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ABSTRACT

This dissertation contains three major parts. In the first part, a generalized multi-

conductor transmission line (GMTL) method is proposed to model a cable harness. In the

GMTL method, all wires of the cable harness take the infinity as the reference. In such

a way, the GMTL method takes into account not only the transmission-line mode but also

the antenna-mode current on the cable harness. Further, by employing the GMTL method

and the mixed-potential integral equations (MPIE) method in a multiple scattering (MS)

procedure, it enables an efficient and accurate approach to evaluate the current distribution

on a cable harness with a nearbymetal surface. Notice that the cable harness is not grounded

to the metal surface in this part. In the second part, a hybrid algorithm called the generalized

multiple scattering (GMS) method is proposed to efficiently and accurately calculate the

current distribution on a cable harness which has several ground connections to a nearby

metal surface. This is a simplified case tomimic a cable harness routed inside a vehicle shell.

The GMS method uses the GMTL method for the cable harness part and the MPIE method

for the rest of the structure including the metal surface and the grounding wires. Neither the

GMTL nor the MPIE method alone takes into account the mutual interactions between the

cable harness and the rest of the structure. Therefore, an iterative scheme is arranged in the

GMS method to compensate the abovementioned interactions. These interactions occur via

not only field couplings, but also current conducting through the grounding points on the

cable harness. In the third part, the GMTL method is reformulated to cover both straight

and bent cable harnesses. The extraction of the per-unit-length inductance and capacitance

is also simplified compared to the extraction method described in the first part. Besides, the

steepest descent method is utilized to compute the radiation of a cable harness based on the

obtained current through the GMTL method. The capability and limitations of the GMTL

method are also carefully examined.
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SECTION

1. INTRODUCTION

This dissertation presents the study of an accurate and efficient method to model a

cable harness routed inside a vehicle shell. This section introduces the background of the

study, the state-of-the-art research of the cable harness modeling, and the major contents

and contributions of each paper included in this dissertation.

1.1. BACKGROUND

Cable harnesses are commonly found in modern transportation systems such as

automobiles [Liu et al., 2017], high-speed trains [Zhang et al., 2017a], aircrafts [Bagci

et al., 2007] and etc. A cable harness is an assembly of electrical wires which transmit

signals and electrical power. It serves as the interconnects among various electronicmodules

and therefore play a crucial role in determining the electromagnetic compatibility (EMC),

electromagnetic interference (EMI) [Cao et al., 2017c, Cao and et al., 2017, Maghlakelidze

et al., 2018], signal integrity (SI) [Chen et al., 2017, 2018, Jiang et al., 2016, Jin et al., 2016,

Xu et al., 2017, Zhang et al., 2017b], and power integrity (PI) [Cao et al., 2016h, 2017b,

Hardin et al., Huang et al., 2016, Zhao et al., 2016, 2017a,b] performance of the system.

The modeling of a cable harness along with the vehicle body is important for vehicle

EMI design since vehicle harness can act both as a source of radiation [Cao et al., 2018b,

Han et al., 2012, Jin et al., 2014, Patnaik and et al., 2017, Shen and et al, Shen et al.,

2016a,b, 2017a, Shinde and et al., Wang and et al., 2015, Wu et al., 2016, Yan et al., 2014]

and the victim of undesired coupling [Oganezova et al., 2016, Shen et al., 2014, 2015].

The radiation from antenna-mode current on the cable harness can illuminate the vehicle
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body and further radiate into outer environment as electromagnetic (EM) pollution [Huang

and et al, 2018b, Huang and Fan, Huang et al., 2017b, 2018, Hwang and Huang, 2017,

Shen et al., 2017b, Wang et al., 2017b, 2018c,d,e]. Additionally, external fields coupled

to the cable harness via the vehicle body can introduce EMI problems that are prevented

through constrains on packaging, harness routing and shielding requirements to meet strict

EMC/EMI requirements [Cao et al., 2018a]. Detecting these issues [Yan et al., 2018, 2016,

2017] in the early stages of vehicle design through vehicle-harness co-simulation can reduce

design cost and help achieve compliance with EMC/EMI requirements without a need for

a redesign.

1.2. LITERATURE REIVEW

Full-wavemethods like finite difference time domain (FDTD)method, finite element

method (FEM), method of moments (MoM) [Huang and et al, 2018a, Huang et al., 2017a,

Wang et al., 2016a, Zhang et al., 2017a], and partial element quivalent circuit (PEEC)

method [Cao et al., 2014, 2015a,b, 2016b,c,d,e,f,g,i, Nitsch et al., 2009, Tao et al., 2017,

Yang et al., 2017a,b], can be used for field computation with high accuracy. However,

depending on the complexity of the EM problem at hand high computational cost of using

full-wave methods may be deterrent in using these methods for field calculation. Co-

simulation of cable harness with vehicle body is a complex EM problem since cables in a

vehicle harness are generally routed close to conductive surfaces. Therefore, when using

MoM, for instance, to solve fields for cable harnesses inside a vehicle body, the metal

surface underneath the cables has to be characterized by finely discretized mesh regions,

which introduces a large computational burden. Besides, a cable harness usually consists of

hundreds of wires which adds to the complexity of the problem leading to computationally

expensive simulations when solving harness with full-wave methods. In general, full-wave

methods result in long simulation run time and are also limited by the computation resources

available to the user.
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A hybrid solution method combining multi-conductor transmission line (MTL)

theory with the full-wave method has been proposed in the literature [Badzagua et al.,

2010, Chobanyan et al., 2009, Topchishvili et al., 2004] as a solution to overcome this

difficulty. Different versions of this hybrid solution method have been implemented in

multiple commercially available EM tools [EMCoS, Systems, Technology], where either a

radiation or an immunity problem is considered. In the hybridmethod, the cable harness was

handled by the MTL theory and the nearby metal surface was solved by MoM. However,

this hybrid solver failed to consider the interactions between the cable harness and the

metal surface. To account for the abovementioned interactions, iterative approaches were

introduced in [Bayram and Volakis, 2005, Liu et al., 2017, Sabath and Garbe, 2003].

However, these iterative approaches suffered from some limitations. In [Sabath and Garbe,

2003], the antenna-mode currents were missed from the total currents induced on the wire

structure. In [BayramandVolakis, 2005], the developed solverwas based on a circumscribed

assumption that the electric potential was equal on the same conducting surface, which was

true only for electrically small structures. In [Liu et al., 2017], the proposed method

overcame the two abovementioned drawbacks, but its capability was limited to two-wire

structures which did not have ground connections to the nearby metal surface.

Limitations of the abovementioned hybrid solvers lie in the essential defects of the

employed TL solver. To overcome the limitations, a new TL solver is required. Over the past

decades, several TL based methods were developed. [Nitsch and Tkachenko, 2010, 2004]

derived the full-wave TL theory that could be applied to a set of thin wires. [Chiariello

et al., 2008] described a generalized TL model to study the high-frequency mixed-mode

propagation along electrical interconnects. [Tkatchenko et al., 1995] applied a recursive

procedure based on the perturbation theory to evaluate the electric currents and potentials

on a single wire above a perfect conducting ground. The derivation in [Cooray et al.]

accounted for the effects of finitely conducting ground on a single wire. [Lugrin et al.,

2015] presented an approach to model the multi-conductor transmission line (MTL) with
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arbitrary terminations. This approach was still applicable even if the TL approximation

conditions no longer held. However, all these proposed methods assume an infinitely large

ground plane beneath the wires, which prevents these methods from practical applications

since the reference plane beneath the wires inside a modern transportation system, is usually

of irregular shape, limited size, and arbitrary discontinuities such as slots, holes, wedges,

etc. The methods discussed in [Liu et al., 2017, Maffucci et al., 2004, 2005, Vukicevic

et al., 2006] were not restricted by the reference plane. Nevertheless, these papers only

derived TL parameters between two conductors. These derivations are not applicable in

real situations where multiple wires exist.

1.3. CONTENTS AND CONTRIBUTIONS

The outlines and contributions of this dissertation are summarized.

In the first paper, a GMTL method is proposed to analyze the current distribution on

a cable harness, i.e. a multi-wire structure. This GMTLmethodmakes the transmission line

(TL) like formulation independent of the geometry of the reference plane and the number

of wires. A multiple scattering (MS) approach is adopted to analyze a cable harness close

to a metal surface. Notice that the cable harness is not grounded to the metal surface. In the

MS approach, the cable harness is solved using the GMTL method, and the metal surface

is handled by the Mixed-potential integral equations (MPIE) method. Neither the GMTL

method nor the MPIE method alone takes into account the mutual interactions between the

cable harness and the metal surface. Therefore, an iterative process is arranged in the MS

approach to compensate the above-mentioned interactions.

In the second paper, a generalized multiple scattering (GMS) method is proposed

to analyze the current distribution on a cable harness with ground connections to a nearby

metal surface. Similar to the previous MS approach, the cable harness is solved using the

GMTLmethod, the metal surface and the grounding wires are handled by theMPIEmethod,

and an iterative process is arranged to compensate the interactions between the cable harness
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and the rest of the structure. However, the previous MS approach only accounts for the

mutual interactions via field couplings. In the newly proposed GMS method, not only the

field couplings but also the currents conducting through the grounding points on the cable

harness are considered in the mutual interactions.

In the third paper, a general formulation of the GMTL method is proposed to cover

both straight and bent cable harnesses. In the radiation problems, the obtained currents

on a cable harness are decomposed into left-going and right-going waves based on the

least-square method. Further, the steepest descent method is adopted to efficiently and

accurately calculate the total radiated power (TRP) from the cable harness. The capability

and limitations of the GMTL method and the necessity of the recursive corrections are

carefully examined.
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PAPER

I. EVALUATING FIELD INTERACTIONS BETWEEN MULTIPLE WIRES AND
THE NEARBY SURFACE ENABLED BY A GENERALIZED MTL APPROACH

Yansheng Wang, Dazhao Liu, Ying S. Cao, Richard Kautz, Nevin Altunyurt,

Sandeep Chandra, and Jun Fan

ABSTRACT

Interactions between a cable harness containingmultiple wires and the nearbymetal surface

can be evaluated by full-wavemethods. Though thesemethods can calculate the interactions

with great accuracy, they have long simulation times and large memory requirements when

dealing with complex wire structures. The multiple scattering (MS) approach by treating

the cable harness and the surface separately using different algorithms has been proven

to be superior to the full-wave methods when evaluating these interactions. However,

the cable harness solver in the previous MS approach is restricted to two-wire structures

since the per-unit-length (pul) inductance (L) and capacitance (C) are derived based on the

antenna and differential modes assumption between two wires. In this paper, a generalized

multi-conductor transmission line (GMTL) approach is proposed to overcome the two-wire

limitation. In the GMTL approach, all wires take the infinity as the reference. The extraction

of the pul L and C for the cable harness is not limited by the number of wires. Thus, the

GMTL approach can conveniently model multiple wire structures. The application of the

GMTL approach to the multiple wires enables the MS approach to accurately evaluate the

interactions between the cable harness and the metal surface.

Keywords: Cable harness, Method of moments (MoM), multiple scattering (MS), multi-

conductor transmission line (MTL), SPICE.
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1. INTRODUCTION

Cable harnesses consisting of multiple wires play a crucial role in determining the

EMC performance of a system, such as a vehicle, a high-speed train, or an aircraft [Bagci

et al., 2007]. The modeling of a cable harness together with the nearby metal surface is

necessary to predict the emissions from the harness during the design process, since the

radiation from antenna-mode currents on the cable harness can illuminate the metal surface

and further radiate into outer environment as electromagnetic (EM) pollution.

