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Evaluating the Crosstalk Current and the Total
Radiated Power of a Bent Cable Harness
Using the Generalized MTL Method

Yansheng Wang

Abstract—This paper presents a general formulation of the
generalized multiconductor transmission line (GMTL) method
to model a parallel cable harness including straight and bent
wires. The parallel cable harness here indicates the uniform cross-
sectional wire distribution. The GMTL equations are solved re-
cursively based on the perturbation theory. This GMTL method
facilitates an accurate evaluation of the current distributed on a
cable harness. On top of that, the current obtained in a radia-
tion problem is decomposed into two traveling currents, i.e., the
positive-going and the negative-going currents, based on the least-
squares method. With the decomposed currents, the steepest de-
scent method is further adopted to achieve a fast approximation of
the total radiated power. Finally, 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.

Index Terms—Cable harness, crosstalk, multiconductor trans-
mission line (MTL), steepest descent (SD) method, total radiated
power (TRP).

I. INTRODUCTION

ABLE harnesses are widely found in modern transporta-
C tion systems, such as automobiles [1], high-speed trains
[2], aircraft [3], etc. A cable harness is a bundle of wires, which
serve as the interconnects among various electronic modules
to transmit signals and power. A cable harness needs to be
carefully designed and routed in order to meet strict electro-
magnetic compatibility (EMC) and electromagnetic interference
requirements.

To evaluate the design and routing of a cable harness, com-
monly used metrics include the current distribution, the crosstalk
current, the total radiated power (TRP), etc. These metrics can be
obtained through either measurements or simulations. However,

Manuscript received June 17, 2018; revised October 13, 2018, February 12,
2019, and June 10, 2019; accepted June 29, 2019. Date of publication July 24,
2019; date of current version August 13, 2020. This work was supported in part
by Ford Motor Company and in part by the National Science Foundation under
Grant IIP-1440110. (Corresponding author: Jun Fan.)

Y. Wang, Y. S. Cao, D. Liu, and J. Fan are with the Electromagnetic Compat-
ibility Laboratory, Missouri University of Science and Technology, Rolla, MO
65401 USA (e-mail: jfan@mst.edu).

R. W. Kautz and N. Altunyurt are with the Electric Machine Drive Systems
Department, Research and Advanced Engineering, Ford Motor Company,
Dearborn, MI 48126 USA.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEMC.2019.2927222

, Member, IEEE, Ying S. Cao, Member, IEEE, Dazhao Liu, Member, IEEE, Richard W. Kautz,
Nevin Altunyurt, and Jun Fan

, Fellow, IEEE

the measurements are usually inconvenient and costly to realize
[4], [5]. Simulationwise, a cable harness is usually modeled
using either full-wave methods, like method of moments (MoM)
[2], [6] and partial element equivalent circuit (PEEC) method
[71, or the transmission line (TL) theory [8], [9]. Full-wave
methods compute the current distribution on a cable harness
with great accuracy, but consume a lot of memory and need
long simulation times. 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 have been
developed. Nitsch and Tkachenko[10], [11] derived the full-
wave TL theory that could be applied to a set of thin wires.
In [12], a generalized TL model was described to study the
high-frequency mixed-mode propagation along electrical inter-
connects. A recursive procedure based on the perturbation theory
to evaluate the electric currents and potentials on a single wire
above a perfect conducting ground was applied in [13]. The
derivation in [ 14] accounted for the effects of finitely conducting
ground on a single wire. An approach was presented in [15]
to model the multiconductor 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 assumed 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 irregu-
lar shape, limited size, and arbitrary discontinuities such as slots,
holes, wedges, etc. The methods discussed in [1] and [16]-[18]
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 [19]-[21] overcame the abovementioned issues by
enforcing all wires to refer to infinity. However, all the above-
mentioned TL-based methods are only applicable for straight
wires; these methods do not support bent cable harnesses. To
resolve this issue, this paper adopts two analytical methods to
extract the per-unit-length (pul) inductance (L) and capacitance
(C) of a cable harness, which further enables a general formu-
lation of the GMTL method to cover both straight and bent
wires.
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(d)

Fig. 1. Cross-sectional geometry for (a) wire ¢ and (b) wires ¢ and j.

