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Geping Liu, David J. Pommerenke, James L. Drewniak,
Richard W. Kautz* and Chingchi Chen*

Electromagnetic Compatibility Laboratory
Department of Electrical and Computer Engineering
University of Misscuri-Rolla, Rolla, MO, 65401

Email address: geping(@umr.edu

Abstract

A multi-step procedure for anticipating vehicle-level EMI
is proposed in this paper. This approach uses multi-
conductor fransmission line (MIL) modeling to calculate
current distributions along the cable bundle. A common-
mode circuit is extracted from the MTL modeling, and is
employed in full-vehicle full-wave modeling to determine
radiation and interference. In this paper, mode-dispersion
and mode-conversion phenomena are investigaied, and the
ambiguous definitions of the common-mode voltage and
common-mode impedance are discussed.

Keywords

Multi-conductor transmission line (MTL), finite-difference
time-domain (FDTD), mode-dispersion, mode-conversion,
common-mode current, common-mode voltage, common-
mode impedance.

INTRODUCTION

Electromagnetic interferences (EMI) caused by high-speed
digital control electronics, as well as power electronics,
may prevent commercial vehicles from satisfying stringent
EMC criteria. The cable bundles connecting controliers and
loads, with small cross-section dimensions as compared to
the larger car bedy, limits the application of 3D full-wave
analysis in EMC design. Indeed, the mesh size required to
describe wires inside a cable bundle is too small, and leads
to an enormous demand for computer memory. Therefore,
an appropriate multi-wire model for 3D full-wave analysis
can significantly shorten the full vehicle-level modeling
time, whether dealing with electromagnetic interference or
susceptibility problems. Related work for modeling cable
bundles is reviewed herein. A method of combining MTL
and 3D BEM modeling is proposed to solve the automotive
EMC problems [1], [2]. A methodology is presented to
apply Agrawal’s model in a numerical simulation of an
electromagnetic susceptibility problem up to 500 MHz [3].
Based on the concepts of EM topology, this methodology
consists of calculating the incident fields with a 3D full
wave analysis (FDTD) and the coupling on the cables with
MTL modeling.

However, the coupling models, proposed in {1], [2], [3].
between the external environment and the hamess are con-
structed in a fashion that is not seamless, since the 3D full-
wave analysis and MTL modeling have to be implemented
sequentally. Thus, a multi-wire formalism for FDTD is
proposed based on the initial thin-wire-formalism [3], and
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it can deal with multiple parallel and very close wires [4].
Multiple, closely coupled wires could be modeled by solv-
ing simultaneous, coupled equations for the wire bundle
concurrently with the FDTD time stepping. However, im-
plementation of a set of terminations for the cable bundle
embedded in an FDTD cell was not addressed. A fully in-
tegrated mode! of coupling for the transmission-line matrix
{TLM) method has been proposed in [6]. A fictitious cylin-
der sheath around a cable bundle is constructed as the ref-
erence conductor to account for the common-mode cur-
rents, while the actual N-conductor cable bundie can be
specified inside the virtual sheath by MTL modeling. Thus,
this method indirectly indicates that common-mode radia-
tion is dominant, and mode-conversion is considered by the
voltage source between different segments of the reference
line, i.e., the virtual sheath. '

In this paper, as a part of the multi-step procedure for an-
ticipating vehicle-level EMI, an easily accessible single-
wire common-mode model is extracted from MTL model-
ing of a cable bundle, and incorporated intoe FDTD formu-
lation. Essentially, this model extracts a common-mode
circuit through which the same common-mode current on
the cable bundle flows, and exposes the inherent differen-
tial-to-common-mode conversion mechanism. Herein the
common-mode circuit is defined as having a current that
travels down the cable bundle, but unintentionally returns
on the vehicle chassis and ultimately illuminates the whole
vehicle. Therefore, this single-wire model might be suitable
for a cable bundle consisted of closely spaced wires since
the common-mode radiation i1s dominant. However, the
problems of concern include in which case the single-wire
model is effective, how to determine the necessary parame-
ters of a single-wire model. When an extracted single-wire
common-mode model is applied for predicting. EMI, two
inherent physical phenomena, i.e., mode-dispersion and
mode-conversion, are discovered. Two important yet am-
biguous concepts, e.g., common-mode voltage, common-
mode impedance, are discussed, Actually, the phenomena
and concepts directly influence the construction of an ex-
tracted common-mode circuit.