The most straightforward way to study the radiation from a cable harness with a

nearby metal surface is to run full-wave simulations based on numerical methods such as the

finite difference time domain (FDTD), finite element method (FEM), method of moments

(MoM), and parital element equivalent circuit (PEEC)method [Cao et al., 2015, 2017,Nitsch

et al., 2009]. Correspondingly, the available commercial full-wave simulation software

includes CST MW, HFSS, and EMC studio. However, all these full-wave approaches

require generating a large number of mesh cells either in a finite computation domain as

in FDTD and FEM or on the surface and the multiple wires as in MoM and PEEC. Co-

simulation of the cable harness and the metal surface leads to a large computational burden,

especially when the cable harness part dominates in the amount of the generated mesh

cells. For the meshing of this geometry, it is inevitable to discretize the relatively complex

ground surface using mesh cells; whereas multiple wires which take the form of typical

transmission lines (TL), are not required to be meshed explicitly. Following the idea, hybrid

algorithms combining the multi-conductor transmission line (MTL) theory with full-wave

methods have been proposed in the literature [Badzagua et al., 2010, Chobanyan et al.,

2009, Topchishvili et al., 2004]. Different versions of hybrid solution methods have been

implemented in multiple commercially available EM tools [EMCoS, Systems, Technology].

To solve a radiation problem in the currently available version of the previously

mentioned hybrid solvers, the currents on the multiple wires are first calculated by the MTL

analysis. These currents are then considered as the impressed sources to illuminate the
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surface structure in the full-wave field solver. Next, the scattered fields from the metal

surface can be calculated in the absence of the cable harness by the full-wave solvers.

It should be noted that these solvers neglect the effects of the scattered fields from the

metal surface on the multiple wires. To account for these effects, iterative approaches were

applied in [Bayram andVolakis, 2005, Sabath and Garbe, 2003]. However, the total currents

illuminated on the wire structure in [Sabath and Garbe, 2003] did not include the antenna-

mode currents. In [Bayram and Volakis, 2005], it implied that the surrounding surface

structure should be translationally uniform along the cable harness. Though limitations

may apply in those papers, the idea of iteration was adopted in this work to take into account

the mutual interaction between the cable harness and the metal surface.

In this study, a hybrid solver was developed to solve the current distribution on

multiple wires with a nearby metal surface. The metal surface was modeled and solved

based on the MoM formulation, which is the most convenient method to study the open

space problems such as the radiation problem. The multiple wires were modeled and solved

by a TL like theory, which is more efficient than the MoM formulation. The TL like theory

is referred to as the generalized multiple-conductor transmission line (GMTL) approach in

this paper.

Before the introduction to the GMTL approach, several previous studies were re-

viewed. [Nitsch and Tkachenko, 2010, 2004] derived the full-wave TL theory that could

be applied to a set of thin wires. [Chiariello et al., 2008] described a generalized TL

model to study the high-frequency mixed-mode propagation along electrical interconnects.

[Tkatchenko et al., 1995] applied a recursive procedure based on the perturbation theory

to evaluate the currents and potentials on a single wire above a perfect conducting ground.

The derivation in [Cooray et al.] accounted for the effects of finitely conducting ground on

a single wire. [Lugrin et al., 2015] presented an approach to model the MTL with arbitrary

terminations. This approach is still applicable even if the TL approximation conditions

no longer hold. However, all these proposed methods assume an infinitely large ground
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plane beneath the wires, which prevents these methods from practical applications since the

reference plane beneath the wires inside a vehicle, train or aircraft, is usually of irregular

shape, limited size, and arbitrary discontinuities such as slots, holes, wedges, etc. The

methods discussed in [Liu et al., 2017, Maffucci et al., 2004, 2005, Vukicevic et al., 2006]

were not restricted by the reference plane. Nevertheless, these papers only derived TL

parameters between two conductors. These derivations are not applicable in real situations

where multiple wires exist.

Therefore, a new approach that can analyze multiple wires and is not restricted

by the geometry of the reference plane is desired. To resolve the issue, the traditional

TL theory is extended to the GMTL approach in this paper. The traditional TL theory

is commonly applied in the scenarios where N parallel conductors are referenced to a

nearby metal surface. The extracted quasistatic per-unit-length (pul) RLGC parameters

are valid only when TL conditions hold. Therefore, the calculated currents only take into

account the TL-mode currents among the N conductors and the nearby surface. To include

the antenna-mode currents, assume that the reference metal surface is moved an infinite

distance away from the N conductors, i.e, the currents on the N conductors take the infinity

as reference, which actually defines the antenna-mode currents. Thus, in this situation, in

addition to the traditional TL-mode currents between the N conductors, the antenna-mode

currents between the N conductors and infinity are introduced. This lays the foundation of

the GMTL approach to handle multiple wires.

Next, to account for the mutual interactions between the multiple wires (called the

GMTL region hereinafter) and the nearbymetal surface (called theMoM region hereinafter),

an iterative approach similar to the fashion described in [Liu et al., 2017] is adopted in this

work to account for the multiple reflections between the GMTL and MoM regions. The

iteration method is called the multiple scattering (MS) approach in this paper.
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To summarize, compared to the previous work, this paper introduces the GMTL

approach to analyze the current distribution on the multiple wire structure. This method

makes the TL like formulation independent of the geometry of the reference plane and the

number of wires. Besides, because of the application of the GMTL approach for the wire

part, this work extends the MS approach to correctly evaluate the interactions between the

cable harness consisting of multiple wires and the nearbymetal surface with arbitrary shape,

orientation, and size.

The paper is organized as follows. In Section II, theMoMsolver is briefly introduced.

In Section III,Agrawal’s scattered voltage form is first introduced, then the extractionmethod

for pul inductance (L) and capacitance (C) is provided for a single wire and is further

extended for multiple wires, and finally a recursive correction approach is given to obtain

the exact currents on wires. In Section IV, the flowchart of the MS approach combining the

GMTL and the MPIE solvers is explained in detail. In Section V, a numerical example is

provided to validate the MS approach. Conclusions are presented in Section VI.

2. THE MPIE SOLVER

MoM is widely employed to study radiation problems. In this study, one common

formulation of MoM, the mixed-potential integral equations (MPIE) formulation [Fan et al.,

2001, Liu, 2013, Wang et al., 2016, Zhang et al., 2017], is applied to create a full-wave

solver. The derivation for MPIE is well-known and thus is omitted in this paper. For more

details, the reader is referred to [Liu, 2013]. There are two usages for the constructed MPIE

solver. First, in the MS approach the MPIE solver is employed to compute the induced

electric current densities on the surface when illuminated by incident field and further to

calculate the scattered field onto the multiple wires. Second, in order to validate the MS

approach, the MPIE solver is used to solve the current distribution for the whole structure

including the multiple wires and the nearby surface.
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3. THE GMTL APPROACH

In this section, the Agrawal’s scattered voltage form is first introduced. Then the

extraction method for pul L and C is provided for a single wire and is further extended for

multiple wires. Finally, a recursive correction approach is given to obtain the exact currents

on wires. A test case is used to benchmark the proposed GMTL approach.

3.1. The Scattered Voltage Representation of the TL Excited by External Fields.

The scattered voltage representation for the response of a terminated two-wire TL excited

by a nonuniform electromagnetic field as shown in Fig. 1 was developed by Agrawal et al.

in 1980s [Agrawal et al., 1980]. This representation utilizes only the tangential component

of the excitation E-field to compute the induced voltage source for the TL.

Figure 1. A two-wire structure illuminated by incident E-field.

Rather than the total voltage representation [Taylor et al., 1965] and the scattered

current representation [Rachidi, 1993], it is more convenient to apply Agrawal’s represen-

tation in this study since the tangential component of the excitation E-field can be easily

obtained. As described in Section I, the incident E-field onto the wires during the MS

procedures is due to the electric current density on the metal surface close to the wires.

Given the electric current density on the metal surface, it is straightforward to compute the

incident E-field at the location of the wires, which further excites the wire structures.
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As shown in Fig. 1, assuming a lossless two-wire structure along the z-direction,

the modified Telegrapher’s equations according to Agrawal’s representation are


dV s(z)

dz + jωLI t(z) = E i
z(d, y, z) − E i

z(0, y, z)

dI t (z)
dz + jωCV s(z) = 0

(1)

where ω is the angular frequency, L and C are the pul inductance and capacitance between

the twowires,V s(z) and I t(z) are the induced voltage and current at the location z, E i
z(d, y, z)

and E i
z(0, y, z) are the z-components of the incident E-field on the two wires, and d is the

wire separation.

Figure 2. A single wire illuminated by incident E-field.

3.2. Extraction of the pul L and C for a Single Wire. As shown in Fig. 2, for a

thin wire along the z-axis in MoM, the scattered E-field is

®E sct = − jω ®A(®z) − ∇φ(®z), (2)

where the vector magnetic potential ®A(®z) and the scalar electric potential φ(®z) are

®A(®z) =
µ

4π

∫ l

0
I(®z′)®ezg(®z, ®z′)dz′, (3)

φ(®z) =
1

4πε

∫ l

0
ρ(®z′)g(®z, ®z′)dz′, (4)
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the free-space Green’s function g(z, z′), the electric charge density ρ(®z) are

g(z, z′) =
exp

(
− j k

√
(z − z′)2 + a2

)
√
(z − z′)2 + a2

, (5)

ρ(®z) = −
1
jω

dI
dz
, (6)

l is the wire length, a is the wire radius, ®ez is the unit vector along the z-direction, and z

and z′ indicate the observation and the source locations, respectively.

Applying the PEC boundary condition on the thin wire leads to

®E sct
z =

[
− jω ®A (®z) − ∇φ (®z)

]
z
= − ®E i

z (7)

Substituting (3) into (7), substituting (6) into (4), and referring to the scattered voltage

representation introduced in Part A of this section, the following equations can be obtained


dφ(z)

dz + jω µ
4π

∫ l
0 I(z′)g(z, z′)dz′ = E i

z(0, 0, z)

φ(z) + 1
jω

1
4πε

∫ l
0

dI(z′)
dz′ g(z, z

′)dz′ = 0

(8)

Recall the equation that

∫ b

−b
f (z′) δ(z − z′)dz′ = f (z)

∫ b

−b
δ(z − z′)dz′, (9)

where z, z′ ∈ [−b, b], and δ(z − z′) is the Dirac Delta function. Since the free-space Green’s

function will rapidly change to an extremely large value when z′ is approaching z, it can

roughly be treated as a Dirac Delta function. Thus, comparing (8) to (9), I(z′) and dI(z′)
dz′ are

taken out of the integrals in (8) and changed to I(z) and dI(z)
dz . Rigorously speaking, I(z′)
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and dI(z′)
dz′ cannot be taken out of the integral. Therefore, some errors are introduced in this

step. However, these errors can be corrected recursively, which will be covered in Part D

of this section. After some manipulations, the following equations are obtained:


dφ(z)

dz + jωLI(z) = E i
z(0, 0, z)

dI(z)
dz + jωCφ(z) = 0

(10)

where the pul L and C are

L (z) =
µ

4π

∫ l

0
g(z, z′)dz′, (11)

C (z) =
4πε∫ l

0 g(z, z′)dz′
. (12)

Notice that the pul L andC have a z-dependence. This is unlike the constant value provided
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Figure 3. The pul (a) L and (b) C for a single one-meter-long wire.
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in the traditional TL theory. To better illustrate the phenomena, the pul L and C computed

at 0.5 and 1 GHz for a single wire of one meter long are shown in Fig. 3.

Figure 4. A multi-wire structure illuminated by incident E-field.

3.3. Extension to the GMTL Equations. The obtained equations in the case of a

single wire can be extended to the case of N wires. As shown in Fig. 4, assume all wires

are along z-direction. The matrix format of the GMTL equations reads


dφ(z)

dz + jωL(z)I(z) = E
i
z(x, y, z)

dI(z)
dz + jωC(z)φ(z) = 0

(13)

where the electric potential φ(z), the current I(z), and the z-component of the incident

electric field E i
z(x, y, z) in vector format are represented as

φ(z) =



φ1(z)

φ2(z)
...

φN (z)


, (14)
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I(z) =



I1(z)

I2(z)
...

IN (z)


, (15)

E
i
z(x, y, z) =



E i
z,1(x, y, z)

E i
z,2(x, y, z)

...

E i
z,N (x, y, z)


, (16)

the pul inductance and capacitance among wires in matrix format are defined as

L(z) =



L11 (z) L12 (z) · · · L1N (z)

L21 (z) L22 (z) · · · L2N (z)
...

...
. . .

...

LN1 (z) LN2 (z) · · · LNN (z)


, (17)

C(z) =



C11 (z) C12 (z) · · · C1N (z)

C21 (z) C22 (z) · · · C2N (z)
...

...
. . .