With the GMTL method, the distributed current on a cable
harness can be obtained. On top of that, it is of great interest to
compute the TRP, which evaluates the radiation capability of a
radiator [22]. There are several approaches to calculate the TRP
of acable harness. In [23], 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 straightforward, but
inefficient. In [24], an efficient TRP calculation method was pre-
sented based on the PEEC formulation, where a full inductance
and a full capacitance matrices need to be calculated in order to
compute the TRP. However, this method cannot be applied in
MTL-based formulations, since the inductance and capacitance
matrices lack of the mutual terms of wire segments distributed
along the wire routing direction 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 [25]. This method requires good knowledge of the
excitations and the terminations; however, 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 TRP
calculation approach is developed based on the steepest descent
(SD) method [26], [28]. In the proposed approach, the obtained
current on the cable harness is first approximately decomposed
into two traveling currents, i.e., the positive-going (PG) and
the negative-going (NG) currents, based on the least-squares
method. This current decomposition process is independent
of loading conditions, which can be generally applied in any
scenario as long as the current on a cable harness is known.
Next, the SD method is applied to facilitate the calculation of the
radiated field and the TRP. Before this paper, the SD method in
terms of TRP calculation was limited to a few simple scenarios
like infinitely long wires and two wires with known loadings
[26], [28]. This paper proliferates a wide usage of the SD method
in radiated field and TRP calculation.

Last but not the least, the capability and limitations of the
GMTL method are studied. Though the study focuses on straight
cable harnesses, the obtained conclusions generally apply to
bent cable harnesses, since they consist of several sections of
straight cable harnesses. In the study, two parameters are care-
fully investigated, i.e., the electrical wire separation and length.
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Besides, since the GMTL equations are solved recursively based
on the perturbation theory [13], the necessity of the recursive
corrections is studied in terms of the accuracy of the crosstalk
current and TRP.

The rest of this 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 SD method. In Section IV, the capability and limitations of
the GMTL method are discussed. Conclusions are presented in
Section V.

II. GENERAL FORMULATION OF THE GMTL METHOD FOR AN
ARBITRARY CABLE HARNESS

In this section, two analytical methods to extract the pul L
and C' are presented first. The general formulation of the GMTL
method for one bent wire is then introduced. After that, the
general GMTL formulation is extended to multiwire structures.

A. Analytical pul L and C Extraction

In this paper, the two analytical methods to extract the pul L
and C are named two-dimensional (2-D) static and 2-D dynamic
pul L and C, respectively.

1) 2-D Static pul L and C: The 2-D static GF between wires
#1 and #7 reads

stdth 7 7 _ _71n|7 7‘ = ——lnpm (D

where ? and ?’ are the locations of the observation and the
source points, respectively. As shown in Fig. 1, we have

where a; is the radius of wire #¢ and d;; is the center-to-center
separation between wires #i and #.

The element in the pul inductance matrix L, L;;, is derived
from the magnetic potential as

AP =n [ 3P

27 Ij
N/O 2ma; < Am npw> 4

= LI, 3)

where

My
4
Note that a thin-wire approximation is used here so that the

current [; flowing on wire #; is uniformly distributed around
1.
27\'2]‘ :

Lstgtic — _

the wire surface, i.e., the line current density is J; (?’ )=
The pul capacitance matrix C is the inverse of the pul electric
potential coefficient matrix K,ie.,

—1
=K . 5)

Qll
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Section #7

Fig. 2.  Single wire illuminated by an incident E-field.

The element of K, K; ;- 1s derived from the electric potential as

L[ dL5(7) e
¢i(7) = m/c o’ (7, 7"d

1T 1d5(

1 2
o In pij> a;dd

jwe Jo  2maj dll
1 Ldl;

:7K§lgllcij 6
jw YAl ©)

where [ is the current flowing direction, which is perpendicular
to the cross section of the wires, and

. 1
tat; 2

2) 2-D Dynamic pul L and C: The 2-D dynamic GF between
wires #1 and #j reads

nami 1
g (P = i Hy (k[T T

1
= —Jifﬂg)(kﬂm) ®)

where k is the wave number in free space and H((]Q)( %) is the
Hankel function of the second kind. Replacing g5"( 7.7

in (3) and (6) with gdy"am'C 7,7, the elements in the 2-D

dynamic pul T and K can be obtained as

L(Z‘i;‘/namic — —j%H(()2) (pijk) (9)

and

(10)

)

dynami 1 (2)
K™ = —JIgHo (Pijk)
respectively.

