. Reference cross-section of three-core twisted wire
model.
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and the cross-section rotation angle θ as the output. Ac-
cording to the hidden layer neuron empirical formula
(12), the value range of hidden layer neurons is [5–15].
The MSE value under the number of neurons in each hid-
den layer is compared in turn, and the optimal t value is
selected, that is, the hidden layer. The number of layered
neurons is 12. Therefore, for the three-core twisted wire,
set the BP neural network topology to 1-12-24, and the
chromosome code length is 336. At the same time, the
error accuracy is set to 1e-6, the learning rate is 0.05, the
population size is 50, the number of iterations is 100, the
crossover probability p1 is 0.4, and the mutation proba-
bility p2 is 0.2.

Bring the corresponding angles of the last ten sets
of samples into the parameter prediction model to obtain
the corresponding prediction output value. The relative
error results before and after the algorithm optimization
are shown in Fig. 6. The average relative errors of BPNN
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Fig. 6. Neural network relative error: (a) BP-NN and (b)
GA-BPNN.

and GA-BPNN are 1.66% and 0.03%, respectively, and
the GA algorithm significantly improves the prediction
accuracy of the neural network.

B. Comparison between BPNN and GA-BPNN
The transmission line matrix method (TLM) is the

core algorithm of the electromagnetic simulation soft-
ware CST Cable Studio. A three-core twisted wire cir-
cuit model is established in CST shown in Fig. 7. For the
three-core twisted wire, any wire is used as the excitation
wire, which is defined as line 1. The other two lines are
used as disturbed lines, which are defined as line 2 and
line 3, respectively.

The crosstalk obtained by using two methods in
0.1MHz-1GHz are shown in Fig. 8. Due to the symme-
try of the twisted wire structure, at the initial frequency
of 0.1MHz, the NEXT performance of this simulation
on lines 2 and 3 is −61.17dB, and the GA-BPNN algo-
rithm performance is −61.47dB; GA-BPNN algorithm
and simulation tend to be consistent, and fluctuate around
−18dB at high frequencies after a steady increase. At
the initial frequency of 0.1MHz, the FEXT performance
of the simulation on lines 2 and 3 is −66.32dB, and
the GA-BPNN algorithm performance is −66.73dB; the
GA-BPNN algorithm and simulation tend to be consis-
tent and fluctuate around −14dB at high frequencies af-
ter a steady increase.

The average values of the crosstalk values obtained
by the proposed algorithm and simulation in different
frequency bands are shown in Tables 2 and 3. The re-
sults show that the algorithm proposed in this paper is
consistent with the simulation results.

Through the analysis of the crosstalk results, it can
be seen that the NEXT and FEXT solved by the proposed
algorithm are basically the same as the CST simulation
values. In general, the crosstalk based on the proposed
algorithm shows good consistency with the simulation
experiment results in the crosstalk variation trend, and
also shows good accuracy in the numerical value.

Fig. 7. CST simulation model.

Table 2: The average value of NEXT in different fre-
quency bands of Line 2 (dB)
Frequency/MHz 0.1∼100 100∼500 500∼1000
GA-BP −19.28 −19.66 −19.92
Simulation −19.02 −19.27 −17.53
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Fig. 8. (a) line 2 NEXT, (b) line 3 NEXT, (c) line 2 FEXT,
and (d) line 3 FEXT.

Table 3: The average value of FEXT in different fre-
quency bands of Line 2 (dB)
Frequency/MHz 0.1∼100 100∼500 500∼1000
GA-BP −22.52 −14.13 −13.61
Simulation −22.16 −14.80 −14.76

V. CONCLUSION
This paper proposes a method for extracting the

RLCG parameter matrix of twisted wires based on the
GA-BP algorithm. In fact, any spatial wiring that sat-
isfies a certain mathematical relationship can extract
a high-precision RLCG parameter matrix through this
method. In this paper, a multi-conductor transmission
line crosstalk model is established, and the second-order
differential transmission line equations are decoupled
into n groups of independent two-conductor transmission
line equations by the method of similarity transforma-
tion, and the crosstalk is finally solved. The effective-
ness and applicability of the method in this paper to pre-
dict the twisted wire crosstalk are verified by numerical
experiments. In engineering applications, the results of
NEXT and FEXT predictions can directly provide the-
oretical reference for the layout, type selection, and pa-
rameter adjustment of the line.
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