...

CN1 (z) CN2 (z) · · · CNN (z)


, (18)

and the elements Li j (z) and Ci j (z), i, j = 1, 2, · · · , N , can be obtained by (19) and (20),

respectively.

Li j (z) =
µ

4π

∫ L

0
gi j(z, z′)dz′, (19)

Ci j (z) =
4πε∫ L

0 gi j(z, z′)dz′
, (20)

where

gi j(z, z′) =
exp

(
− j k

√
(z − z′)2 + d2

i j

)
√
(z − z′)2 + d2

i j

(21)
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and

di j =


ai, i = j

si j, i , j

(22)

ai is the radius of the ith wire and si j is the center-to-center separation between the ith and

the jth wire.

3.4. Achieving the Exact Currents by Recursive Correction. As mentioned in

Part B of this section, some errors are brought in when evaluating (8) by moving I(z′) and
dI(z′)

dz′ out of the integrals. These errors can be corrected by a recursive process as described

below. The derivation is based on the GMTL equations.

The exact wire currents are computed using (23), which is the matrix representation

of (8) for multiple wires.


dφ(z)

dz + jω µ
4π

∫ L
0 g(z, z′)I(z′)dz′ = E

i
z(x, y, z)

φ(z) + 1
jω

1
4πε

∫ L
0 g(z, z′) dI(z′)

dz′ dz′ = 0

(23)

Add jωL(z)I(z) and 1
jωC

−1
(z) dI(z)

dz to both sides of the first and the second equation

of (23), respectively. After simple manipulations, (23) can be written as


dφ(z)

dz + jωL(z)I(z) = E
i
z(x, y, z) + jωD1

{
I(z)

}
dI(z)

dz + jωC(z)φ(z) = D2

{
I(z)

} (24)

where

D1

{
I(z)

}
= L(z)I(z) −

µ

4π

∫ L

0
g(z, z′)I(z′)dz′ (25)

D2

{
I(z)

}
=

dI(z)
dz
− C(z)

1
4πε

∫ L

0
g(z, z′)

dI(z′)
dz′

dz′ (26)
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The solutions to (23) are series expansions based on the perturbation theory [Tkatchenko

et al., 1995]
φ(z) = φ(0)(z) + φ(1)(z) + φ(2)(z) + · · ·

I(z) = I(0)(z) + I(1)(z) + I(2)(z) + · · ·

(27)

The beginning (n = 0) results φ(0)(z) and I(0)(z) can be obtained via the following equations.


d
dzφ(0)(z) + jωL (z) I(0) (z) = E

i
z(x, y, z)

d
dz I(0)(z) + jωC (z) φ(0)(z) = 0

(28)

The subsequent (n ≥ 1) current and scattered voltage perturbations are then obtained by


d
dzφ(n)(z) + jωL (z) I(n) (z) = jωD1

{
I(n−1)(z)

}
d
dz I(n) (z) + jωC (z) φ(n)(z) = D2

{
I(n−1)(z)

} (29)

A SPICE solver with modified nodal analysis (MNA) is adopted in this work to solve

(28) and (29), which is referred to as the recursive GMTL solver in this paper. The multiple

wire structure is first divided into many small segments. Each segment is represented by

lumped circuit elements in a T-shaped topology as shown in Fig. 5. In such a topology,

I(z′) and d
dz′ I(z

′) which are defined in the center of the segment can be approximated using

the following equations.

I(z′) =
I2(z′) + I1(z′)

2
(30)

d
dz′

I(z′) =
I2(z′) − I1(z′)
∆z′/2

(31)
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where I1(z′) and I2(z′) are the currents flowing through the left and the right voltage sources,

respectively. Their elements, I1(z) and I2(z), are shown in Fig. 5. Notice that only the self

terms of the inductance and capacitance are illustrated in the Fig. 5. The mutual terms

among different wires are neglected to keep the figure brief. For details on how to convert

(28) and (29) to MNA circuits, readers are referred to [Cheever, Mandache and Topan,

2006].

Figure 5. T-shaped lumped circuit representation for each wire segment.

3.5. Test Case Validation. As illustrated in Fig. 6, a test case containing five

wires along the z-direction is implemented to study the excited currents on the wires. The

cross-sectional distribution of the wires is provided in Fig. 6 (b). The length and the radius

of all the wires are 1 m and 0.1 mm, respectively. Detailed termination information is shown

in Fig. 6 (a). According to Fig. 6 (a), Wire 1, 2, and 3 are connected via lumped circuit

elements at both ends. A lumped current source of 1 A at 0.5 GHz is applied between Wire

1 and 2 to excite the wire structure. Thus, conduction currents dominate the total currents

on Wire 1, 2, and 3. Wire 4 and 5 are not connected to the first three wires. The currents

induced on these two wires are mainly due to the field couplings from the other three wires.

The recursive GMTL solver is applied to solve the excited currents on the wire

structure. The MPIE solver is utilized to validate the computed currents. Without the loss

of generality, currents obtained onWire 1 and 4 are compared in Fig. 7. As shown in Fig. 7,
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(a)

(b)
Figure 6. A test case for the recursive GMTL solver: (a) 3D view with detailed information
about terminations and excitations, (b) the cross-sectional view.

the beginning current onWire 1 (Recursion = 0) agrees well with theMPIE calculation since

it is dominated by the conduction current. The current on Wire 4 which is mainly caused

by field couplings converges after three recursions. All the converged currents match well

with the reference results by the MPIE solver, which validates the accuracy of the recursive

GMTL solver.
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Figure 7. The obtained currents on Wire 1: (a) Magnitude and (b) phase; the obtained
currents on Wire 4: (c) magnitude and (d) phase.
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Figure 8. Flowchart of the MS approach.

4. FLOWCHART OF THE MS METHOD COMBINING THE GMTL AND THE
MPIE

The co-simulation of the multiple wires and the nearby surface involves two parts:

the wire part and the surface part. The wire part is modeled based on the GMTL approach

while the surface part is modeled using the MPIE formulation. The MS method is applied

to iteratively account for the mutual effects between the wire and the surface parts.

The flowchart of the adopted MS method is shown in Fig. 8. Detailed descriptions

for each step are listed below.

Step 1 (GMTL solver): Excite the wire structure using a lumped source.

Step 2 (GMTL solver): Calculate the initial currents on wires I(n)
wire, where n = 0.

Notice that I(n)
wire is the converged currents after the recursion process as described in (29).
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Step 3: Calculate the incident E-field E (n)
wire2sur f onto the nearby surface, where n =

0. The computation is based on (2)-(6) with dependence changed to 3-D location r and r′

and the currents I(n)
wire obtained in the previous step are applied.

Step 4 (MPIE solver): Calculate the induced electric current density J(n)sur f on the

surface due to E (n)
wire2sur f in the previous step, where n = 0.

Step 5: Calculate the scattered E-field E (n)sur f 2wire at the wire location, where n = 0.

The computation is similar as Step 3 and the current density J(n)sur f obtained in the previous

step is applied.

Step 6 (GMTL solver): Calculate the induced current increments on wires I(n+1)
wire

due to E (n)sur f 2wire in the previous step, where n = 0. Step 3 to 6 constitute one iteration

(scattering).

Step 7: Check the threshold. The total current after the 1st iteration is Iwire =

I(0)
wire+I(1)

wire. To make it more general, the total current after the Nth iteration is Iwire =
N∑

n=0
I(n)
wire. If the maximal current increment on each wire is less than a certain level (e.g 5%)

of the peak value of the total current on the same wire, the MS process stops and continues

to Step 8. Otherwise, the MS process goes on to Step 3 and set n = n+1. Notice that the

current increments on wires are applied to compute E (n)
wire2sur f in the following scattering

process.

Step 8: The final converged currents on wires are Iwire =
N∑

n=0
I(n)
wire.

5. NUMERICAL VALIDATION

To validate the current calculation for multiple wires with a nearby surface based

on the MS approach, a test case is created as shown in Fig. 9 with detailed geometry

information. The test case contains four wires and a slotted surface beneath the wire

structure. The cross-sectional distribution of the wires is illustrated in Fig. 9 (b). The
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wire excitation and terminations are illustrated in Fig. 9 (a). As can be seen in the figure,

Wire 1 and 2 are connected, in which case conduction currents donimate; Wire 3 and 4 are

connected, in which case currents are mainly caused by field couplings.

(a)

(b)
Figure 9. A test case for the MS approach: (a) 3D view with detailed information about
terminations and excitations, (b) the cross-sectional view.

Following the MS approach as described in Fig. 8, the excited currents on wires can

be obtained. Without the loss of generality, currents on Wire 1 and 4 are compared in Fig.

10 at 1 GHz. For Wire 1 where the conduction currents dominate, the initial currents when

iteration equals to zero are already close to the reference results calculated by the MPIE

solver with pseudo segments. It can be observed from Fig. 10 (a) and (b) that the computed

currents on Wire 1 converge after one iteration. For Wire 4, the initial currents merely

resemble the reference results. However, they converge after three iterations as shown in

Fig. 10 (c) and (d). And the converged currents match well with the reference results. Even
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though the maximal magnitude of the crosstalk currents on Wire 4 is less than 1/10 of the

maximal currents on Wire 1, the crosstalk on Wire 4 can still be accurately evaluated by the

MS approach. Notice that the currents onWire 1 are insensitive to the nearby surface during

the MS process while the currents on Wire 4 are to the opposite. The current increment

on Wire 4 is mainly due to the scattered fields from the metal surface. This phenomenon

reveals how the nearby surface affects the current distribution on wires. The number of

wire segments and surface cells used in the MS and the MPIE methods are listed in Table 1.

Less wire segments are required in the MS method to achieve similar accuracy compared

to the MPIE method. The reduction in wire segments will be more phenomenal in cases

with more complex wire strucutres.

Table 1. Wire segments and surface cells used in the MS and MPIE.

Wire segments Surface cells
MS 400 88
MPIE 840 88

Besides, current vs. frequency at the center points of Wire 1 and 4 are compared in

Fig. 11. The obtained currents by theMS approach correlate well with the reference results.

In Fig. 11 (a), clear resonant periods can be observed since conduction currents dominate

on Wire 1 and 2. However, no clear period can be found in Fig. 11 (c). This is because

currents on Wire 3 and 4 are mainly caused by the scattered fields from the metal surface.

It should be noted that some frequency points (0.15, 0.3, 0.45, 0.6, 0.75, and 0.9 GHz) are

skipped in Fig. 11, since the GMTL method doesn’t converge at these frequency points

leading to inaccurate results. These frequency points correspond to the natural resonant

frequencies of the wires. In other words, when the wire length is multiple integer of half

wavelength, the GMTL method will fail [Bayram and Volakis, 2005]. To resolve the issue

in the future work, additional loss terms may be added either lumpedly at the ends of the

wires [Middelstaedt et al., 2016] or distributedly along the wires [Chabane et al., 2017].
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Figure 10. At 1 GHz, (a) Magnitude and (b) phase of the currents on Wire 1, (c) magnitude
and (d) phase of the currents on Wire 4.
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Figure 11. From 10 MHz to 1 GHz, (a) Magnitude and (b) phase of the currents at the
center of Wire 1, (c) magnitude and (d) phase of the currents at the center of Wire 4.
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6. CONCLUSIONS

In this paper, co-simulation of a cable harness consisting of multiple wires and a

nearby metal surface was carried out in two parts: the multiple wire part and the surface

part. The multiple wire part was modeled by the GMTL approach and solved recursively.

A test case demonstrates the accuracy of the recursive GMTL solver. The surface part was

handled by the MPIE solver. To account for the mutual interactions between the multiple

wires and the metal surface, the MS approach was employed. In the studied test case where

four wires are set above a slotted surface, only three scatterings are required before all wire

currents converge. And the converged currents match well with the reference results. These

test cases validate the proposed recursive GMTL solver and the further MS approach for

the co-simulation. Although not specically demonstrated, the MS approach can be applied

to cases with more complicated surface structures, since the surface part is purely solved

by the mature algorithm of MoM.