B. 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)
MoM, the scattered E-field is

ﬁsct _

¢ For a thin wire in the

—jwd — Ve (11
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where the vector magnetic potential Z and the scalar electric
potential ¢ are

A@) = [ a7, 7 (12)
1 1 d ,
o) =2 [ (i) o(F 7a
the free-space GF g(7, 7) is
o o €M
977 = (14)
=7 -7 (15)
w is the integral domain including the location along all wires,

7 and 7' indicate the observation and the source locations,

respectively, I’ is the local wire direction at the source location
7! ,and a? is the unit vector along the I’-direction at the source
location 77"

Applying the perfect electric conductor boundary condition
on the locally /-directed thin wire leads to

d¢ inc
a
The subscript [ in (16) indicates the [ component of a quantity.

After simple manipulations of (13) and (16), the following
equations are obtained:

{$¢+ﬂwh=E#
1 —
¢+ LP=0

EfY = —jwA; — (16)

A7)

where

=>_ (@ -e)n / i(7)g(7, 7dr' (18)
t=1 w

T is the total straight sections constituting an arbitrary cable

harness, ¢ indicates the #t¢ straight section, w; indicates the #t

integral domain out of the total integral domain w, e—l/t> is the unit

vector along the !’-direction at the source location 7' in Wy, ?f
is the unit vector along the [-direction at the observation location

7, and

Pﬁﬁzéﬁgﬂ?wﬁﬂﬁmﬁ
For clear illustrations, only two straight sections are considered
in the structures shown in Figs. 2 and 3.
After adding jwLi to both sides of the first equation in (17)
and -C~ 1 d <7t to both sides of the second equation in (17), with
some mampulatlons the following equations are obtained:

19)

46+ jwLi = Ei"® + jwD, {i} 0,
45+ jwC¢ = Dy {i}
where
Dﬂﬂzu—& (1)
Dg{}._ z——CP (22)
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—.sct

Section #1

Fig. 3. Multiwire structure illuminated by incident E-field.

and L and C are the analytical pul L and C, respectively, i.e.,
(L7 C) c {(Lsta‘cic7 C«s‘.ta‘cic)7 (Ldynamic7 Cdynamic)}.

C. Extension to a Multiwire 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 NV wires:

d~—=T e —inc e =
Lo+ jwlt = FE, + jwDq {1
{ dl¢ J l J 1 { } 23)

d - = = -

gt + jwCo = Dy {z}
where the electric potential ¢, the current %, and the [-component
of the incident E-field E;"¢ in vector format are

1 i1 By
—_ ¢2 = i2 —inc EllleC
o= Sl = ,and B, = ) ,
ON iN E'N

respectively. The source correction terms

Dy {i} =Li- 4 (24)

and

. d- =—=_
Ds {z} = az - CP (25)
in (23) are used to compensate the formulation difference
between the rigorous MoM and the TL-like method. The
nth elements in A; and P at the observation location 7 are
computed as

An(®) =Y (@ &) / (77, 7dr (26)

and

1
Po(7) = - —I(7")g(7, 7")dr’' 27)
respectively, and n indicates wire #n. Note that the integral
domain w; includes all the N wires in the #t section.
The perturbation theory [13] is applied to solve (23). The
beginning (n = 0) results ¢y and I(q) are obtained via the
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Fig.4. Bent four-wire structure with three straight sections. “W” denotes wire.

following equations:

G0 + jwLie) =B 08)
i) +jwCo) =0

The subsequent (n > 1) electric potential and current perturba-
tions are then obtained by

G0y +jwLit) = jwDi {i(n-1)}

dT = = - (29)
i) + w00y = Da{in-1)}
The final solutions to (23) are
&=y + Py + Py + - (30)
and
Ezg(o)-f—g(l) +€(2)+-.. . 3D

