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Abstract – In this paper, in view of the uncertainty
of geometric parameters of braided-shielded cable and
structural parameters of the shield in practical problems,
polynomial chaos expansions (PCE) is used to explore
the uncertainty quantification of a crosstalk calculation
model of braided-shielded cable. First, the model based
on multi-conductor transmission line theory is expanded
by PCE. Second, the truncation degrees of polynomials
and sample size of PCE are determined by the leave-
one-out method, and the statistical characteristic param-
eters of crosstalk are obtained by combining coefficients
of polynomials. Compared with the calculation results
of the Monte Carlo method, the mean value, standard
deviation and probability density function obtained by
the two methods are basically consistent, but the PCE
method has obvious advantages in calculation efficiency.
Finally, the influence of input variable parameters in the
crosstalk calculation model of braided-shielded cable are
calculated by combining the PCE and the Sobol’s global
sensitivity analysis method, which provides theoretical
guidance for the electromagnetic compatibility design
of electrical and electronic equipment using braided-
shielded cable.

Index Terms – braided-shield cable, crosstalk uncer-
tainty quantification, polynomial chaos expansions,
Sobol’s global sensitivity analysis method.

I. INTRODUCTION
A transmission line is the carrier of electronic sig-

nals that play an important role in equipment connec-
tion. However, with the high integration of electrical
and electronic equipment, the electromagnetic environ-
ment (EME) inside the equipment is becoming more
and more complex, and the possibility of transmission

signal distortion or mis-operation of equipment caused
by electromagnetic interference is also gradually increas-
ing. Under certain conditions, the crosstalk of transmis-
sion lines can be calculated based on the transmission
line theory (MTL) [1, 2]. However, due to objective rea-
sons such as working environment, working state, and
manufacturing process, the relevant parameters of trans-
mission lines show uncertainty, so the uncertainty quan-
tification of transmission lines has become a research
hotspot in recent years [3, 4].

Braided-shielded cable is a transmission line
wrapped by a metal mesh braid layer, which can shield
electromagnetic interference caused by complex EME
[5]. Due to its excellent electromagnetic compatibility
(EMC) performance, braided-shielded cable is widely
used in various fields [6]. As a key parameter affect-
ing the shielding characteristics, transfer impedance
has been studied by a large number of researchers.
Schelkunoff proposed using surface transfer impedance
of shielding cable to describe shielding effectiveness
[7]. Subsequently, a complete calculation model of the
transfer impedance was established by Vance [8], and
the calculation model of the transfer impedance was
improved by Sali, Tyni, and Kley [9–11]. Determin-
istic calculation of crosstalk in braided-shielded cable
by combining MTL with transfer impedance calcula-
tion model [12]. However, in the actual situation, the
geometric parameters of braided-shielded cable and the
structural parameters of the shield will show uncertainty
[13, 14], which will have an effect on the shielding
effectiveness of the shield. Therefore, it is necessary
to study the uncertainty quantification of crosstalk of
braided-shielded cable. In [15], the influence of shielding
material on shielding effectiveness is analyzed based on
plane-wave theory. In [16] compared the analysis results
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of the sensitivity analysis method based on the BEAT-
RICS analytical model with the results based on MTL
repeated analysis and calculation, and concluded that the
magnitude of the average height between the carriers
strongly determines the value of the transfer impedance
at high frequencies. In [17] analyzed the multi-shield
cable model and pointed out that the number of shielding
layers, the thickness of shielding layer, and the structural
parameters of insulating layer were the main parameters
affecting the shielding effectiveness.

The existing research on braided-shielded cable is
mostly about the qualitative analysis of the influence of
shielding layer structure parameters on shielding effec-
tiveness or crosstalk [18], which cannot quantify the
uncertainty of the crosstalk of braided-shielded cable. In
view of the above problems, this paper proposes to use
PCE to quantify the uncertainty of the crosstalk calcula-
tion model of braided-shielded cable, and determine the
sample size and truncation degree of PCE based on the
leave-one-out (LOO) method. This is in view of the suc-
cessful application of Sobol’s global sensitivity analysis
method based on variance decomposition in EMC field
[19, 20]. In this paper, the Sobol’s global sensitivity anal-
ysis method is combined with PCE to calculate the global
sensitivity indices of input variable parameters and quan-
tify their influence. The statistical characteristic param-
eters and global sensitivity index are calculated by the
PCE method and are compared with results calculated
by the Monte Carlo (MC) method to verify the accuracy
and efficiency of the Sobol’s global sensitivity analysis
method based on PCE.