The GMTL is an extension of the traditional TL theory. Some limitations in the

traditional TL theory may still be applicable in the GMTL approach. As mentioned in

[Bayram and Volakis, 2005], the TL theory fails at wire resonances if TLs are left open

without terminations. This limitation is also true for the GMTL approach. Efforts can be

made to resolve the issue. Regarding the upper frequency limitation, it would be safe to

apply the GMTL approach if the separation of wires is less than 1/10 of a wavelength, as is

advised in the traditional TL theory. However, this requires future investigation.

Besides, the proposed GMTL approach can only be used to analyze multiple straight

thin wires. Further work can be expended to apply the GMTL approach to bend, curved,

and arbitrarily oriented wires. For thick wire cases where non-uniform current distribution

and proximity effects should be considered, the modal decomposition method [Jin, 2017,

Jin et al., 2018] can be used for pul L and C extraction.
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Last by not the least, since a cable harness is usually terminated to the nearby

surface at one or more locations through vertical grounding wires, for the future work, the

MS approach should include the effects introduced by the grounding wires.
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II. A GENERALIZED MULTIPLE-SCATTERING METHOD FOR MODELING A
CABLE HARNESS WITH GROUND CONNECTIONS TO A NEARBY METAL

SURFACE

Yansheng Wang, Ying S. Cao, Dazhao Liu, Richard Kautz, Nevin Altunyurt, and Jun Fan

ABSTRACT

This paper proposes a generalizedmultiple-scattering (GMS)method to evaluate the current

distribution on a cable harness with ground connections to a nearby metal surface. The

GMS method is a hybrid method combining the transmission line theory and the method

of moments. The GMS method uses the generalized multi-conductor transmission line

(GMTL) solver for the cable harness part and the mixed-potential integral equations (MPIE)

solver for the rest of the structure including the metal surface and the grounding wires.

Neither the GMTL nor the MPIE solver alone takes into account the mutual interactions

between the cable harness and the rest of the structure. Therefore, an iterative scheme

is arranged in the GMS method to compensate the abovementioned interactions. These

interactions occur via not only field couplings, but also current conducting through the

grounding points on the cable harness. A numerical test case is provided to benchmark the

proposed GMS method.

Keywords: Cable harness, method of moments (MoM), multiple scattering (MS), multi-

conductor transmission line (MTL), radiation.

1. INTRODUCTION

Cable harnesses serving as the interconnects among various modules play a crucial

role in determining the electromagnetic compatibility (EMC) performance of a system

such as a vehicle, high-speed train, or aircraft [Bagci et al., 2007]. A cable harness is

an assembly of electrical wires which transmit signals or electrical power. The modeling
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of a cable harness with the nearby metal surface structure is significant during the design

process since the radiation from antenna-mode currents on the cable harness can illuminate

the metal surface and further radiate into the outer environment as electromagnetic (EM)

pollution.

To efficiently calculate the current distribution on a cable harness, a hybrid solver

combining themulti-conductor transmission line (MTL) theorywith themethod ofmoments

(MoM) was proposed in previous works [Badzagua et al., 2010, Chobanyan et al., 2009,

Topchishvili et al., 2004]. In the hybrid method, the cable harness was handled by the MTL

theory and the nearby metal surface was solved by MoM. However, this hybrid solver failed

to consider the interactions between the cable harness and the metal surface. To account

for the abovementioned interactions, iterative approaches were introduced in [Bayram and

Volakis, 2005, Liu et al., 2017, Sabath and Garbe, 2003, Wang et al., 2018]. However,

these iterative approaches suffered from some limitations. In [Sabath and Garbe, 2003], the

antenna-mode currents were missed from the total currents induced on the wire structure. In

[Bayram and Volakis, 2005], the developed solver was based on a circumscribed assumption

that the electric potential was equal on the same conducting surface, which was true only for

electrically small structures. In [Liu et al., 2017, Wang et al., 2018], the proposed method

overcame the two abovementioned drawbacks, but its capability was limited to structures

where the cable harness did not have ground connections to the nearby metal surface.

In this study, a hybrid solver evolving from the one in [Wang et al., 2018] is developed

to solve the current distribution on a cable harness with ground connections to a nearby

metal surface. Without the loss of generality, an example of a cable harness with ground

connections to a nearby metal surface is illustrated in Fig. 1 (a). In this figure, the cable

harness contains three wires and has two ground connections to the metal surface. The

cable harness is usually terminated at both ends. For simplicity, terminations of the cable

harness are not illustrated in this and all the following figures. As shown in Fig. 1 (b),

the above structure is treated as a combination of the signal path (SP) and the return path
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(a)

(b)
Figure 1. A cable harness consisting of three wires has two ground connections to a nearby
metal surface: (a) the physical structure, and (b) the logical separation of the above structure
in the proposed algorithm, i.e. a combination of the SP and RP by splitting the structure at
the SP/RP junctions.

(RP) by the proposed hybrid solver in this paper. The above structure is divided into the

SP and the RP at the SP/RP junctions. An SP/RP junction is a point where the SP connects

to the RP. The RP consists of the metal surface together with the grounding wires. It

is modeled and solved based on MoM, specifically the mixed-potential integral equations

(MPIE) formulation [Fan et al., 2001, Liu, 2013, Wang et al., 2016, Zhang et al., 2017].

The SP is formed by the cable harness, which is modeled and solved in the generalized

multi-conductor transmission line (GMTL) solver [Wang et al., 2018]. The GMTL solver

takes the infinity as the reference, which earns two advantages in practical applications.

First, unlike in [Chiariello et al., 2008, Lugrin et al., 2015, Nitsch and Tkachenko, 2010,

2004, Tkatchenko et al., 1995] where an infinitely large ground plane was assumed beneath
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the cable harness, the current calculation based on the GMTL solver is independent of the

nearby plane; i.e., the plane close the cable harness can be of arbitrary shape, orientation,

and size. Second, going beyond the work in [Liu et al., 2017] and [Maffucci et al., 2004,

2005, Vukicevic et al., 2006] where the transmission line (TL) parameters were only derived

between two wires, the GMTL solver handles multiple wires. Notice that neither the MPIE

nor the GMTL solver alone considers the mutual interactions between the SP and the RP.

To account for the abovementioned interactions, the idea of iteration from [Bayram and

Volakis, 2005, Liu et al., 2017, Sabath and Garbe, 2003, Wang et al., 2018] is adopted

in this work. However, different from the multiple-scattering (MS) method reported in

[Bayram and Volakis, 2005, Liu et al., 2017, Sabath and Garbe, 2003, Wang et al., 2018]

where the cable harness interacted with the nearby surface only through field couplings, the

proposed generalized MS (GMS) method takes into account the mutual interactions via not

only the field couplings, but also the current conducting through the SP/RP junctions.

To summarize, a GMS method is proposed to analyze the current distribution on a

cable harness with ground connections to a nearby metal surface. The proposed method not

only inherits the advantages of the MS method in [Wang et al., 2018], but also generalizes

its capability to evaluate the interactions between the SP and the RP via both field couplings

and current conducting through the SP/RP junctions.

The paper is organized as follows. In Section II, some key concepts regarding

the GMS method are briefly introduced. In section III, the usages of the MPIE solver

are introduced. In Section IV, the usages of the GMTL solver are discussed. In Section

V, the flowchart of the GMS approach combining the GMTL and the MPIE solvers is

presented in details. In SectionVI, an example is provided to benchmark theGMS approach.

Conclusions are presented in Section VII.
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2. KEY CONCEPTS IN THE GMS METHOD

Some key concepts in the GMS method are introduced in this section. A general

understanding of these concepts is necessary to comprehend the flowchart of the GMS

method in Section V.

• The scattering of EM waves

Consider two metal structures: Metal A and B. Time-varying currents flowing on

Metal A generate EM waves. These EM waves propagate and are scattered by Metal

B around. These scattered EM waves from Metal B again are scattered by Metal A,

so on and so forth, until a steady state is reached. Each time EM waves are scattered

by one metal structure, electric current increment is induced on that metal structure.

The steady state refers to a stage when the current increment is negligible.

• The iteration in the GMS method

In the proposed GMSmethod, iteration is used to compensate the interaction between

the SP and the RP. From the perspective of physics, this iteration represents the

scattering of EM waves bouncing between the SP and the RP. The abovementioned

interaction takes place via not only the field couplings, but also the current conducting

through the SP/RP junctions. In other words, when currents are excited on the SP

due to field couplings from the RP or a lumped source, these excited currents on the

SP conduct to the RP through the SP/RP junctions; similarly, the excited currents on

the RP due to field couplings from the SP flow to the SP via the SP/RP junctions as

well.

• The loading effect

Though based on different algorithms, the MPIE and the GMTL solvers are both

implemented using modified nodal analysis (MNA) [Cheever]. These solvers are

built in a way that nodes in the MNA representation share the same definition as
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the nodes in the admittance Y -matrix [Cheever, Liu, 2013]. Therefore, loadings can

be conveniently integrated into the MPIE and GMTL solvers when expressed as Y -

matrices. When currents are excited on the SP due to field couplings from the RP

or a lumped source, the loading effect of the RP is included in the GMTL solver as

an admittance matrix YnPr . YnP represents the n-port Y -parameter. The subscript r

stands for the RP. When currents are excited on the RP due to field couplings from

the SP, the loading effect of the SP is included in the MPIE solver as an admittance

matrix YnPs. The subscript s stands for the SP.

• The impressed current source

The impressed current source refers to an ideal current source with an infinite

impedance in parallel. When currents on the SP conduct to the RP through the

SP/RP junctions to excite the RP, these conducting currents are represented using

impressed current sources in the MPIE solver. Similarly, when currents on the RP

conduct to the SP through the SP/RP junctions to excite the SP, these conducting

currents are represented by impressed current sources in the GMTL solver.

• The primary and secondary driving sources

There are two kinds of sources that drive the iteration process. The initial lumped

current source and the field couplings are the primary driving sources, while the

conduction currents through the SP/RP junctions are the secondary driving sources.

The secondary driving source is a consequence of the primary driving source. Within

each iteration, the primary driving sources start the scattering process of EM waves

and the secondary driving sources supplement the process. The primary driving

sources utilize the GMTL solver and the MPIE solver with YnPr and YnPs loaded,

respectively. The secondary driving sources use the GMTL solver and the MPIE
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solver without loadings. The primary and the secondary driving sources alternatively

play a role to obtain the current distribution from the initial state to the final steady

state.

3. THE MPIE SOLVER

The MPIE formulation is applied to create a full-wave solver in this study. The

derivation for the MPIE is well known, and thus is omitted in this paper. For more details,

refer to [Liu, 2013] for the wire and surface, and [Wang et al., 2016] for the wire-to-surface

junction. Notice that thin wire approximation is used in the MPIE formulation for wires.

The thin wire approximation assumes wire current has only longitudinal component and no

transverse component. The accuracy of the constructed MPIE solver was validated in [Liu,

2013]. The equation behind the MPIE solver is


jωC Λ

T

−Λ jωL



φ

i

 =

−I

e

V
e

 . (1)

In (1), ω is the angular frequency. C and L are matrices of the distributed capacitance

and inductance associated with the meshes that discretize the structure, respectively. Λ is

the connectivity matrix that describes the connection relationship of the abovementioned

capacitance and inductance. φ and i are the electric potential and current that are to be

solved. I
e and V

e are the external current and voltage source, respectively. The external

current source refers to the currents conducting to the RP through the SP/RP junctions. The

external voltage source indicates the induced voltage source on the RP due to field couplings

from the SP.

When the MPIE solver is employed to solve the current distribution on the RP due

to the primary driving source, i.e. the field coupling from the SP, the loading effect of the

SP (YnPs) is included as illustrated in Fig. 2. The way to integrate YnPs into the MPIE
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Figure 2. The loading effect of the SP is represented by an admittance matrix YnPs and
integrated into the MPIE solver for the RP. The SP/RP junctions are indicated using dots in
this and all the following figures.

solver is to add YnPs to the corresponding rows and columns of jωC, i.e., the capacitance

nodes. For example, a two-port Y -parameter Y2Ps is connected to the RP at the pth and qth

capacitance nodes. Then Y2Ps is added to the MPIE solver as

jω


C′pp C′pq

C′qp C′qq

 = jω


Cpp Cpq

Cqp Cqq

 + [Y2Ps] , (2)

where Cpq is the element in the pth row and qth column of C and C′pq is the modified

version of Cpq after adding the loading effect. After running the loaded MPIE solver, the

current distribution on the RP and the currents conducting through the SP/RP junctions are

obtained.