D. Numerical Test Case

A numerical test case is created, as shown in Fig. 4. Lumped
circuit elements are added at the cable ends. No perpendicular
physical wire segments exist at the cable ends. Equation (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 Figs. 5 and 6. In Fig. 5, currents on
wires 1 and 3 for a single frequency of 900 MHz are compared.
In Fig. 6, currents at the location of x = 0.2 m on wires 1 and
3 for 5-1000 MHz are compared. The initial result indicates
the beginning current obtained by the GMTL method without
any recursive correction. The final result refers to the finally
converged current obtained by the GMTL method after several
recursive corrections. To validate the currents obtained by the
GMTL method, the mixed-potential integral equation (MPIE,
one formulation of the MoM) solver in [20] is used to calculate
the current, i.e., the MPIE result serves as the reference. From
both Figs. 5 and 6, 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 con-
verged currents on wires 1 and 3 match well with the reference.
It can be concluded that the general formulation of the GMTL
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Fig. 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.
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Fig. 6. Atx = 0.2 m, (a) magnitude and (b) phase of the current on wire 1,
and (c) magnitude and (d) phase of the current on wire 3.

method is correct, and that both the static and the dynamic
GMTL produce accurate results. Since the static and the dynamic
GMTL equivalently reach the same accurate results, only the
dynamic GMTL is employed in the following discussions.

III. TRP CALCULATION BASED ON THE SD METHOD

For TRP calculation, the SD method is superior to the GF
method in terms of efficiency [23], [26]. However, there were
only limited applications of the SD method for simple structures
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like a two-wire structure or a single wire above a large ground
plane [23], [26]. The limitation was due to a lack of proper
methods to decompose the total current on a multiwire structure
with complex termination networks into traveling currents going
in opposite directions. In this section, a current decomposition
method based on the least-squares method is proposed first.
Next, with the decomposed currents, the radiated field and
the 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.

A. Current Decomposition

The total current flowing on a cable harness can be decom-
posed as the traveling modes and the higher order modes. The
magnitude of the traveling modes remains the same along the
wire, while the higher order modes decay rapidly when running
away from the discontinuities such as the wire ends and bends,
which is similar to the leaky modes in a conventional two-wire
TL [27]. The magnitude of the traveling modes is typically
much larger than that of the higher order modes. Therefore, the
traveling modes dominate the contribution to the radiated field
and the TRP, and the higher order modes can be neglected in
terms of TRP calculation. This can be treated as a posteriori,
which is verified in a later example.

According to the SD method proposed in [28], the total current
obtained on each straight section of a wire first needs to be
approximately decomposed into two traveling currents: the PG
and the NG currents. This is achieved by the method described
in the following.

The total current [ at the position 7 of a straight section of
a wire can be expressed as the summation of the PG and the NG
currents, which reads

I(W):f%ﬁg?lrrég?’ (32)

where ? is the vector of propagation constant of the traveling
modes, and I and I~ are the amplitudes of the PG and the NG
currents, respectively. Equation (32) holds at all the m source
locations, i.e., 71/, r_2>’, o ,77,2’, on that straight section of the

wire. Arranging (32) in the matrix representation, it reads

Sl

=T (33)
where
[ o iB GiBT
R Y B £
T= (34)
| B B
-
o= |, (35)
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Fig. 7. At 900 MHz, magnitudes of the PG current (PG I), the NG current
(NG 1), 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.

and

(36)

I(rm)
The unknown amplitudes ¢ in (33) can be solved using the
least-squares method

o~ (77

where * is the conjugate transpose operator.

Revisiting 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. 7. As shown in the figure, the reconstructed
current correlates well with the total current, which demonstrates
the feasibility of the least-squares method.

—l—=x_
TI (37)

B. TRP Approximation Based on the SD Method

Using the SD method in [28], the radiated magnetic field H..q
at the location of 7 can be approximated as

N e JkR
Hyaa (7)) =) o Un (An + Bn) (38)
n=1
where
= =
Ay = = XCR i B (39)

———1
B/k—e)-ex "
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and
— o o
—€n X ER Y- G ]
Bn = ﬁnj ne]B T (40)
B/k+ei-er

In (38), n indicates the nth discontinuity point out of the N
total discontinuity points, k is the wave number in free space,
R = |7 — 7| is the distance between the observation point 77
and the nth discontinuity point 7' and U,, = +1 at the starting
point and the ending point of the PG current, respectively. The
observation points 7 locate over a sphere with a radius of 74
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), e_n> is the unit
direction vector of the PG current, 6—}% is the unit direction vector
from the nth discontinuity point 7/ to the observation point 7,
and I*e’jg""_”}/ and I, el A7 are the PG and the NG currents
at the nth discontinuity point e respectively.
Furthermore, the TRP is calculated using

T§2h
TRP:# o
Q

where (2 is the solid angle over the whole observation sphere
and 7 is the wave impedance in free space.

| Hyaq|?dS2

(41)

C. Numerical Validation

Revisiting 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, the GF
method is also employed in the MPIE current to compute the
TRP. The obtained TRPs are shown in Fig. 8. TRPs obtained by
all these three approaches correlate very well, which validates
the proposed TRP calculation method.

