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ABSTRACT

Crosstalk in wiring harness has been studied extensively for its importance in the naval ships electromagnetic compatibility 
field. An effective and high-efficiency method is proposed in this paper for analyzing Statistical Characteristics of 
crosstalk in wiring harness with random variation of position based on Polynomial Chaos Expansion (PCE). A typical 
14-cable wiring harness was simulated as the object of research. Distance among interfering cable, affected cable and 
GND is synthesized and analyzed in both frequency domain and time domain. The model of naval ships wiring harness 
distribution parameter was established by utilizing Legendre orthogonal polynomials as basis functions along with 
prediction model of statistical characters. Detailed mean value, mean square error, probability density function and 
reasonable varying range of crosstalk in naval ships wiring harness are described in both time domain and frequency 
domain. Numerical experiment proves that the method proposed in this paper, not only has good consistency with 
the MC method can be applied in the naval ships EMC research field to provide theoretical support for guaranteeing 
safety, but also has better time-efficiency than the MC method. Therefore, the Polynomial Chaos Expansion method.
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INTRODUCTION

Crosstalk in naval ships wiring harness can be determined 
by numerous reasons, such as the randomness of binding and 
fixation, variety of driving speed, jolt and vibration caused 
by operating condition etc. [1-3]. Research revealed that 
the crosstalk in naval ships wiring harness is very sensitive 
to positions. Vibration of the crosstalk is able to be raised 
up to 20 dB by the change of relative positions. However, 
computational electromagnetics methods such as multi-
conductor transmission line theory (MTL), finite difference 
time domain (FDTD) and method of moment (MOM) are 
mainly focus on the assumption that all cable positions are 
fixed and invariable [4-9]. Calculations and analysis are based 

on this assumption. Compute resources can be consumed 
tremendously and results can be dissatisfaction if these 
methods are adopted to calculation of random placed cable. 
Therefore, it is becoming a trend to research the fast and 
reasonable method for analyzing the statistical characteristics 
of crosstalk in wiring harness in recent years. 

Monte Carlo (MC) method is an important method that 
are applied in this field [10, 11]. Generally, MC method along 
with numerous methods such as convolution method and 
collocation method are adopted to analyze the statistical 
characters of wiring harness. Statistical characters including 
the mean value, mean square error and reasonable varying 
range of naval ships wiring harness are normally calculated 
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besides probability density function for analysis [12]. However, 
the calculating efficiency is influenced by generating cross-
section samples when these methods are adopted to predict 
the related interference statistical characters. In this way, it 
is not efficiency to use these methods in actual industrial 
applications.

In this paper, a polynomial chaos expansion (PCE) method 
is proposed to analysis statistical characters including the 
mean value, mean square error, reasonable varying range 
and probability density function in both time domain and 
frequency domain for naval ships wiring harness. This method 
is based on the distribution type and varying position of naval 
ships cable to choose orthogonal polynomial basis function. 
Then, chaos polynomial expansion of distributed parameter 
is performed. Meanwhile, corresponding coefficient of each 
expansion term is obtained. In this process, related statistical 
characters of naval ships cable distribution parameter can be 
determined by the property of chaos polynomial expansion. 
Then, combined with boundary conditions, related statistical 
characters of crosstalk in naval ships wiring harness in 
frequency domain can be determined by chaos polynomial 
expansion. Finally, results of PCE and MC method are 
compared and discussed. To be noticed that the geometric 
position variable of cables is based on Gaussian distribution 
and uniform distribution, and the uniform distribution 
is discussed specially in this paper. The method proposed 
in this paper can be used as an effective tool to analysis 
electromagnetic compatibility in naval ships aspect.

THEORY

Polynomial chaos expansion method is a powerful and 
effective mehtod which is widely applied in numerous aspects 
such as industrial, material research and mathematical field 
[13-18]. The fundamentals of polynomial chaos expansion 
and uniform distribution will be briefly summarized here 
only to guide the audients and define units. Besides Gaussian 
distribution, uniform distribution is also an important type 
of distribution which is adopted in the engineering field [19-
21]. It exerts its influence in the statistical aspect. Thus, in 
order to analysis its statistical characters, polynomial chaos 
expansion will be performed for random event with random 
variable in accordance with uniform distribution. Under 
such circumstances, the corresponding basis functions are 
Legendre orthogonal polynomials. In this way, assume a 
random process is expressed as:

( )Y y= ξ                                            (1)

The random variable [ ]1 2, ,..., T
nξ ξ ξ=ξ can be seen as 

n-dimensional independent uniform distribution input. The 
expression of polynomial chaos with Legendre orthogonal 
polynomials as basis functions can be shown as:

           (2)

where 0b 、 ib 、 ijb 、 ijkb ……are certain coefficient 
to be solved and pL  is a p-order Legendre orthogonal 
polynomial. For a p-order Legendre orthogonal polynomial 
at n-dimension, it can be expressed as follow:
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Similarly, expression can be obtained in equation (4) 
with m-term p-order finite terms by using the truncation 
of equation (2).
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Then the certain coefficient îc  to be solved is 
corresponding to 0b 、 ib 、 ijb 、 ijkb ...... and Legendre 
orthogonal polynomials are corresponding to the polynomials 
obtained by equation (3). In addition, the solution of Legendre 
orthogonal polynomials is a set of complete orthogonal basis 
functions that satisfy the below equation:

 
2,i j i ijϕ ϕ ϕ δ=                                (5)

where ijδ  is Kronecker delta function that can be expressed 
as:
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For Legendre orthogonal polynomials, weighting function 
( )W ξ  is expressed as:
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Similarly, coefficient îc  and term m can be obtained by 
using equation (8) and (9).
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  (9)

Be coupled with equation (9) and (10), the mean response 
LmeanY  and variance LvarY  based on the random events of 

chaos unfolding Legendre orthogonal polynomials can be 
expressed below in equation (11) and (12):
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Therefore, the method of performing polynomial chaos 
expansion to random events, which own random variables 
obey uniform distribution, is obtained and is adopted in 
this paper.

SIMULATION AND ANALYSIS

MODELLING OF NAVAL SHIPS WIRING HARNESS

In order to investigate the crosstalk of naval ships wiring 
harness accurately and reasonably, it is essential to quantify 
key factors and to establish the model. Therefore, the method 
of performing polynomial chaos expansion is adopted to 

analyze the statistical character of distribution parameter 
and cable interference.

The cross section of a typical naval ships wiring harness, 
which is according to the industrial standard, is shown in 
Fig. 1. It contains 14 independent copper cables that are fixed 
tightly inside the insulating layer made of polyvinyl chloride 
(PVC). The radius of the wiring harness and a single cable 
is 4.5 mm and 0.4 mm, respectively. The distance between 
central position and the reference ground (GND) is 25 mm. 
Assume the relative dielectric constant εr=3.0, the thickness of 
insulating layer is 0.6 mm, the length of the wiring harness is 
1.25 m and the weak-coupling cables are electrically lossless. 

The equivalent circuit model of the interfering cable, the 
affected cable and GND is shown in Fig. 2. Considering that 
there are many cables in the wiring harness, the position 
range is relatively large and the insulating layer is thick, the 
inductance and capacitance matrix per unit are obtained that 
is convenient for polynomial chaos expansion. 

Fig. 1 Modeling of wiring harness cross section

Fig. 2 Equivalent circuit model of the interfering cable, the affected cable and 
GND

The inductance matrix per unit L can be expressed as:

       (13)

where 0µ  is permeability of vacuum, 1r  and 2r  are the radius 
of the interfering cable and the affected cable respectively, 



POLISH MARITIME RESEARCH, No S2/2017208

1h , 2h  and d are the distance to GND and relative distance 
of the interfering cable and the affected cable, respectively. 

The inductance matrix per unit L  can be ignored 
considering that there are insolating layers. However, 
the capacitance matrix per unit C  is affected and can be 
expressed as:

(14)

where ( )1e r rε ε ε= − is effective dielectric constant, 0ε  is 
permittivity of vacuum and rε  is relative dielectric constant, 

1t  and 2t are the thickness of the interfering cable and the 
affected cable, respectively. 

From equation (13) and (14), the value of each element of 
distribution parameter matrix is decided by cable positions 
when the wiring harness type is fixed. These positions are 
consisting of distance 1h  between the interfering cable and 
GND, distance 2h  between the affected cable and GND 
and the relative distance d . In this way, the statistical 
character of distribution parameter and cable interference 
can be determined by above three coefficients. Therefore, 
the polynomial chaos expansion method is performed in 
the following sections to investigate the statistical characters 
under the condition of uniform distribution.