Figure 3. The MPIE solver for the RP is not loaded with YnPs when impressed currents are
applied to mimic currents conducting through the SP/RP junctions from the SP.



40

When the MPIE solver is used to solve the current distribution on the RP due to

the secondary driving source, i.e. the currents conducting to the RP through the SP/RP

junctions, the impressed current sources are connected to the SP/RP junctions as shown in

Fig. 3. The way to implement the impressed current sources in the MPIE solver is to assign

current value to the corresponding rows in I
e.

Equation (1) is also utilized to extract the loading effect of the RP (YnPr). V
e in (1)

is set to 0 since the extraction of YnPr is independent of the external voltage sources. Then

(1) is expanded as 
jωCφ + Λ

T
i = −I

e

−Λφ + jωLi = 0
(3)

The second equation of (3) is rearranged as

i =
1
jω

L
−1
Λφ. (4)

Take (4) into the first equation of (3) to replace i. After some manipulations, the following

equation is obtained.

YRPφ = −I
e
, (5)

where the admittance matrix of the RP is

YRP = jωC +
1
jω
Λ

T
L
−1
Λ. (6)

One more step is needed to convert YRP to YnPr . The procedure is described in [Fan et al.,

2003] in great details and thus omitted here. Notice that the SP/RP junctions are treated as

the external nodes during the conversion. An external node refers to the outlet node of a

network, e.g. an SP/RP junction of the RP.
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Figure 4. A multi-wire structure illuminated by incident E-field. E i is the incident field.
E sct is the scattered field. di j is the separation between Wire i and j.

4. THE GMTL SOLVER

The GMTL solver is developed for the structure shown in Fig. 4. In this figure,

a cable harness with multiple wires is illuminated by incident electric field (E-field). The

fundamental equations behind the GMTL solver is


dφ(z)

dz + jωL(z)I(z) = E
i
z(x, y, z) + jωD1

{
I(z)

}
dI(z)

dz + jωC(z)φ(z) = D2

{
I(z)

} (7)

In (7), L(z) and C(z) are matrices of the per-unit-length (pul) inductance and capacitance

for the cable harness, respectively. φ(z) and I(z) are the unknown electrical potential and

electric current, respectively. E
i
z(x, y, z) is the incident E-field. D1

{
I(z)

}
and D2

{
I(z)

}
are the source correction terms. (7) is solved based on the perturbation theory [Tkatchenko

et al., 1995], which includes the retardation delay along the cable harness. Thus, the SP

currents obtained by (7) are accurate even if the structure is electrically large. The detailed

formulation and validation for the GMTL solver are found in [Wang et al., 2018].
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Figure 5. The loading effect of the RP is represented by an admittance matrix YnPr and
integreated into the GMTL solver for the SP.

When the GMTL solver is applied to solve the current distribution on the SP due

to the primary driving source, i.e. the field coupling from the RP or a lumped source, the

loading effect of the RP (YnPr) is included as illustrated in Fig. 5. Similar to (2), YnPr is

integrated to the GMTL solver at the capacitance nodes. After running the loaded GMTL

solver, the current distribution on the SP and the current conducting through the SP/RP

junctions are obtained.

Figure 6. The GMTL solver for the SP is not loaded with YnPr when impressed currents
are injected to the SP/RP junctions from the RP.

When the GMTL solver is used to solve the current distribution on the SP due to

the secondary driving source, i.e. the currents conducting to the SP through the SP/RP

junctions, the impressed current sources are connected to the SP/RP junctions as shown in

Fig. 6.

The GMTL solver is also employed to compute the loading effect of the SP (YnPs)

by looking into the SP/RP junctions. The calculation procedure for YnPs is described as

follows. There are n total SP/RP junctions, which are labeled from 1 to n. An impressed

current source Ii is applied to the GMTL solver through the ith SP/RP junction, where

i = 1, 2, · · · , n. All the rest SP/RP junctions are left open, which indicates I j = 0A
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where j = 1, 2, · · · , n and j , i. The converged voltage responses at the ith and the jth

SP/RP junctions are recorded as Vi and Vj , respectively. According to the definition of the

impedance matrix, the self impedance at the ith SP/RP junction is

Zii =
Vi

Ii

����
Ij=0, j,i

, (8)

and the mutual impedance from the ith to the jth SP/RP junction is

Z ji =
Vj

Ii

����
Ij=0, j,i

. (9)

Sequentially apply the above procedure for i from 1 to n. All the obtained impedances

constitute the input impedance matrix ZnPs of the SP. Finally, the input admittance matrix

YnPs is computed by taking the inverse of ZnPs:

YnPs = ZnPs
−1 =



Z11 Z12 · · · Z1n

Z21 Z22 · · · Z2n

...
...

. . .
...

Zn1 Zn2 · · · Znn



−1

. (10)

Notice that the obtained ZnPs can be directly applied to an MNA solver if the nodes in

the MNA representation share the same definition as the nodes in the Z-matrix, which is

commonly found in partial element equivalent circuit (PEEC) formulation [Cao et al., 2015,

2016, 2017].
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Table 1. Notation summary.

YnPs The input admittance matrix of the SP through the SP/RP
junctions, i.e. the loading effect of the SP

YnPr The input admittance matrix of the RP through the SP/RP
junctions, i.e. the loading effect of the RP

I src The initial current source in Norton’s model.
One of the primary sources.

Z src The source impedance in Norton’s model
I(0)s The initial current on the SP
I(0)r The initial current on the RP
i The index of iteration, i = 1, 2, · · ·

I(0)s2r The initial current conducting through the SP/RP junctions.
Subscript s2r indicating current flows from the SP to RP.
One of the secondary sources.

I(i)s The total current increment on the SP after the ith iteration
I(i)sr The current increment on the SP due to field coupling from

the RP in the ith iteration
I(i)ss The current increment on the SP due to current conducting

through the SP/RP junctions in the ith iteration
I(i)r The total current increment on the RP after the ith iteration
I(i)rs The current increment on the RP due to field coupling from

the SP in the ith iteration
I(i)rr The current increment on the RP due to current conducting

through the SP/RP junctions in the ith iteration
V (i)s The induced voltage sources on the SP due to field couplings

from the RP in the ith iteration. One of the primary sources.
V (i)r The induced voltage sources on the RP due to field couplings

from the SP in the ith iteration. One of the primary sources.
I(i)s2r The current conducting through the SP/RP junctions in the

ith iteration. Subscript s2r indicating current flows from
the SP to RP. One of the secondary sources.

I(i)r2s The current conducting through the SP/RP junctions in the
ith iteration. Subscript r2s indicating current flows from
the RP to SP. One of the secondary sources.

I f inal
s The final total current on the SP

I f inal
r The final total current on the RP
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5. FLOWCHART OF THE GMS METHOD

The flowchart of the GMSmethod is given in Fig. 7. All the employed notations are

documented in Table 1. There are eight total steps in the GMSmethod; note that Steps 3 to 6

constitute one iteration, which is also called one scattering in this paper since each iteration

contains one scattering process of EM waves. Details of the flowchart are described as

follows.

Figure 7. Flowchart of the GMS approach.
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Step 1: Solver setup.

Read in the geometry of the structure and set up the GMTL solver for the SP and

the MPIE solver for the RP. Obtain YnPr and YnPs according to the methods in Section III

and IV, respectively.

(a)

(b)
Figure 8. Initial current calculation for (a) the SP and (b) the RP.

Step 2: Initial current calculation.

As shown in Fig. 8 (a), excite the SP by applying the Norton’s equivalent source

model to the GMTL solver loaded with YnPr . Obtain the initial currents I(0)s on the SP.

Currents conducting through the SP/RP junctions are denoted as I(0)s2r , whose subscript

indicates currents conducting from the SP to the RP. As illustrated in Fig. 8 (b), these

currents excite the RP by applying I(0)s2r to the MPIE solver without loading the YnPs.

Obtain the initial currents I(0)r on the RP.
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Step 3: Induced voltage.

Currents on the SP I(i−1)
s cause field couplings to the RP, which further give rise

to the induced voltage sources on the RP V (i)r . Similarly, currents on the RP I(i−1)
r lead to

field couplings to the SP, which further induce the voltage sources on the SP V (i)s . Notice,

i = 1, 2, ... indicates the index of iterations. The calculation methods are found in [Wang

et al., 2018].

Step 4: Current increment due to induction.

(a)

(b)
Figure 9. Field couplings from the SP to the RP lead to V (i)r , which further causes (a)
currents flowing on the RP I(i)rs , and (b) currents conducting to the SP I(i)ss .

As shown in Fig. 9 (a), the RP is excited by the field couplings, i.e., applying the

induced voltage V (i)r to the MPIE solver with YnPs loaded. Obtain the induced currents on

the RP I(i)rs and the conduction currents I(i)r2s injected into the SP through the SP/RP junctions.

The first r in the subscript of I(i)rs indicates the currents are induced on the RP; the second

s in the subscript of I(i)rs indicates the induced currents are caused by the currents on the SP

in Step 3.
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Similarly in Fig. 10 (a), the SP is excited by the field couplings, i.e., applying the

induced voltage V (i)s to the GMTL solver with YnPr loaded. Obtain the induced currents on

the SP I(i)sr and the conduction currents I(i)s2r injected into the RP through the SP/RP junctions.

Step 5: Current increment due to conduction.

As illustrated in Fig. 9 (b), the obtained I(i)r2s in the previous step conducts to the SP.

In order to calculate the current distribution on the SP due to I(i)r2s, i.e. I(i)ss , apply I(i)r2s to the

GMTL solver without loading YnPr . Notice that the first s in the subscript of I(i)ss indicates

the currents are defined on the SP and that the second s in the subscript of I(i)ss indicates the

obtained currents are originally caused by the currents on the SP in Step 3.

As illustrated in Fig. 10 (b), the obtained I(i)s2r in the previous step conducts to the

RP. In order to compute the current distribution on the RP due to I(i)s2r , i.e., I(i)rr , apply I(i)s2r to

the MPIE solver without loading YnPs.

(a)

(b)
Figure 10. Field couplings from the RP to the SP result in V (i)s , which further gives rise to
(a) currents flowing on the SP I(i)sr , and (b) currents conducting to the RP I(i)rr .
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Step 6: Total current increment.

Combining Steps 4 and 5 during the ith iteration, the total current increment on the

SP is I(i)s = I(i)sr + I(i)ss ; the total current increment on the RP is I(i)r = I(i)rs + I(i)rr .

Step 7: Convergence check.

The total current on the SP after N iterations is Is =
N∑

i=0
I(i)s . If the maximal current

increment on each wire in the Nth iteration is less than a certain level (e.g., 5%) of the

peak value of the total current on the same wire, the iteration stops and the GMS process

continues to Step 8. Otherwise, the GMS process goes on to Step 3 and sets i = i+1. Notice

that it is the current increments that are applied to induce V (i)r and V (i)s in the following

scattering process.

Step 8: Final current.

If it converges after M iterations, the final current on the SP is I f inal
s =

M∑
i=0

I(i)s and

the final current on the RP is I f inal
r =

M∑
i=0

I(i)r .

6. NUMERICAL VALIDATION

To validate the GMS approach on evaluating the current response on a cable harness

with ground connections to a nearby metal surface, a test case is created as shown in Fig.

11 with detailed information of geometries, terminations, and excitations. The test case

contains four wires and a slotted surface beneath the wire structure. Wire 1 is grounded to

the metal surface at two locations on either side of the slot. The cross-sectional view of the

whole structure is illustrated in Fig. 11 (b).

Following the flowchart of the GMS approach as described in Fig. 7, the final

currents on the cable harness can be obtained. The reference results are computed using

the MPIE solver for the whole structure. According to the IEEE standard for validation of

computational electromagnetics, computer modeling and simulation [45, 2008], a proper

validation can be conducted based on the Feature Selective Validation (FSV) technique
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(a)

(b)
Figure 11. A test case to benchmark the GMS approach: (a) 3-D view with detailed
information of geometries, terminations and excitations, and (b) the cross-sectional view.
W is short for wire.