IV. CAPABILITY AND LIMITATIONS OF THE GMTL METHOD

In this section, the capability and limitations of the GMTL
method are investigated via two parameters, the electrical wire
separation and length. Also, the necessity of the recursive cor-
rections is studied. Though the study is based on straight cable
harnesses, the conclusions can be naturally applied to bent
cable harness since they consist of several sections of straight
cable harnesses.
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Fig. 9. Four-wire case to study the electrical wire separation.
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Fig. 10.  Current magnitude comparison at the center of wire 1: (a) the absolute
value and (b) the difference. Current magnitude comparison at the center of
wire 3: (c) the absolute value and (d) the difference.

A. Electrical Wire Separation

The electrical wire separation is defined using the ratio of the
maximal wire separation d over the wavelength 1, i.e., d/A. 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. 9. In this case, the maximal wire separation is 0.6 m, i.e.,
d = 0.6.

As the frequency is swept, the current magnitudes at the
center of wires 1 and 3 are recorded. The obtained currents
are compared in Fig. 10. The legend in the figure is 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
[20]. Fig. 10(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.

As shown in Fig. 10(b) and (d), as the electrical wire separa-
tion increases, current by the initial GMTL generally differs
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Fig. 12.

Two-wire case to study the electrical wire length.

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. 10(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 the MPIE on wire 3 (crosstalk current) is
mostly larger than 3 dB, as shown in Fig. 10(d), which cannot be
ignored. Therefore, if the crosstalk current is of great interest,
the recursive correction is required to reach an accurate result.

As shown in Fig. 11, as the electrical wire separation in-
creases, 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, a negligible difference. Generally speaking, if the TRP
is the major concern, there is no need to conduct recursive
corrections.

B. Electrical Wire Length

The electrical wire length is defined as the ratio of the wire
length [ over the wavelength 2, i.e., [/A. 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. 12. In this case, the
wire length is 3 m, i.e., [ = 3, which equals 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.

As the frequency is swept, the current magnitude at the center
of wire 1 is recorded and illustrated in Fig. 13. Fig. 13(a) shows
an overview of the result. Fig. 13(b)—(d) shows the enlarged
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portions of Fig. 13(a). In the figure, the current obtained by the
GMTL is almost the same as the one obtained by the MPIE when
[/» < 15.When /A > 15, the shift of resonant frequencies can
be obviously observed. A similar trend is found in the TRP
comparison, as shown in Fig. 14. When [/A < 15, the TRP
of the GMTL is almost the same as the TRP of the MPIE.
However, when [ /1 > 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.
From Figs. 13 and 14, it can be concluded that along with
the increasing electrical wire length, the shifting of the resonant
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frequencies becomes 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.

V. CONCLUSION

In this paper, a general formulation of the GMTL method is
developed for a parallel cable harness, which can be straight
or bent. A parallel cable harness indicates the uniform cross-
sectional wire distribution. 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, though the convergence of the solution is
not rigorously demonstrated. Based on experience, the iterative
process always converges for nonresonant frequencies of the
cable harness. Accurate current distribution on a cable harness
is obtained after one or two recursions. The efficiency of the
proposed method is not yet proved.

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 decomposed traveling currents at all discontinuity points
dominate the contribution to the radiated field. The SD method
is more efficient than the GF method in terms of TRP calculation.

Finally, 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 does not limit the
capability of the GMTL method, and that the GMTL method
achieves accurate current and the TRP as the electrical wire
separation varies from O 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 becomes increasingly severe. From this perspec-
tive, 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 also true for the GMTL approach. To resolve
the issue, additional loss terms may be added either lumped
at the ends of the wires [29], [30] or distributed along the
wires [31]. The present formulation of the GMTL method is
based on thin wire assumptions. For thick wire cases where
nonuniform current distribution and proximity effects should
be considered, the modal decomposition method [32], [33] can
be employed to extract pul L and C'. The dielectrics and losses
of a cable harness are not included in this paper but are studied in
progress.
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