STATISTICAL ANALYSIS OF CROSSTALK IN WIRING 
HARNESS BASED ON PCE METHOD

The elements of inductance and capacitance augmented 
matrix per unit can obtained based on PCE method. 
Substitute the results obtained from equation 3 and 15 based 
on the Legendre orthogonal basis transfer function iϕ  and 
the corresponding coefficient iL  and iC  into equation 16, 
while p=1. Then, substitute the generated normal random 
number which is comply with the requirement of parameter 
into equation 16. 
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Based on the PCE method, the crosstalk of the model 
shown is analyzed both in time domain and frequency 
domain. Assume 1h , 2h ∈[20.5, 29.5]mm， d ∈[1.2, 7.8]
mm, the following expression can be obtained.
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For [ ]T1 2 3, ,ξ ξ ξξ = , p=1, m=4, the following equation 
can be obtained:
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(18)
where the input of the 3-dimention random variable is in the 
range [-1，1], p is the order of expansion and m is the number of 
terms. Assume excitation voltage source is a single frequency 
sine wave signal and the amplitude is 1 V. The frequency 
range is from 1 kHz to 300 MHz. Under two conditions of 
terminating high impedance and low impedance, the mean 
value, mean square error and reasonable varying range of 
the crosstalk in near-end can be calculated based on the 
Legendre-PCE method. Results are compared with MC results 
and are shown in Fig. 3 and Fig. 4.

(a) Mean value and mean square error 

(b) Reasonable varying range

Fig. 3 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in frequency domain while terminating high impedance
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(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 4 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in frequency domain while terminating low impedance

Similarly, Legendre-PCE method is adopted to investigate 
the mean value, mean square error and reasonable varying 
range of the crosstalk in far-end of naval ships wiring harness 
for both terminating high and low impedance in frequency 
domain. Results are shown in Fig. 5 and 6 and are compared 
with MC results of 3000 samples. 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 5 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in frequency domain while terminating high impedance 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 6 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in frequency domain while terminating low impedance

Then, ( )N F EiV  can be obtained by the following equations. 
And probability density function of crosstalk both in near-
end and far-end based on Legendre-PCE and MC method 
in frequency domain can be determined by using equation 
21 at specific frequency. Considering two conditions that 
f=250 kHz and f=300 MHz, results are obtained by using 
3000 samples and are compared with MC results which are 
shown in Fig. 7 and Fig. 8.

 ( ) ( )d , ,
d

z s z s
z

= −V CI                        (19)
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(a) Terminating high impedance

(b) Terminating low impedance

Fig. 7 Comparison of probability density function of crosstalk in near-end 
based on Legendre-PCE and MC method in frequency domain 

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 8 Comparison of probability density function of crosstalk in far-end based 
on Legendre-PCE and MC method in frequency domain

Experiments from Fig. 3 to Fig. 8 show that the Legendre-
PCE method has good coincidence with the MC method 
for calculating the mean value and mean square error of 
crosstalk in naval ships wiring harness in frequency domain. 
To be noticed that the distance between interfering cable and 
GND, distance between the affected cable and GND and the 
relative distance confirm to uniform distribution. And the 
sampling number is 3000 for each experiment. Meanwhile, 
the probability density function of crosstalk obtained by 
Legendre-PCE is also close to the MC results.

Then, analysis of statistical characters of crosstalk in 
naval ships wiring harness in time domain is performed. 
Crosstalk in near-end and far-end in time domain can be 
expressed as:
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where ( ) ( )N F Ei tν  can be obtained by using the equation 
below:

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )(
( ) ( ) ( )( )

0 0
1

0 0 0

ˆ̂H 0 0 2 H *

ˆcos H

N F Ei N F Ei N F Ei
n

N F Ei

t jn jn

n t jn jn

ν ω ω

ω ω ω

∞

=

= +

+∠ +∠

∑V V

V
 

(23)

In Equation (23), i = 0，1，… and m-1, ( ) ( )N F Ei sV  
can be calculated by using Equations (19) and (20). 
According to the property of orthogonal polynomial 
chaotic expansion, the mean value and mean square error 
of crosstalk in near-end and far-end in time domain can 
be determined by Equation (24) and (25), similar to the 
frequency domain, the reasonable varying range is set as 

( ) ( )
( )

( ) ( ) ( )
( )