[Duffy et al., 2006, Orlandi et al., 2006]. Without the loss of generality, currents on Wire

1, 2, and 3 are compared in Fig. 12 at 800 MHz. From Fig. 12, it is observed that the

initial currents without iterations are far different from the reference results. Therefore,

it is indispensable to apply the GMS in order to obtain more accurate results. Also from

Fig. 12, the computed currents converge after three iterations, and the converged currents

match well with the reference results. Abrupt changes of the current distributed on Wire 1

can be found at the locations of -0.25 m and 0 m in Fig. 12 (a) and (b), which are due to

the grounding wires. Currents on Wire 1 significantly differ from those on Wire 2, which
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Figure 12. At 800 MHz, (a) magnitude and (b) phase of the currents on Wire 1, (c)
magnitude and (d) phase of the currents on Wire 2, and (e) magnitude and (f) phase of the
currents on Wire 3.

indicates antenna-mode currents dominating on Wire 1 and 2. The number of mesh cells

used in the GMS and the MPIE solvers are listed in Table 2. Less mesh cells are required
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Figure 13. From 10 MHz to 1 GHz, (a) magnitude and (b) phase of the currents at -0.3 m of
Wire 1, (c) magnitude and (d) phase of the currents at -0.3 m of Wire 2, and (e) magnitude
and (f) phase of the currents at -0.3 m of Wire 3.

in the GMS method to achieve similar accuracy compared to the reference MPIE solver.

The reduction in mesh cells will be more phenomenal in cases with more complex wire

structures.
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Table 2. Mesh cells used in the GMS and the MPIE solvers.

Mesh cells SP RP
GMS 400 100
MPIE 840 100

Current vs. frequency at the location of -0.3 m of Wire 1, 2 and 3 are compared

in Fig. 13. The obtained currents by the GMS approach correlate well with the reference

results. It should be noted that some frequency points (0.15, 0.3, 0.45, 0.6, 0.75, and 0.9

GHz) are skipped in Fig. 13, since the GMTL method doesn’t converge at these frequency

points and thus leads to inaccurate results. These frequency points correspond to the natural

resonant frequencies of the wires. In other words, when the wire length is a multiple integer

of a half wavelength, the GMTL method fails [Bayram and Volakis, 2005]. To resolve the

issue in future work, additional loss terms may be added either lumped at the ends of the

wires [Middelstaedt et al., 2016] or distributed along the wires [Chabane et al., 2017].

7. CONCLUSIONS

In this paper, co-simulation of a cable harness with ground connections to a nearby

metal surface is conducted by the GMS method in two parts: the SP and the RP. The SP

is solved by the GMTL solver, while the RP is handled by the MPIE solver. Neither the

GMTL nor the MPIE solver alone takes into account the mutual interactions between the

SP and the RP. To account for these interactions, an iterative scheme is arranged in the

GMS method. Each iteration physically represents the scattering process of EM waves.

The abovementioned interactions take place via not only field couplings, but also current

conducting through the SP/RP junctions. In the studied test case where four wires are set

above a slotted surface, only three iterations are required before the currents converge and

the converged currents match well with the reference results. This test case validates the
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proposed GMS approach for the co-simulation. Although not specifically demonstrated, the

GMS approach can be generally applied to cases with more complicated surface structures,

since the RP is solved by a mature algorithm, the MoM.

There are some limitations for the proposed GMS method, which essentially result

from the limitations of the GMTL solver. First, an upper frequency limit exists for the

GMTL solver. Beyond this upper frequency limit, the GMTL solver does not generate an

accurate current. This upper frequency may be limited by the maximal wire separation and

length. But this requires further investigation. Second, the GMTL solver can only be used to

analyze multiple straight thin wires. Future effort is needed to extend the GMTL approach

to bent, curved, and arbitrarily oriented wires. For thick wire cases where non-uniform

current distribution and proximity effects should be considered, the modal decomposition

method [Jin, 2017, Jin et al., 2018] can be employed to extract pul L and C. Finally, as

mentioned, the GMTL solver fails at wire natural resonance frequencies and future effort

can be expended to resolve the issue.
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III. EVALUATING THE CROSSTALK CURRENT AND THE TOTAL RADIATED
POWER OF AN ARBITRARY CABLE HARNESS USING THE GENERALIZED

MTL METHOD

Yansheng Wang, Ying S. Cao, Dazhao Liu, Richard Kautz, Nevin Altunyurt, and Jun Fan

ABSTRACT

This paper presents a general formulation of the generalized multi-conductor transmission

line (GMTL) method to model an arbitrary cable harness including straight and bent wires.

The GMTL equations are solved recursively based on the perturbation theory. This GMTL

method facilitates an efficient and accurate evaluation of the current distributed on a cable

harness. On top of that, the obtained current in a radiation problem is decomposed into

two traveling currents, i.e. the positive-going (PG) and the negative-going (NG) currents,

based on the least-square method. With the decomposed currents, the steepest descent (SD)

method is further adopted to achieve a fast approximation of the total radiated power (TRP).

Last, the capability and the limitations of the GMTL method in terms of the electrical wire

separation and length are investigated. The necessity of the recursive corrections is also

studied.

Keywords: Cable harness, crosstalk, multi-conductor transmission line (MTL), steepest

descent (SD) method, total radiated power (TRP).

1. INTRODUCTION

Cable harnesses are widely found in modern transportation systems, such as auto-

mobiles [Liu et al., 2017], high-speed trains [Zhang et al., 2017], aircrafts [Bagci et al.,

2007] and etc. A cable harness is a bundle of wires which serve as the interconnects among
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various electronic modules to transmit signals and power. A cable harness needs to be

carefully designed and routed in order to meet strict electromagnetic compatibility (EMC)

and electromagnetic interference (EMI) requirements.

To evaluate the design and routing of a cable harness, commonly used metrics

include the current distribution, the crosstalk current, the total radiated power (TRP) and

etc. These metrics can be obtained through either measurements or simulations. However,

the measurements are usually inconvenient and costly to realize [Li, 2015, Sun et al., 2007].

Simulation-wise, a cable harnesss is usually modeled using either full-wave methods, like

method of moments (MoM) [Wang et al., 2016, Zhang et al., 2017] and partial element

quivalent circuit (PEEC) method [Nitsch et al., 2009], or the transmission line (TL) theory

[Badzagua et al., 2010, Paul, 2007]. Full-wave methods compute the current distribution on

a cable harness with great accuracy but consume large memory and need long simulation

time. An alternative approach to model a cable harness is based on the TL theory. The

TL theory simplifies the modeling of a cable harness and the computation of the current

distribution.

Over the past decades, several TL based methods were developed. [Nitsch and

Tkachenko, 2010, 2004] derived the full-wave TL theory that could be applied to a set of thin

wires. [Chiariello et al., 2008] described a generalizedTLmodel to study the high-frequency

mixed-mode propagation along electrical interconnects. [Tkatchenko et al., 1995] applied

a recursive procedure based on the perturbation theory to evaluate the electric currents and

potentials on a single wire above a perfect conducting ground. The derivation in [Cooray

et al.] accounted for the effects of finitely conducting ground on a single wire. [Lugrin

et al., 2015] presented an approach to model the multi-conductor transmission line (MTL)

with arbitrary terminations. This approach was still applicable even if the TL approximation

conditions no longer held. However, all these proposed methods assume an infinitely large

ground plane beneath the wires, which prevents these methods from practical applications

since the reference plane beneath the wires inside a modern transportation system, is usually
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of irregular shape, limited size, and arbitrary discontinuities such as slots, holes, wedges,

etc. The methods discussed in [Liu et al., 2017, Maffucci et al., 2004, 2005, Vukicevic

et al., 2006] were not restricted by the reference plane. Nevertheless, these papers only

derived TL parameters between two conductors. These derivations are not applicable in real

situations where multiple wires exist. The generalized MTL (GMTL) method proposed in

[Wang et al., 2018a,b] overcame the abovementioned issues by enforcing all wires to refer

to the infinity. However, all the abovementioned TL based methods are only applicable for

straight wires. These methods don’t support bent cable harnesses. To resolve this issue,

this paper presents a general formulation of the GMTL method to cover both straight and

bent wires.

With GMTL method, the distributed current on a cable harness is obtained. On top

of that, it is of great interest to compute the total radiated power (TRP), which evaluates

the radiation capability of a radiator [Cao et al., 2017]. There are several approaches to

calculate the TRP of a cable harness. In[Li et al., 2015], the Green’s function (GF) method

was directly applied to compute the radiated field from the distributed current on a cable

harness. An integral of the obtained radiated field led to the TRP. The GF method is

straight-forward but inefficient. In [Cao et al., 2015], an efficient TRP calculation method

based on the PEEC formulation was presented. However, this method cannot be applied in

MTL based formulations. Another approach to compute the TRP was to subtract the ohmic

power loss from the input power, which was implemented in EMC studio [EMCoS]. This

method requires a good knowledge of the excitations and the terminations. Nevertheless,

a cable harness in practice is terminated by complex loading networks that are difficult to

characterize. Therefore, this method is not helpful in real applications. In this paper, an

accurate and efficient approach based on the obtained current on a cable harness is developed

to approximate the TRP. The obtained current is first decomposed into two traveling currents,

i.e. the positive-going (PG) and the negative-going (NG) currents, based on the least-square
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method. With the decomposed currents, the steepest descent (SD) method [Li and Fan,

2016, Nakamura et al., 1995] is further adopted to facilitate the radiated field and the TRP

calculation.

Though the GMTLmethod has already been applied in previous works [Wang et al.,

2018a,b], the capability and limitations of the method are not clear to readers. In this

paper, these questions are answered by investigating two parameters, i.e. the electrical wire

separation and length. Besides, since the GMTL equations are solved recursively based on

the perturbation theory [Tkatchenko et al., 1995], the necessity of the recursive corrections

are studied in terms of the accuracy of the crosstalk current and TRP.

The paper is organized as follows. In Section II, a general formulation of the GMTL

method is developed to cover both straight and bent cable harnesses. In section III, the TRP

from an arbitrary cable harness is approximated based on the SDmethod. In Section IV, the

capability and limitations of the GMTL method are discussed. Conclusions are presented

in Section V.

2. A GENERAL FORMULATION OF THE GMTL METHOD FOR AN ARBI-
TRARY CABLE HARNESS

In this section, two analytical methods to extract the per-unit-length (pul) inductance

(L) and capacitance (C) are presented first. The general formulation of the GMTL method

for one bent wire is introduced then. After that, the general GMTL formulation is extended

to multi-wire structures.

2.1. Analytical pul L and C Extraction. In this paper, the two analytical methods

to extract the pul L and C are named 2D static and 2D dynamic pul L and C, respectively.

2.1.1. 2D Static pul L and C. The 2D static Green’s function between wire #i and

# j reads

gstatic
i j (

−→ρ,−→ρ ′) = −
1

4π
ln

��−→ρ − −→ρ ′��2 = − 1
4π

ln ρ2
i j, (1)
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where −→ρ and −→ρ ′ are the locations of the observation and the source points, respectively. As

showin in Fig. 1,

ρi j =
��−→ρ − −→ρ ′��= 

ai, i = j

di j, i , j
(2)

where ai is the radius of wire #i and di j is center-to-center separation between wire #i and

# j.

(a)

(b)
Figure 1. Cross-sectional geometry for (a) Wire i and (b) Wire i and j.

The element in the pul inductance matrix L, i.e. Li j , is derived from the magnetic

potential as shown below

Ai

(
−→ρ

)
= µ

∫
C Jj(
−→ρ ′)gstatic

i j (
−→ρ,−→ρ ′)ds

= µ
∫ 2π
0

Ij
2πaj

(
− 1

4π ln ρ2
i j

)
a j dθ

= Lstatic
i j I j

, (3)
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where

Lstatic
i j = −

µ

4π
ln ρ2

i j . (4)

Notice that a thin wire approximation is used here so that the current I j flowing on wire # j is

uniformly distributed around the wire surface, i.e. the line current density is Jj(
−→ρ ′) =

Ij
2πaj

.

The pul capacitance matrix C is the inverse of the pul electric potential coefficient

matrix K , i.e.