INFLUENCES OF MODE-DISPERSON AND MODE-
CONVERSICN

In the case of harnesses over the chassis, which is the most
common configuration in automotives, the TEM mode or
quasi-TEM mode becomes preponderant as compared to
the antenna-mode [7], [3]. Therefore, a MTL modeling
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generally provides good estimates for currents and voltages
of a multi-wire cable bundle above ground plane.

A general multi-conductor line consists of a number of
parallel conductors of arbitrary cross section, but uniform
in the third dimension. For a N + 1 conductor line, a simi-
larity transformation can decouple them into N uncoupled,
two-conductor lines (or N uncoupled modes), with respect
to the (N + 1)th reference conductor, i.e., the ground plane
[8]. Each uncoupled, two-conductor line has its own char-
acteristic impedance, velocities of propagation, mode volt-
ages, and mode currents. At both ends of the multi-
conductor line, or discontinuity locations of the line, mode
conversion exists to interact the N uncoupled modes. When
the medium surrounding the conductors is homogenous,
e.g., bare wires in the air, all uncoupled modes have the
same velocity. When the medium is inhomogeneous, the
velocity of each uncoupled mode may be different.

In an inhomogeneous environment, the existence of mode-
dispersion phenomenon, due to the different velocities of
the N uncoupled modes, may influence the extraction of a
single-wire common-mode circuit. A time-domain MTL
analysis can clearly illustrate the mode-dispersion phe-
nomenon of a common-mode current waveform in Case 1
shown in Figure 1. An 86-cm long 6-wire ribbon cable is
placed very close to the ground plane, and terminated with
loads, as shown in Table 1. A 2D field solver can extract
per-unit-length capacitance and inductance matrices C and
L based on the cross section shown in Figure 1(b). There-
fore, a lossless time-domain MTL (N = 6) model is con-
structed when a common-mode voltage source having a
narrow Gaussian-pulse excites Wire 3, as shown in Figure
2.

Table 1. Source and load terminations in Case 1 and
Case 3

Terminations in the source box Terminations in the load box

Wirel -to-GND: open (=10 MQ) Wirel-to-GND: 500 SMT resistor

Wire2-to-GND: open (=10 MQ) Wire2-to-GND: 50 SMT resistor

Wire3-to-GND: semi-rigid coaxial | Wire3-to-GND: short

feeding cable

Wire4-to-GND: shott Wirced-10-GND: short
Wire5-to-GND: open (=10 MQ) Wire5-to-GND: 502 SMT resistor
Wire6-to-GND: open (=10 M) Wire6-t0-GND: 502 SMT resistor

Herein the common-mode current of a cable bundle is de-
fined as the summation of all currents on each wire inside
the bundle, i.e.,

6
Icm(z) = Zli(z)i

i=1

6y

where the propagation diction is along z-axis, and it unin-
tentionally returns back on the vehicle chassis.
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Figure 1. Measurement setup of a uniferm 6-wire ribbon
cable in Case 1 and Case 2: (a) the ribbon cable
conpecting to the source and load box above the
ground plane; (b} 2D cross section of the ribbon cable.
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Figure 2. Time-domain MTL model for the ribbon cable
in Case 1.

The common-mode current I (z, ) of the 6-wire ribbon
cable calculated by the MTL modeling is shown in Figure
3. At time = 0, a forward-traveling common-mode current
wave having Gaussian shape is initially excited by the volt-
age source feeding Wire 3, and propagated down the line.
Because the common-mode current wave consists of six
mode-currents that have six different velocities, its wave-
form is distorted, and it can derive six basic shapes corre-
sponding to the six uncoupled modes. The phenomenon is



commonly called mede-dispersion, and it only occurs in
inhomogeneous environment. When the common-mode
current wave reaches the source, load, or other discontinu-
ity positions, the mode-conversion exacerbate or alleviate
the mode-dispersion since the six uncoupled modes interact
with each other. In Case 1, the termination configuration
shown in Table 1 seems to deteriorate the inherent mode-
dispersion, Therefore, a single-wire common-mode circuit
model cannot exiract the common-mode current of the rib-
bon cable correctly, thereby not predicting well the electric
fields at Point 1 and Point 2 in Case 1, as shown in Figure
4. An alternative approach is to construct six single-wire
common-mode circuit models that correspond to six un-
coupled-modes, respectively. Thus the total common-mode
current and electric field are obtained using superposition
theory. However, this approach is time-consuming,

The common-mode current ]:m (2, t}) waveform (At = 8.73ps)

e

Current [mA]

N
N
.