II. TRANSFER IMPEDANCE
CALCULATION OF BRAIDED-SHIELDED

CABLE
Due to its mechanical flexibility, the braided shield-

ing layer will have holes. The external electric field can
penetrate the shielding layer through the holes, result-
ing in crosstalk on the receptor line protected by the
shielding layer [21, 22]. This shielding effectiveness is
described by the transfer impedance of the shielding
layer. The transfer impedance is determined by the five
structural parameters of the shielding layer, which are:
radius rs of the shield, the number of carries C in the
braid, the pitch angle α of the weave, the diameter d of
weaving wires, the number N of wires in each carrier.
This is shown in Figs. 1 and 2:

The external electromagnetic field penetrates the
shielding layer through three mechanisms to generate
coupling on the receptor line:

1. Diffusion of the magnetic currents induced in the
shield.

2. Penetration of the magnetic field through braid layer
diamond-shaped holes.

Fig. 1. Braid pattern developed on a plane.

Fig. 2. One diamond of braid.

3. More complex inductance phenomenon caused by
overlapping of weaving wires.

The above can be described by the following for-
mula:

ZT = Zd + jω (Mh +Mb) . (1)
ZT is the transfer impedance, Zd represents the dif-

fusion impedance calculation formula, which describes
the low frequency characteristics of electromagnetic
radiation to the shielding layer, Mh a formula for cal-
culating the hole inductance, which describes the direct
leakage of the magnetic field through the diamond-
shaped holes in the braid, Mb represents the formula for
calculating braided inductance, which is a description
of inductance phenomenon. According to the theory of
[23], the vortex current of braided carries produces atten-
uation of transfer impedance, which is called the extra
fluctuation effect Me:

Me =−
1.16
CNd

arctan
N
3
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The improved transfer impedance calculation for-
mula is:

ZT = Zd + jω (Mh +Mh)+Me. (3)
According to the transfer impedance calculated by

(3), the outer current of the shielding layer can be con-
nected with the electric field of the inner layer, and the
boundary conditions can be obtained. Combined with
MTL to calculate crosstalk on receptor line.

III. ANALYSIS METHOD OF
UNCERTAINTY QUANTIFICATION

A. Polynomial chaos expansions method
The PCE method has a solid mathematical founda-

tion to describe the randomness of variables with differ-
ent distributions [24]. The PCE method is equivalent to
constructing a surrogate modeling of output variables.
Any uncertain information of output variables can be
obtained through the surrogate modeling, such as mean,
standard deviation and probability density functions. In
the construction of the surrogate modeling, PCE is usu-
ally truncated at degree p due to the consideration of cal-
culation, and the corresponding p-degree PCE model can
be expressed as:

Y ≈
p

∑
i=0

ĉiΦi(ξ ), (4)

where ĉi represents the corresponding coefficients of the
multivariate polynomials orthonormal. The multivariate
polynomials Φi(ξ ) are then assembled as the tensor
product of their univariate counterparts ξ1, · · · ,ξd , d rep-
resents the dimension of the model input.

Φi(ξ ) =
d

∏
k=1

φ
i
k (ξk) . (5)

The number of polynomial coefficients Q in p-
degree PCE model can be calculated by the following
formula.