( )3 ,
N F E N F E

N F E N F Et t t tν νν σ ν σ − + 
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( ) ( ) ( ) ( )0N F E N F Et tν ν=                          (24)
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Fig. 9 The excitation voltage source in time domain

Similar to the frequency domain, mean value, mean 
square error and reasonable varying range of crosstalk in 
near-end are determined while both terminating high and 
low impedance. The excitation voltage source is shown in Fig. 
9. Results calculated by Legendre-PCE and MC are compared 
and are shown in Fig. 10 and Fig. 11.. The sampling number 
of MC method is 3000 for each experiment. 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 10 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in time domain while terminating high impedance

(a) Mean value and mean square error 

(b) Reasonable varying range

Fig. 11 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in time domain while terminating low impedance

Refer to the above analyzing method, numerical experiment 
is carried out to investigate the crosstalk of affected cable 
while terminating high and low impedance in time domain. 
Results are plotted and compared in Fig. 12 and Fig. 13. 

(a) Mean value and mean square error
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(b) Reasonable varying range

Fig. 12 Comparison of crosstalk in far-ene based on Legendre-PCE and MC 
method in time domain while terminating high impedance

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 13 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in time domain while terminating low impedance

Finally, the probability density function of naval ships 
wiring harness is shown in Fig. 14 and Fig. 15.

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 14 Comparison of probability density function of crosstalk in near-end 
based on Legendre-PCE and MC method in time domain

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 15 Comparison of probability density function of crosstalk in far-end 
based on Legendre-PCE and MC method in time domain
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COMPARISON AND DISCUSSION

The specific distribution range and the point probability 
of interference value of naval ships wiring harness at specific 
frequency can be determined by calculating its probability 
density function. On the premise of obtaining accuracy 
results, the PCE method presents much higher efficiency 
than MC method. Comparison between PCE and MC method 
with 3000 samples for crosstalk in near-end while terminating 
high impedance of 1 kΩ is shown in Table 1. It can be seen 
that it only takes 22.32 seconds for Legendre-PCE method 
while the task takes 34 minutes 21 seconds by adopting the 
MC method. This proves the high efficiency of the Legendre-
PCE method.
Tab. 1 Frequency domain comparison between Legendre-PCE and MC method 

with 3000 samples

Interference
voltage

Terminating
Impedance

PCE 
(Legendre) MC (N=3000)

Near-end
High 

Impedance
(1kΩ)

22.32s 34min21s

Based on numerical experiment and analysis in the 
previous section, the mean value, mean square and varying 
range in time domain reveals consistency by using Legendre-
PCE and MC method. Thus, comparison in time domain 
is performed and is shown in Table 2 between the two 
methods. As shown in Table 2, the Legendre-PCE method 
has much shorter time consumption than the MC method. 
Considering that the results of the two methods are quite 
close, the Legendre-PCE method is more superior due to its 
advantage of high-efficiency. 
Tab. 2 Time domain comparison between Legendre-PCE and MC method with 

3000 samples

Interference
voltage

Terminating
Impedance

PCE 
(Legendre) MC (N=3000)

Near-end
High 

Impedance
(1kΩ)

1min17s 2h42min57s

Therefore, Legendre-PCE method is adopted to analysis 
statistical characters of naval ships wiring harness in both 
time and frequency domain. Results are compared with MC 
results and comparison show good consistency. Considering 
that the Legendre-PCE method has better time efficiency 
than MC method, it is reasonable to adopt this method to 
applications of the crosstalk in naval ships wiring harness 
analysis.

CONCLUSIONS

A high-efficiency analysis method for crosstalk in naval 
ships wiring harness based on Legendre-PCE is proposed. 
polynomial chaos expansion method is adopted for analyzing 

the statistical characters of crosstalk in naval ships wiring 
harness with random variation of position. Distance among 
interfering cable, affected cable and GND is synthesized and 
analyzed in both time domain and frequency domain. Based 
on the actual 14-cable naval ships wiring harness, detailed 
distribution parameter, mean value, mean square error, 
probability density function and reasonable varying range are 
described in both time domain and frequency domain. The 
method proposed in this paper, not only has good consistency 
with the MC method, but also has better time-efficiency than 
the MC method. Therefore, the PCE method can be applied 
in the naval ships research field by analyzing electromagnetic 
compatible issues of wiring harness in order to provide 
necessary theoretical support and to further guarantee safety.
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