1=132

1=44 time [ns]

z=0
(the source end)

Figure 3. Propagation of the common-moede current
waveform along the ribbon cable excited by a Gaussian
puise.
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Figure 4. Electric fields at Point 1 and Point2, and calcu-
lated common-mode current at the source end in Case
1.

Table 2. Source and load

terminations in Case 2.

Terminations in the source box

Terminations in the load box

Wire1-to-GND: 500 SMT resistor

Wirel-to-GND: 500 SMT resistor

Wire2-to-GND: 502 SMT resistor

Wire2-10-GND»: 501 SMT resistor

Wire3-to-GND: semi-rigid coaxial
feeding cable

Wire3d-t0-GNDx: 500 SMT resistor

Wired-to-GND: 500 SMT resistor

Wired-to-GND: 500 SMT resistor

Wire5-10-GND: 500 SMT rcsister

Wire5-t0-GND: 50{3 SMT resistor

Wire6-to-GND: 500 SMT resistor

Wire6-to-GND: 500 SMT resistor
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When the terminations of the same 86-cm long ribbon ca-
ble are all changed to 500 SMT resistors (Case 2), as
shown in Table 2, it significantly alleviates the mode-
dispersion. When the equivalent height (h**") of the single-
wire common-mode circuit is approximately selected as
4.25-mm, the equivalent radius {a**") is estimated as 1.4-
mm using an empitical equation [5], and the common-
mode source and load impedances of the single-wire are
considered as the parallel configurations of the six 50Q
resistors, approximately 8.3302, then the single-wire can be
implemented by the sub-cellular thin wire algerithm in
FDTD code [9]. '
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- 0 O P
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Figure 5. Electric fields at Point 1 and Point2, and
common-mode currents at the source end in Case 2.

The calculated common-mode current at the source end
from FDTD modeling is compared with that from MTL
modeling, and the caiculated electric fields at Point 1 and
Point 2 compared with the measured electric fields in
Figure 5. The common-mode currents and the electric
fields are absolutely different from those results in Figure
4. The reason may be explained that more resistive loads in
Case 2 quickly suppress other weak modes, and only pri-
mary mode of the common-mode current continues to
travel at a certain velocity. Thus the mode-dispersion is
weak, and the single-wire common-mode circuit model
works better than that in Case 1. In Case 2, the peaks of the
common-mode currents and the electric fields associate
with the half-wavelength resonance of the ribbon cable. In
addition, it is noticed that the single-wire model becomes
more effective when the spacing between the ribbon cable
and the ground plane is increased.




DEFINITION OF COMMON-MODE
AND COMMON-MODE VOLTAGE
For a multi-conducter transmission line above a ground
plane, there is no unique common-mode impedance defini-
tion, as well as the common-mode voltage definition. Still,
there is a unique common-mode current definition, i.e., (1).
Although not uniquely defined, the common-mode imped-
ance is used in a multitude of papers, and EMC standards
like CISP22 and IEC 61000-4-6. The common-mode loop
impedance concept is proposed in Dual-Current-Probe
measurement instead of the ambiguous common-mode
impedance [10]. Thus care should be exercised for using
the two terms.

EXTRACTION OF A SINGLE-WIRE COMMON-
MODE CIRCUIT IN THE HOMOGENOUS CASE
Since there is no mode-dispersion phenomenon in homo-
geneous case, a single-wire commen-mode circuit is be-
lieved to exist, and it can effectively represent a cable bun-
dle in 3D full-wave analysis for predicting EMI. Reason-
able approaches are conducted to determine parameters of a
single-wire common-mode circuit.

IMPEDANCE

A 90-cm long uniform six-wire bundle connecting the
source and load box is placed close to the ground plane, as
shown in Figure 6(a), and its 2D cross section is shown in
Figure 6(b}. Its terminations are listed in Table 1. First, a
2D field solver extracts per-unit-length capacitance and
inductance matrices C and L of the homogenous wire bun-
dle. Second, a lossless MTL model is constructed in time-
domain or frequency-domain, and six-current and six-
voltage distributions along the bundle are calculated.