Q =
(d + p)!

d!p!
. (6)

Next, the samples of PCE need to be sampled in
the standard random space. The sampling method used
in this paper is Latin hypercube design (LHD) [25].
After obtaining the samples and the response value cor-
responding to the samples, the PCE coefficients are cal-
culated by the ordinary linear square (OLS) method. As
follows:

b =
(
AAT)−1

ATG. (7)

A represents the sample matrix, b̂ represents the vec-
tor of the coefficients of the polynomial, and G represents
the vector of the response value. After the polynomial
coefficients of PCE is calculated according to (7), the
uncertainty information of output variable can be calcu-
lated on the surrogate modeling. The mean and variance
of the output variable can be expressed as:

E[Y ] = c0, (8)

V =Var[Y ] = ∑
i∈p,i 6=0

c2
i . (9)

In order to ensure accuracy and high efficiency, this
paper uses the LOO method to determine the truncation
degree and sample size of PCE. The process can be sim-
ply summarized as the following three steps:

1. Set the sample size to be verified and determine the
truncation degree interval.

2. Use the LOO method to calculate the minimum
error value of each sample size and the correspond-
ing maximum truncation degree.

3. The error values of the minimum LOO method of
each sample size are analyzed, and the optimal sam-
ple size is selected.

The error calculation formula of the LOO method is
as follows:

′OLOO =
∑

N
i=1

(
M
(

x(i)
)
−MPC,i

(
x(i)
))2

∑
N
i=1
(
M
(
x(i)
)
− µ̂Y

)2 , (10)

where M(x(i)) represents the response value, MPC,i(x(i))
represents the response value calculated by the surro-
gate modeling constructed after removing sample points
numbered i as the training set, µ̂Y is the expectation of the
original model.

B. Global sensitivity analysis
The global sensitivity analysis can obtain the aver-

age sensitivity indexes in the entire distribution of the
input variable parameters, and can also measure the
effect of interaction between different input variable
parameters on the uncertainty of output variables. This
paper adopts Sobol’s global sensitivity analysis method
based on PCE, which is based on variance decomposition
and is suitable for independent input variable parame-
ters. Because the basis functions of PCE are mutually
orthogonal, Sobol’s global sensitivity decomposition can
be used in (4) [26], So the first-order Sobol’s global sen-
sitivity index based on PCE method is:

S j =

∑
j∈d, j 6=0

c2
j

V
, (11)

where c j represents the coefficients of polynomials
involving the only jth-dimensional variable. V represents
the variance of the output variable, according to (9).

The formula of total global sensitivity index is as
follows:

ST
j =

∑
j∈d, j 6=0

(
cT

j

)2

V
, (12)

where c j
T represents the coefficients of all polynomials

involving the jth-dimensional variable.
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IV. EXAMPLE APPLICATION
In this section, combined with the PCE method and

Sobol’s global sensitivity analysis method based on PCE,
the uncertainty quantification of the crosstalk model of
braided-shielded cable is shown in Fig. 3.

Fig. 3. Braided-shielded cable model.

There are six fixed parameters in the model shown
in Fig. 3. The number of carries in the braided C is 16,
the number of wires in the carry N is 4, the values of all
impedances are 50Ω, and the excitation source amplitude
on the attack line is set to 1V. According to the actual sit-
uation, the following eight uncertain independent param-
eters are set as input variable parameters of the model:
ls is the length of receptor line wrapped in braided layer,
the distance between the attack line and the receptor line
is S, the height of attack line and receptor line from the
ground is h, the inner radius of the shielding layer is rs,
the line radius of receptor line and attack line are rw1 and
rw respectively. The distributions of input variables are
as follows:

Table 1: The distribution of input variables
Random Input

Variables
Distributed and

Parameters
Unit

ls U(3.45,3.84) m
S U(1.42e−2,1.57e−2) m
hg U(1.42e−2,1.57e−2) m
d N(1.27e−4,(6.35e−6)−2) m
rs U(8.44e−4,9.33e−4) m

rw1 N(3.2e−4,(1.6e−5)−2) m
rw N(3.2e−4,(1.6e−5)−2) m
α U(π/18, π/4) rad

First, its PCE surrogate modeling is constructed
according to the crosstalk calculation model of braided
shield cable. When selecting the sample size of PCE,
usually select the number of samples twice the number of

polynomials, that is, the sample size is 2Q. However, this
method has its limitations in the model with high dimen-
sion and strong nonlinearity. And according to equation
(6), the number of coefficients is related to the trunca-
tion degree. Using inappropriate truncation degree will
not only lead to low computational efficiency, but also
cause insufficient calculation accuracy. So, it is impor-
tant to select the appropriate sample size and truncation
degree for the PCE model. Therefore, this paper adopts
the LOO method to determine the truncation degree and
sample size. Set at frequency point f = 100kHz, the sam-
ple sizes that need to be verified are 100, 200, 300, 400,
and 500. The sample size of each group is analyzed by
the LOO method 50 times, and the box plot is as follows:

As can be seen from Fig. 4, when the sample size is
100, 200, 300 using PCE calculation is prone to extreme
outliers, and value of Inter-Quartile Range (IQR) of each
sample size t is 8.5×10−4, 3×10−4, 7.7×10−6 respec-
tively. When the sample size is 400 and 500, the IQR
is 4.08×10−6 and 4.72×10−6 respectively, and there are
no extreme outliers. At this time, the maximum trunca-
tion degree is 3. Considering the computational cost, the
3-degree truncation and the sample size of 400 should be
adopted.

Fig. 4. The box plot of error analysis of the LOO method
with different sample sizes.

Second, the calculation accuracy of PCE needs to
be verified. The comparison frequency band is set as
[102,108] Hz, the calculation times of the MC method
is 103, and the truncation degree and sample size of PCE
are taken as the values verified by the LOO method. The
comparison data are the near-end response voltage of the
braided-shielded cable model.

As shown in Figs. 5 and 6, the standard deviation
and mean value calculated by PCE are basically consis-
tent with those calculated by MC. It can be seen that
the application of the PCE method to calculate statisti-
cal moments in this model has accuracy. Then select two
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Fig. 5. Comparison between the mean value of near-end
response voltage computed MC and PCE.

Fig. 6. Comparison between the standard deviation of
near-end response voltage computed MC and PCE.

frequency points in [102,108] Hz, respectively, using the
MC method and PCE method to calculate the probability
density function at the frequency points.

It can be seen from Figs. 7 and 8 that the probability
density functions of the near-end crosstalk voltage calcu-
lated by the PCE and MC methods is consistent. Through
the comparison and verification of mean, standard devi-
ation and probability density function, it can be seen that
the statistical characteristic parameters calculated by the
PCE method and MC method are basically the same,
indicating that the accuracy of uncertainty quantifica-
tion of the braided-shield cable crosstalk model by PCE
meets the requirements.

Finally, the efficiency of the PCE method is veri-
fied. For calculation, the MC method requires 3398 sec-
onds on an Intel Core i5 2.4GHz, 8-GB RAM computer,
while the calculation time of the PCE method is 233 sec-
onds, which is only 6.8 % of the time required by the MC
method. This shows that the PCE method is much better
than the MC in computational efficiency.

Fig. 7. Comparison between the probability density func-
tions of near-end response voltage computed by MC and
PCE at 100kHz.

Fig. 8. Comparison between the probability density func-
tions of near-end response voltage computed by MC and
PCE at 700kHz.

Next, the Sobol’s global sensitivity analysis method
based on PCE is used to analyze the global sensitivity
of the eight input variables mentioned above, quantify-
ing the influence of input variables on the model. The
near-end crosstalk voltage is also selected as the compar-
ison data, and 100kHz is set as the calculation frequency
point. The results of global sensitivity analysis based on
the MC method are used as comparison data.

Figures 9 and 10 show that the Sobol’s global sen-
sitivity analysis method based on PCE at 100kHz is pre-
cise, compared with the MC result. It is proved that this
method has accuracy in quantifying the uncertainty of
the braided-shielded cable crosstalk model. In addition,
it can be seen from the information given in the graphs
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Fig. 9. The global first-order sensitivity index at 100kHz.

Fig. 10. The global total sensitivity index at 100kHz.

that the weaving angle α has the greatest influence at
100kHz, followed by the diameter of the braided wire d.
At high frequency section, the transfer impedance con-
sists of most of the hole inductance and braid inductance
and a small part of the diffusion impedance.

In order to accurately show the influence of each
input variable parameter on the model at different
frequencies. Using Sobol’s global sensitivity analysis
method based on PCE for each input variable in fre-
quency band [102,108] Hz.