C = K
−1
. (5)

The element of K , i.e. Ki j , is derived from the electric potential as shown below

φi(
−→ρ ) = 1

jωε

∫
C

dJj (−→ρ ′)
dl ′ gstatic

i j (
−→ρ,−→ρ ′)ds

= 1
jωε

∫ 2π
0

1
2πaj

dIj
dl ′

(
− 1

4π ln ρ2
i j

)
a j dθ

= 1
jωK static

i j
dIj
dl ′

, (6)

where l′ is the current flowing direction which is perpendicular to the cross-section of the

wires and

K static
i j = −

1
4πε

ln ρ2
i j . (7)

2.1.2. 2D Dynamic pul L and C. The 2D dynamic Green’s function between wire

#i and # j reads

g
dynamic
i j (

−→ρ,−→ρ ′) = − j 1
4 H(2)0

(
k
��−→ρ − −→ρ ′��)

= − j 1
4 H(2)0

(
kρi j

) , (8)

where k is the wave number in free space and H(2)0 (∗) is the Hankel function of the second

kind. Replacing gstatic
i j (

−→ρ,−→ρ ′) in (3) and (6) with g
dynamic
i j (

−→ρ,−→ρ ′), the elements in the 2D

dynamic pul L and K can be obtained as

Ldynamic
i j = − j

µ

4
H(2)0

(
ρi j k

)
(9)
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and

Kdynamic
i j = − j

1
4ε

H(2)0
(
ρi j k

)
, (10)

respectively.

Figure 2. A single wire illuminated by incident E-field.

2.2. The GMTL Formulation for an Arbitrary Single-Wire Structure. As shown

in Fig. 2, an arbitrary single wire is illuminated by an incident electric field (E-field) −→E inc.

For a thin wire in MoM, the scattered E-field is

−→
E sct = − jω

−→
A − ∇φ, (11)

where the vector magnetic potential −→A and the scalar electric potential φ are

−→
A(−→r ) = µ

∫
w

i(−→r ′)−→el ′g(
−→r ,−→r ′)dr′, (12)

φ(−→r ) =
1
ε

∫
w

(
−

1
jω

d
dl′

i(−→r ′)
)
g(−→r ,−→r ′)dr′, (13)

the free-space Green’s function g(−→r ,−→r ′) is

g(−→r ,−→r ′) =
e− j kR

4πR
, (14)
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R =
��−→r − −→r ′�� , (15)

w is the integral domain, −→r and −→r ′ indicate the observation and the source locations,

respectively, l′ is the local wire direction at the source location −→r ′, and −→el ′ is the unit vector

along the l′-direction at the source location −→r ′.

Applying the PEC boundary condition on the locally l-directed thin wire leads to

E sct
l = − jωAl −

dφ
dl
= −E inc

l . (16)

The subscript l in (16) indicates the l component of a quantity. After simple manipulations

of (13) and (16), the following equations are obtained


d
dl φ + jωAl = E inc

l

φ + 1
jωP = 0

, (17)

where

Al(
−→r ) =

T∑
t=1

(
−→el ′t ·
−→el

)
µ

∫
wt

i(−→r ′)g(−→r ,−→r ′)dr′, (18)

T is the total straight sections constituting an arbitrary cable harness, t indicates the #t

straight section, wt indicates the #t integral domain out of the total integral domain w, −→el ′t

is the unit vector along the l′-direction at the source location −→r ′ in wt , −→el is the unit vector

along the l-direction at the observation location −→r , and

P(−→r ) =
1
ε

∫
w

d
dl′

i(−→r ′)g(−→r ,−→r ′)dr′. (19)

For clear illustrations, only two straight sections are considered in the structures shown in

Fig. 2 and 3.
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After adding jωLi to both sides of the first equation in (17) and 1
jωC−1 d

dl i to both

sides of the second equation in (17), with some manipulations, the following equations are

obtained, 
d
dl φ + jωLi = E inc

l + jωD1 {i}

d
dl i + jωCφ = D2 {i}

(20)

where

D1 {i} = Li − Al, (21)

D2 {i} =
d
dl

i − CP, (22)

and L and C are the analytical pul L and C, respectively, i.e.

(L,C) ∈
{(

Lstatic,Cstatic) , (Ldynamic,Cdynamic)}.

Figure 3. A multi-wire structure illuminated by incident E-field.

2.3. Extension to a Multi-Wire Structure. Adopting the extracted analytical pul

L and C, the following equations are constructed to compute the current distribution on an

arbitrary wire structure consisting of N wires,


d
dl φ + jωLi = E

inc
l + jωD1

{
i
}

d
dl i + jωCφ = D2

{
i
} , (23)
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where the electric potential φ, the current i, and the l-component of the incident E-field

E inc
l in vector format are φ =



φ1

φ2
...

φN


, i =



i1

i2
...

iN


, and E

inc
l =



E inc
l,1

E inc
l,2
...

E inc
l,N


, respectively. The

source correction terms

D1

{
i
}
= Li − Al (24)

and

D2

{
i
}
=

d
dl

i − CP (25)

in (23) are used to compensate the formulation difference between the rigorous MoM and

the transmission-line (TL) like method. The nth elements in Al and P at the observation

location −→r are computed as

Al,n(
−→r ) =

T∑
t=1

(
−→el ′t ·
−→el

)
µ

∫
wt

i(−→r ′)g(−→r ,−→r ′)dr′, (26)

and

Pn(
−→r ) =

1
ε

∫
w

d
dl′

I(−→r ′)g(−→r ,−→r ′)dr′, (27)

respectively, and n indicates wire #n. Notice that the integral domain wt includes all the N

wires in the #t section.

The perturbation theory [Tkatchenko et al., 1995] is applied to solve (23). The

beginning (n = 0) results φ(0) and I(0) are obtained via the following equations


d
dl φ(0) + jωLi(0) = E

inc
l

d
dl i(0) + jωCφ(0) = 0

. (28)



68

The subsequent (n ≥ 1) electric potential and current perturbations are then obtained by


d
dl φ(n) + jωLi(n) = jωD1

{
i(n−1)

}
d
dl i(n) + jωCφ(n) = D2

{
i(n−1)

} . (29)

The final solutions to (23) are

φ = φ(0) + φ(1) + φ(2) + · · · , (30)

and

i = i(0) + i(1) + i(2) + · · · . (31)

2.4. A Numerical Test Case. A numerical test case is created as shown in Fig. 4.

The frequency is set to 900 MHz. The equantion (23) is applied to compute the current

distributed on the wires. Both the static and the dynamic pul L and C are employed to

construct the GMTL equations. Correspondingly, they are referred to as the static and the

dynamic GMTL, respectively. The computation results are compared in Fig. 5. The initial

result indicates the beginning current obtained by the GMTL method without recursive

corrections. The final result refers to the finally converged current obtained by the GMTL

method after several recursive corrections. The MPIE result serves as the reference. From

Fig. 5, the beginning current on Wire 1 slightly differs from the reference result, and the

beginning current on Wire 3 significantly deviates from the reference result. With two

recursive corrections, the converged result is obtained. The converged currents on Wire

1 and 3 match well with the reference. The consumed time of different methods at one

frequency point is compared in Table 1. According to the tabulated data, the static and the

dynamic GMTL are equivalently efficient and both consume much less time than the MPIE

method.
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Figure 4. A bent four-wire structure with three straight sections.

Table 1. Time consumption of different methods at one frequency point.

Static GMTL Dynamic GMTL MPIE
Time (s) 0.289 0.272 14.997

It can be concluded that the general formulation of the GMTL method is correct,

and that both the static and the dynamic GMTL produce accurate results at a high efficiency.

Since the static and the dynamic GMTL equivalently reach the accurate results, only the

dynamic GMTL is employed in the following discussions.

3. TRP CALCULATION BASED ON THE STEEPEST DESCENT METHOD

For TRP calculation, the SD method is superior to the GF method in terms of

efficiency [Li and Fan, 2016, Li et al., 2015]. However, there is only limited applications

of the SD method for simple structures like a two-wire structure or a single wire above

a large ground plane [Li and Fan, 2016, Li et al., 2015]. The limitation is due to a lack

of proper methods to decompose the total current on a multi-wire structure with complex

termination networks into traveling currents going in opposite directions. In this section,
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Figure 5. At 900 MHz, (a) magnitude and (b) phase of the current on Wire 1, and (c)
magnitude and (d) phase of the current on Wire 3.

a current decomposition method based on the least-square method is proposed first. Next,

with the decomposed currents, the radiated field and TRP are approximated using the SD

method. A numerical validation follows. In this section, the TRP computed based on the

GF method serves as the reference result.

3.1. Current Decomposition. According to the SD method proposed in [Naka-

mura et al., 1995], the total current obtained on each straight section of a wire first needs

to be decomposed into two traveling currents: the PG and the NG currents. This can be

achieved by the method described below.
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The total current I at the position −→r ′ of a straight section of a wire can be expressed

as the summation of a PG and a NG currents, which reads

I
(
−→r ′

)
= I+e− j

−→
β ·−→r ′ + I−e j

−→
β ·−→r ′, (32)

where −→β is the vector of propagation constant, and I+ and I− are the amplitudes of the PG

and the NG currents, respectively. (32) holds at all the m source locations, i.e. −→r1
′, −→r2

′,· · · ,
−→rm
′, on that straight section of the wire. Arrange (32) in the matrix representation, it reads

T · c = I, (33)

where

T =



e− j
−→
β ·−→r1

′

e j
−→
β ·−→r1

′

e− j
−→
β ·−→r2

′

e j
−→
β ·−→r2

′

...
...

e− j
−→
β ·−→rm ′ e j

−→
β ·−→rm ′


, (34)

c =


I+

I−

 , (35)

and

I =



I
(
−→r1
′
)

I
(
−→r2
′
)

...

I
(
−→rm
′
)


. (36)

The unknown amplitudes c in (33) can be solved using the least-square method, i.e.

c =
(
T
∗

T
)−1

T
∗

I, (37)

where ∗ is the conjugate transpose operator.
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Figure 6. At 900 MHz, magnitudes of the PG current (PG I), the NG current (NG I), the
reconstructed current (Recon. I) and the authentic current (Authentic I) are compared in (a)
the first section on Wire 1, (b) the second section on Wire 2, (c) the third section on Wire
3, and (d) the second section on Wire 4.

Revisit the test case in Fig. 4. The authentic total current on each section of a wire

is decomposed into the PG and the NG currents. The summation of the PG and the NG

currents results in the reconstructed total current. All these current quantities are compared

in Fig. 6. It can be seen that the least-square method works well to decompose the total

current.
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3.2. TRP Approximation Based on the SD Method. Using the SD method in

[Nakamura et al., 1995], the radiated magnetic field Hrad at the location of −→r can be

approximated as

Hrad

(
−→r

)
≈

N∑
n=1

e− j kR

4πR
Un (An + Bn), (38)

where

An =
−→en ×
−→eR

β/k − −→en ·
−→eR

I+n e− j
−→
β ·−→rn ′, (39)

and

Bn =
−
−→en ×
−→eR

β/k + −→en ·
−→eR

I−n e j
−→
β ·−→rn ′ . (40)

In (38), n indicates the nth discontinuity point out of the N total discontinuity points, k is

the wave number in free space, R =
��−→r − −→rn

′
�� is the distance between the observation point

−→r and the nth discontinuity point −→rn
′, andUn = ±1 at the starting point and the ending point

of the PG current, respectively. The observation points −→r locate over a sphere with a radius

of rsph and centered at the geometric center of the cable harness under investigation. The

discontinuity points refer to the bent points and the ends of the cable harness. In (39) and

(40), −→en is the unit direction vector of the PG current, −→eR is the unit direction vector from

the nth discontinuity point −→rn
′ to the observation point −→r , and I+n e− j

−→
β ·−→rn ′ and I−n e j

−→
β ·−→rn ′ are

the PG and the NG currents at the nth discontinuity point −→rn
′, respectively.

Further, the TRP is calculated using

T RP =
∫∫
©

Ω

r2
sph

2
η |Hrad |

2dΩ, (41)

where Ω is the solid angle over the whole observation sphere and η is the wave impedance

in free space.