Equivalent Height (h®")

The core of the approach for determining h*" is that the
magnetic field, at a reasonable distance, produced by the 6-
wire bundle should be close to that by an equivalent single-
wire, For any short segment of the 6-wire bundle, the cur-
rent distribution is constant as long as the length is small
compared to the shortest wavelength, Since TEM or quasi-
TEM mode is dominant, Ampere’s Law can be used to
calculate the magnetic field produced by each wire. Then,
the total H-field produced by the six wires above the
ground plane can be obtained using the superposition the-
ory and image theory. Since the current distributions are
known for any segment of the bundle, a optimal h*" is se-
lected so that the equivalent H-field produced by the
equivalent single-wire approaches the real H-field by the
six-wire a3 closely as possible, as shown in Figure 7. Since
h*¥ is a function of frequency or time, and a function of the
position variance along the bundle, the average value of
h*¥ should be selected for the single-wire common-mode
circuit model if the value of h*" fluctuates within a small
range. Otherwise multiple segments of a single-wire com-
mon-mode circuit model, which has different h*®, will be
considered. In this homogeneous Case 3, the value of h*"
is approximately 14.6-mm, and it is lower than Wire |,
higher than Wire 2 in Figure 6(b).
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in Case 3: (a) the bundle connecting to the source and
load hox above the ground plane; (b} 2D cross section
of the wire bundle.
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Equivalent Radius (a®%)

The subject of electromagnetic equivalences as applied to
wire cage anterna models has been previously studied in
[11], [5). An equivalence was developed for a cage antenna
consisting of identical conductors of finite length placed
around a circle. The equivalence provided a single conduc-
tor of the same length, so that the total axial current distri-
bution is the same in both cases [11]. The key to accurate
exploitation of the equivalent radius concept is the proper
location of the virtual surface relative to the original cable
bundle [5). In general, a®"is a function of frequency and
2D cross-section of the cable bundle. However, if the



cross-section diameter of the bundle is electrically small, a
frequency-independent a®" for the unloaded, uniform, wire-
cage bundle is obtained [11], [5],

a® = 4aD,,D,;Dy4 - Dy, - Dyy 2
where a is the radius of each wire, D, is the distance be-
tween Wire m and Wire 1(reference conductor). In Case 3,
the 6-wire bundle is not placed around a circle, however,
(2) can still provide a good engineering estimate. If the
reference conductor is selected as Wire 3, i.e., the feeding
wire, then a*" is approximately equal to 2.8-mm, much
larger compared to the real radius of each wire, 0.8-mm.

Single-Wire Common-Mode Circuit Model 1

Since h*™ and a™" of an equivalent single-wire above the
ground plane are determined, the per-unit-length L*™ and
C™* of the transmission-line can be characterized {8]. Thus,
a transmission-line equation can be written as

-a—Vm(z,z) =[5 ilcm(z,t) ,

oz of 3

0 d
—1 DN ==-C"—r_(z,1). 4
P e (Z:1) Y om(2,1) 4)

To guarantee (3} and (4) to be correct, the common-mode
veltage, V..(z.t) should be defined as

Vo (2) =K Vi (2) + K o2 (2) + K V5 (2) +

G
K, Vi(2)+ K sVs(2) + K gVe(2) = KV (2)
and two identities must be satisfied,
KeL=Lfl 1 1 1 1 1], 6)
L1111 1]Jc=c*k., 0!

where K,; (i =1, ...6) is the voltage coefficient, Vi(z) is the
real vollage between the i wire and the ground plane, Lis
the 6x6 per-unit-length inductance matrix for the 6-wire
bundle, and ¢ is the 6x6 per-unit-length capacitance matrix.
From (6) or (7}, the voltage coefficient vector ¥ is deter-

mined, and the common-mode voltage V,,(z) in Case 3 is
defined as

V., (2)=0.25V,(2)+0.15V,(z) + 0.14 ¥, (z) +
0.16 ¥, () + 0.23 Vs(2) + 0.52 ¥4 (2)

At both ends of the 6-wire bundle, two boundary condi-
tions, i.e., KVLs, should be satisfied. The similarity trans-
formations can be used to decouple the voltages and cur-
rents at the ends. Consequently the diagonal source and
load matrices arc transformed into two dense matrices.
There 1s a diagenal element in the transformed source ma-
trix corresponding to the defined common-mode, and it is
defined as the common-mode source impedance. It equals
to

Z

o SrC

(8)