As shown in Fig. 11, when the crosstalk calculation
model of braided-shielded cable is in the frequency range
[102,6.3e3] Hz, ls and S and hg have great influence on
the model. Because in the low frequency state, crosstalk
is mainly composed of inductive coupling, ls and S
and hg are the three important parameters determining
inductive coupling. When the frequency is greater than
6.3kHz, α and d become important factors affecting
the output variable, and the growth of α is particularly
obvious. It shows that in the process of increasing fre-
quency, most of the crosstalk is converted from induc-
tive coupling to capacitive coupling. The shielding layer

Fig. 11. Global total sensitivity index of input variables
in [102,108] Hz.

of braided-shielded cable can greatly weaken capacitive
coupling. The change of shielding layer structure param-
eter α , rs and d affects the shielding effectiveness, and
then affects the crosstalk received by the receptor line.
The higher the frequency, the more obvious the effect. In
addition, the effects of rw1 and rw on the model are not
significant.

V. CONCLUSION
In this paper, the uncertainty quantification prob-

lem of the crosstalk calculation model of braided-shield
cable is studied. The model with infinite ground as a
reference conductor is adopted to make the input vari-
able parameters obey different distributions. The uncer-
tainty of the model is quantified by the PCE method,
and the relevant statistical quantities such as the mean,
standard deviation and probability density functions of
the near-end crosstalk voltage of the receptor line, are
obtained. The computed statistical quantities using PCE
were validated by the classical MC method. This proves
that the PCE method can greatly improve the calcu-
lation efficiency while ensuring the calculation accu-
racy by simplifying the model, and realize the uncer-
tainty quantification of the crosstalk calculation model
of braided-shielded cable. Finally, the global total sensi-
tivity index and global first-order sensitivity index of the
relevant input variable parameters in the crosstalk cal-
culation model of braided-shielded cable are calculated
by combining the PCE method and the Sobol’s global
sensitivity analysis method. Thus the influence degree
of the relevant parameters on the braided-shielded cable
crosstalk is obtained. Feasibility is also verified by the
MC method. Therefore, the uncertainty quantification
method and the global sensitivity analysis method pro-
posed in this paper can provide an effective basis for the
EMC design of electrical and electronic equipment with
braided-shielded cables.



TAN, JIANG, JIANG, WANG, CAI: UNCERTAINTY QUANTIFICATION METHOD OF CROSSTALK INVOLVING BRAIDED-SHIELDED CABLE 34

ACKNOWLEDGMENT
This paper is funded by the Harbin Engineering

University high-level scientific research guidance special
“urgent solution” research plan (3072022 QBZ0804) and
the Key Laboratory of Advanced Marine Communica-
tion and Information Technology, Ministry of Industry
and Information Technology, Harbin Engineering Uni-
versity, Harbin, China. This paper is also supported by
the Shanghai Aerospace Science and Technology Inno-
vation Fund under Grant SAST2019-002.

REFERENCES
[1] C. R. Paul, “Solution of the transmission-line equa-

tions for three conductor lines in homogeneous
media,” IEEE Transactions on Electromagnetic
Compatibility, vol. EMC-20, no. 1, pp. 216-222,
Feb. 1978.

[2] Y. Zhao, Y. Li, and L. Zhao, “A G-shaped
defected isolation wall for mutual coupling reduc-
tion between patch antenna and microstrip trans-
mission line,” IEEE 7th Asia-Pacific Conference
on Antennas and Propagation, Auckland, New
Zealand, 2018.

[3] L. Gao, Q. Yu, D. Wu, T. Wang, X. Yu, Y. Chi,
and T. Zhang, “Probabilistic distribution modeling
of crosstalk in multi-conductor transmission lines
via maximum entropy method,” IEEE Access, vol.
7, pp. 103650-103661, Jul. 2019.

[4] Q. Yu, W. Liu, K. Yang, X. Ma, and T. Wang,
“Uncertainty quantification of the crosstalk in mul-
ticonductor transmission lines via degree adaptive
stochastic response surface method,” Applied Com-
putational Electromagnetics Society (ACES) Jour-
nal, vol. 36, no. 2, pp. 174-183, Feb. 2021.