3.3. Numerical Validation. Revisit the test case in Fig. 4. The current distributed

on the cable harness is obtained by sweeping the frequency from 5 to 1000 MHz. The SD

and the GF methods are applied to the GMTL current to compute the TRP. As a reference,
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Figure 7. TRP correlation among different methods.

Table 2. Consumed time in TRP calculation using different methods at one frequency point.

GMTL, SD GMTL, GF MPIE, GF
Time (s) 0.294 2.068 1.963

the GF method is also employed in the MPIE current to compute the TRP. The obtained

TRPs are shown in Fig. 7. TRPs obtained by all these three approaches correlate very well,

which validates the SD method. The consumed time in TRP calculation using these three

approaches is compared in Table 2. According to the table, the SD method is much more

efficient than the GF method.

4. THE CAPABILITY AND LIMITATIONS OF THE GMTL METHOD

In this section, the capability and limitations of the GMTL method are investigated

through the electrical wire separation and length. Besides, the necessity of the recursive

corrections is studied.
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4.1. The Electrical Wire Separation. The electrical wire separation is defined

using the ratio of the maximal wire separation d over the wavelength λ, i.e. d/λ. A case is

created to investigate how the current distribution and the TRP are affected by the electrical

wire separation. Detailed geometry, excitation, and termination of this case are provided in

Fig. 8. In this case, the maximal wire separation is 0.6 m, i.e. d = 0.6.

Figure 8. A four-wire case to study the electrical wire separation.

As the frequency is swept, the current magnitudes at the center of Wire 1 and 3 are

recorded. The obtained currents are compared in Fig. 9. The legends in these figures are

explained as follows. The initial GMTL indicates the GMTL method without any recursive

correction. The final GMTL refers to the GMTL method with several recursive corrections

to ensure a converged current. The MPIE stands for the reference method. Fig. 9 (b) and

(d) each has two curves. The diamond line refers to the absolute current difference between

the initial GMTL and the MPIE. The circle line refers to the absolute current difference

between the final GMTL and the MPIE.

From Fig. 9 (b) and (d), as the electrical wire separation increases, current by the

initial GMTL generally differs from the one by the MPIE. After two recursive corrections,

current by the final GMTL matches well with the one by the MPIE. As shown in Fig. 9

(b), the current difference between the initial GMTL and the MPIE on Wire 1 is less than

1 dB, which is negligible. However, the current difference between the initial GMTL and
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Figure 9. Current magnitude comparison at the center of Wire 1: (a) the absolute value,
(b) the difference; Current magnitude comparison at the center of Wire 3: (c) the absolute
value, and (d) the difference.
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the MPIE on Wire 3 is mostly larger than 3 dB as shown in 9 (d), which can not be ignored.

Therefore, if the crosstalk current is of great interest, the recursive correction is required to

reach an accurate result.

From Fig. 10, as the electrical wire separation increases, the TRPs of the initial

GMTL and the final GMTL are similar to the reference TRP. The maximal TRP difference is

between the initial GMTL and the MPIE and it is less than 1.5 dB, an negligible difference.

Generally speaking, if TRP is the major concern, there is no need to conduct recursive

corrections.

4.2. The Electrical Wire Length. The electrical wire length is defined as the ratio

of the wire length l over the wavelength λ, i.e. l/λ. A case is created to study how

the current distribution and the TRP are affected by the electrical wire length. Detailed

geometry, excitation, and termination of this case are provided in Fig. 11. In this case, the

wire length is 3 m, i.e. l = 3, which equals to 20 wavelengths at 2 GHz. The wire separation

is 4 mm, which is less than 1/30 wavelength at 2 GHz. Therefore, the effects due to the wire

separation can be neglected.

Figure 11. A two-wire case to study the electrical wire length.

As the frequency is swept, the current magnitude at the center of Wire 1 is recorded

and illustrated in Fig. 12. Fig. 12 (a) is an overview of the result. Fig. 12 (b), (c), and

(d) are the enlarged portions of Fig. 12 (a). From these figures, the current obtained by
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Figure 12. Current magnitude comparison at the center of Wire 1 for different ranges of
l/λ: (a) 0 ≤ l/λ ≤ 20, (b) 8 ≤ l/λ ≤ 10, (c) 13 ≤ l/λ ≤ 15, and (d) 18 ≤ l/λ ≤ 20.

the GMTL is almost the same as the one obtained by the MPIE when l/λ ≤ 15. When

l/λ > 15, the shift of resonant frequencies can be obviously observed. Similar trend is

found in TRP comparison as shown in Fig. 13. When l/λ ≤ 15, the TRP of the GMTL is

almost the same as the TRP of the MPIE. However, when l/λ > 15, the shift of resonant

frequencies can be obviously observed. This shifting of resonant frequencies is due to the

mesh size differing from the GMTL to the MPIE.
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Figure 13. TRP comparison at the center of Wire 1 for different ranges of l/λ: (a)
0 ≤ l/λ ≤ 20, (b) 8 ≤ l/λ ≤ 10, (c) 13 ≤ l/λ ≤ 15, and (d) 18 ≤ l/λ ≤ 20.

From Fig. 12 and 13, it can be concluded that along with the increasing electrical

wire length, the shifting of the resonant frequencies is becoming more and more severe.

However, this is still acceptable within 15 wavelengths. Besides, comparing the final GMTL

to the initial GMTL, the result improvement due to the recursive corrections is insignificant.
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5. CONCLUSIONS

In this paper, a general formulation of the GMTL method is developed for an

arbitrary cable harness. The cable harness can be straight or bent. Two analytical methods

to extract the pul L and C are derived. Either set of the pul L and C can be used to build the

GMTL equations, which produce similar currents. The GMTL equations are solved based

on the perturbation theory. Accurate current distribution on a cable harness is obtained

after one or two recursions.

Besides, the TRP of a cable harness with complex loading networks can be conve-

niently evaluated based on the SD method. To be able to apply the SD method, currents

flowing on the cable harness are decomposed into the PG and the NG currents using the

least-square method. Once the decomposition is achieved, the radiated field in the far field

is only contributed by the decomposed currents at all discontinuity points. The SD method

is more efficient than the GF method in terms of TRP calculation.

Last, the capability and limitations of the GMTL method are studied in terms of the

electrical wire separation and length. It is found that the electrical wire separation doesn’t

limit the capability of the GMTL method, and that the GMTL method achieves accurate

current and TRP as the electrical wire separation varies from 0 to 1. When it comes to the

electrical wire length, the GMTL method generally works well. However, as the electrical

wire length increases, the shifting of the resonant frequencies is becoming increasingly

severe. From this perspective, the GMTL method is accurate up to a limited number of

wavelengths. The necessity of the recursive corrections is also investigated. According to

the study, recursive corrections are required in order to achieve accurate crosstalk current.

However, if the TRP is the major concern, the obtained result is acceptable even if no

recursive correction is added.

The GMTL is an extension of the traditional TL theory. Some limitations in the

traditional TL theory may still be applicable in the GMTL approach. As is known, the TL

theory fails at wire resonances if TLs are left open without terminations. This limitation is
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also true for the GMTL approach. To resolve the issue, additional loss terms may be added

either lumped at the ends of the wires [Middelstaedt et al., 2016] or distributed along the

wires [Chabane et al., 2017]. The present formulation of the GMTL method is based on

thin wire assumptions. For thick wire cases where non-uniform current distribution and

proximity effects should be considered, the modal decomposition method [Jin, 2017, Jin

et al., 2018] can be employed to extract pul L and C.
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SECTION

2. SUMMARY AND CONCLUSIONS

In the first paper, co-simulation of a cable harness consisting of multiple wires and

a nearby metal surface is carried out in two parts: the multiple wire part and the surface

part. The multiple wire part is modeled by the GMTL approach and solved recursively.

A test case demonstrates the accuracy of the recursive GMTL solver. The surface part is

handled by the MPIE solver. To account for the mutual interactions between the multiple

wires and the metal surface, the MS approach is employed. In the studied test case where

four wires are set above a slotted surface, only three scatterings are required before all wire

currents converge. And the converged currents match well with the reference results. These

test cases validate the proposed recursive GMTL solver and the further MS approach for

the co-simulation. Although not specically demonstrated, the MS approach can be applied

to cases with more complicated surface structures, since the surface part is purely solved

by a mature algorithm, the MoM. One major limitation of the MS method lies in that it can

only be applied in cases where the cable harness is not grounded to the metal surface. This

issue is resolved by the GMS method in the second paper.

In the second paper, co-simulation of a cable harness with ground connections to

a nearby metal surface is conducted by the GMS method in two parts: the SP and the RP.

The SP is solved by the GMTL solver, while the RP is handled by the MPIE solver. Neither

the GMTL nor the MPIE solver alone takes into account the mutual interactions between

the SP and the RP. To account for these interactions, an iterative scheme is arranged in the

GMS method. Each iteration physically represents the scattering process of EM waves.

The abovementioned interactions take place via not only field couplings, but also current

conducting through the SP/RP junctions. In the studied test case where four wires are set
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above a slotted surface and one of these wires is grounded to the metal surface through

two grounding wires, only three iterations are required before the currents converge and

the converged currents match well with the reference results. This test case validates the

proposed GMS approach for the co-simulation. Although not specifically demonstrated, the

GMS approach can be generally applied to cases with more complicated surface structures,

since the RP is solved by a mature algorithm, the MoM. The MS and the GMS methods

presented in the first and the second papers, respectively, share some common limitations,

which essentially result from the GMTL method. To name a few, the cable harness has to

be straight, an upper frequency limit exists for the GMTL method, and etc. Some of these

limitations of the GMTL method are studied in the third paper.

In the third paper, a general formulation of the GMTL method is developed for an

arbitrary cable harness. The cable harness can be straight or bent. Two analytical methods

to extract the pul L and C are derived. Either set of the pul L and C can be used to build the

GMTL equations, which produce similar currents. The GMTL equations are solved based

on the perturbation theory. Accurate current distribution on a cable harness is obtained after

one or two recursions. Besides, the TRP of a cable harness with complex loading networks

can be conveniently evaluated based on the SD method. To be able to apply the SD method,

currents flowing on the cable harness are decomposed into the PG and the NG currents

using the least-square method. Once the decomposition is achieved, the radiated field in

the far field is only contributed by the decomposed currents at all discontinuity points.

The SD method is more efficient than the GF method in terms of TRP calculation. Last,

the capability and limitations of the GMTL method are studied in terms of the electrical

wire separation and length. It is found that the electrical wire separation doesn’t limit the

capability of the GMTL method, and that the GMTL method achieves accurate current and

TRP as the electrical wire separation varies from 0 to 1. When it comes to the electrical

wire length, the GMTLmethod generally works well. However, as the electrical wire length

increases, the shifting of the resonant frequencies is becoming increasingly severe. From
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this perspective, the GMTL method is accurate up to a limited number of wavelengths. The

necessity of the recursive corrections is also investigated. According to the study, recursive

corrections are required in order to achieve accurate crosstalk current. However, if the TRP

is the major concern, the obtained result is acceptable even if no recursive correction is

added.

Somework is to be continued in the future tomake theGMTLmethodmore andmore

powerful. First, efforts are needed to resolve the misconvergence issue at natural resonant

frequencies of wires. The natural resonant frequencies of wires indicate the frequencies

where the wire length is multiple integers of half the corresponding wavelength. The GMTL

method is an extension of the traditional TL theory. Some limitation in the traditional TL

theory is still applicable in the GMTL approach. One of the limitations is that the TL theory

fails at wire natural resonant frequencies if TLs are left open without terminations. This

is true for the GMTL method. Since the antenna mode current is included in the GMTL

method and no physical terminations can be added between the wires and the infinity, the

GMTL method fails at wire natural resonant frequencies. This issue may be resolved by

adding addiational loss terms either lumpedly at the ends of the wires [Middelstaedt et al.,

2016] or distributedly along the wires [Chabane et al., 2017]. Second, the GMTL method

can be extended for thick wire cases where non-uniform current distribution around the

wire surface and proximity effects should be considered, the modal decomposition method

[Jin, 2017, Jin et al., 2018] can be employed to extract pul L and C. Third, stochastic

analysis [Wang et al., 2014, 2015, 2016b, 2017a] may be applied in the GMTL formulation

to facilitate the statistical study of the cable harness.
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