=KZ g+ K 2y + K 2y + ©
Koi’Z g + K252 5 + K206 Z ¢ = 4MQ
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Similarly the common-mode load impedance is defined as
2 2
Zcm,lnad =K2VIZII +Kv2 ZIZ +Kv3 Z.’3+

Ko Zp + K2sZys + K626 = 200
Therefore, a voltage source at the source end, which in-
cludes both the original feeding source and the possible
mode-conversion effects, is obtained from the source
boundary condition, i.e.,

V. Vou(z=0)+Z

cmsre

(10)

1,(z=0), (1)

At the load end, there is no feeding source, however, the
mode-conversion results in a voltage source, i.c.,

Vrm.loaa' = ch (2’ = 906m) - Zcm,!oau"[cm (Z = 90cm) . (12)

cm,sre

The single-wire common-mode circuit model is illustrated
in Figure 8(a). Herein the uncertainties of h*" and a*% re-
sult in the non-unique definitions of the common-mode

voltage and common-mode impedance,

Single-Wire Common-Mode Circuit Model 2

To avoid the ambiguous definitions of common-mode volt-
age and common-mode impedance, an alternative time-
domain single-wire common-mode circuit model is pro-
posed in Figure 8(b). Based on the known h*" and a*%, the
characteristic impedance of the equivalent fransmission line
is characterized as Z,. Herein the source termination 1§ se-
lected as Zy, and it absorbs the backward-travelling com-
mon-mode current wave reaching the source end. The load
termination is also sclected as Zp, and it absorbs the for-
ward-travelling common-mode current wave reaching the
load end. The voltage source at the source end V(1)
generates the forward-traveling waves at the time interval
[2mT, 2m+1T)], where m=0, 1, 2, ..., T is the time delay
from one end to the other end. On the other end, the volt-
age source at the load end Vi m..4(t) generates the back-
ward-travelling waves at the time interval [(Zm+I[)T,
(2m+2)T]. All these information is derived from a time-
domain MTL analysis. This common-mode circuit model
can be directly incorporated into FDTD modelling for pre-
dicting electric fields. Actually the exact value of a*" is not
mandatory in this model since a corresponding Z, can al-

ways be found based on the approximate a*”.

The predicted electric fields by the two different single-
wire common-mode circuit models agree well with the
measured in Figure 9. The peaks correspond to the half-
wavelength resonances of the 90-cm long bundle. Three
dips near the three peaks can be seen on the measured elec-
tric field resuit. These may be caused by the measurement
artifacts, e.g., the non-uniform spacing between the nearby
wires. High-order connector effects, which are not consid-
ered in the MTL modeling, may result in the discrepancy
between the measured and predicted electric field results at
higher frequencies.
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Figure 9. Electric fields at Point 1 in Case 3.
CONCLUSIONS AND FUTURE WORK

This paper proposes a multi-step procedure for predicting
vehicle-level EMI. In the first step, the currents on the ca-
ble bundles above the vehicle chassis are calculated using
MTL modelling. In the second step, a single-wire common-
mode circuit mode] is extracted and incerporated into a
FDTD modelling for anticipating vehicle-level EMIL. Al-
though the definition of common-mode voltage and com-
mon-mede impedance are ambiguous, reasonable ap-
proaches for extracting the common-mode circuit are
investigated. B is noticed that mode-dispersion caused by
the inhomogeneous environment has influences on the
extraction of the common-mode circuit model. However,
the lump mode-conversion at the ends may alleviate or
exacerbate the mode-dispersion phenomenon.

In the homogenous case, reasonable approaches are used to
determine the equivalent height and radius of the common-
mode circuit model. Although the definitions of the com-
mon-mode veltage and common-mode impedance are not
unique, they are still used to construct the single-wire
model 1. In addition, to avoid using the two ambiguous
terms, the time-domain single-wire model 2 is also pro-
posed for predicting EMI. Both common-mode circuit
models can provide good electric field estimates. In the

inhomogeneous case, N single-wire sub-common-mode
circuits corresponding to the N different mode-velocities
must be extracted, and the total radiation can be considered
as the superposition of the radiation from the N sub-
common-mode circuit models. This approach is possible,
yet time-consuming.

In the future, a more appropriate multi-wire model in
FDTD will be proposed for conveniently dealing with in-
homogeneous case, and typical cases for automotive har-
ness, e.g., slots in the chassis, and branches of cable bun-
dles.
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