[5] Y. Zhao, Y. Li, W. Shi, and W. Yu, “Mutual
coupling reduction between patch antenna and
microstrip transmission line by using defected iso-
lation wall,” Applied Computational Electromag-
netics Society (ACES) Journal, vol. 34, no. 1, pp.
100-106, Jan. 2019.

[6] M. Zhao, S. Xie, D. Su, and H. Sun, “Electro-
magnetic compatibility predesign for satellite sec-
ondary electrical power supply,” Acta Aeronautica
et Astronautica Sinica, vol. 32, no. 5, pp. 849-856,
May 2011.

[7] S. A. Schelkunoff, “The electromagnetic theory of
coaxial transmission lines and cylindrical shields,”
Bell System Technical Journal, vol. 13, no. 4, pp.
532-579, Oct. 1934.

[8] E. F. Vance, “Shielding effectiveness of braided-
wire shields,” IEEE Transactions on Electromag-
netic Compatibility, vol. EMC-17, no. 2, pp. 71-77,
May 1975.

[9] S. Sali, “An improved model for the transfer
impedance calculations of braided coaxial cables,”
IEEE Transactions on Electromagnetic Compati-
bility, vol. 33, no. 2, pp. 139-143, May 1991.

[10] M. Tyni, “The transfer impedance of coaxial cables
with braided outer conductor,” Proc. 3rd Wro-
claw Symposium on Electromagnetic Compatibil-
ity, Wroclaw, Poland, pp. 410-418, 1976.

[11] T. Kley, “Optimized single-braided cable shields,”
IEEE Transactions on Electromagnetic Compati-
bility, vol. 35, no. 1, pp. 1-9, Feb. 1993.

[12] C. R. Paul, “Transmission-line modeling of
shielded wires for crosstalk prediction,” IEEE
Transactions on Electromagnetic Compatibility,
vol. EMC-23, no. 4, pp. 345-351, Nov. 1981.

[13] Z. Fei, H. Yi, and J. Zhou, “Crosstalk variations
caused by uncertainties in three-conductor trans-
mission lines,” Loughborough Antennas & Prop-
agation Conference, LAPC. IEEE, Loughborough,
UK, pp. 1-5, Jan. 2016.

[14] A. Tsaliovich, Cable Shielding for Electromag-
netic Compatibility, Chapman and Hall, New York,
1995.

[15] P. V. Y. Jayasree, B. P. Rao, and P. Laksh-
man, “Analysis of shielding effectiveness of sin-
gle, double and laminated shields for oblique inci-
dence of EM waves,” Progress in Electromagnetics
Research B, vol. 22, no. 22, pp. 187-202, Jan. 2010.

[16] J. L. Rotgerink, J. Verpoorte, and H. Schip-
pers, “Uncertainties in coaxial cable transfer
impedance,” IEEE Electromagnetic Compatibility
Magazine, vol. 7, no. 3, pp. 83-93, Oct. 2018.

[17] M. Xu, Y. Wang., X. Li, X. Dong, H. Zhang, H.
Zhao, and X. Shi, “Analysis of the influence of
the structural parameters of aircraft braided-shield
cable on shielding effectiveness,” IEEE Transac-
tions on Electromagnetic Compatibility, vol. 62,
no. 4, pp. 1028-1036, Jul. 2019.

[18] Y. Zhao, Y. Li, L, Zhao, V. Mordachev, and E.
Sinkevich, “Equivalent circuit model for closely
spaced patch antenna and microstrip line with
loaded defected microstrip structure,” Cross Strait
Quad-Regional Radio Science and Wireless Tech-
nology Conference, Xuzhou, China, Jul. 2018.

[19] S. Lum, M. Nakhla, and Q.-J. Zhang, “Sensitiv-
ity analysis of lossy coupled transmission lines
with nonlinear terminations,” IEEE Transactions
on Electromagnetic Compatibility, vol. 42, no. 4,
pp. 607-615, Apr. 2002.

[20] A. Kouassi, J. Bourinet, S. Lalléchère, P. Bonnet,
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