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ABSTRACT

Cable harnesses are widely used in modern vehicles to power electric systems
locating at different locations throughout the vehicle and to establish signal channels for
data communications between these systems. Generally, a cable harness consists of
multiple wires and its geometry can be very complicated, making full-wave modeling and
simulation approaches computational resource-intensive. To cut down the computational
effort, the hybrid multiconductor transmission-line (MTL) method has been developed,
and the generalized MTL (GMTL) method and the multiple scattering (MS) method have
been developed to improve the accuracy of the hybrid MTL method. In this research, the
convergence issue in the GMTL method near the resonant frequencies of a cable harness
system is analyzed, and the solution to improve the convergence characteristics near
resonant frequencies is proposed. Also, the MS method has been improved by
simplifying the steps of iterative calculations with sub-structure analysis.

In high-speed signal channels, the signal reflections resulting from the
discontinuities of characteristic impedances can be the major contributor to the degraded
signal quality. In this research, the closed-form formulations to calculate the wave
propagations and reflections in a cascaded channel with impedance discontinuities have
been developed. With the developed formulations, the propagation paths for each
individual ripple in the channel’s single-bit response (SBR) can be backtracked. After
identifying the critical ripples in SBR that are responsible for the channel’s degraded
signal quality and their propagation paths, the most effective and practical solutions for

channel optimization can be determined.
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1. INTRODUCTION

Cable harness has been widely used in many complex systems such as vehicles,
high-speed trains, and airplanes, where many sensitive equipments are put together in a
single system and are connected with cable harness. Therefore, evaluating the current
distributions on cable harness accurately and efficiently in a complex system is important
to analyze the electromagnetic fields radiated out from the harness or incident to the
harness to avoid potential electromagnetic interference (EMI) problems in a complex
system.

Generally, there can be many wires in a single cable harness bundle. So using
full-wave algorithms like finite element method (FEM) or method of moment (MoM) to
solve a cable harness problem requires solving matrix equations with large dimensions
because the complex cable harness geometries will result in many meshes. To cut down
the required computational resources when solving the cable harness problem, many
algorithms have been developed, including the generalized MTL method and the Multiple
Scattering method. An improvement has been made on the generalized MTL method to
improve the convergence characteristics near the resonant frequencies of the cable
harness system. In addition, the Multiple Scattering method is improved with the help of
sub-structure analysis method. The iterative steps in the Multiple Scattering method are
simplified and less complicated iterative calculations are required in the improved
Mulitple Scattering method.

In high-speed signal channels, the characteristic impedance discontinuities

together with the insertion loss and the crosstalk are the most critical issues, and the



analysis and optimizations focusing on the characteristic impedance discontinuities are
studied. Analytical formulations for a cascaded channel with impedance discontinuities
are derived from the transmissions and reflections of wave components in the cascaded
channel. Using the derived analytical formulations, each wave components received at
the received side can be backtracked. Therefore, by identifying the critical wave
components at the receiver and backtracking their propagation paths, more specific
solutions for channel optimization can be determined, and the channel optimization

process can be more efficient.



PAPER

I. NOVEL FORMULATIONS OF MULTI-REFLECTIONS AND THEIR
APPLICATIONS TO HIGH-SPEED CHANNEL DESIGN

ABSTRACT

Reflection theory has been long established for over decades targeted at
microwave and radio frequency (RF) applications. With ultra-high-bandwidth
applications emerging, such as 112Gb/s and higher speed Ethernet protocols,
discontinuities in high-speed channels negatively impact signal quality, where reflections
become one of the most critical concerns in high-speed designs. In this paper, for the first
time, we analyzed the traditional reflection theory and proposed and verified a new
formulation, which exhibits the reflection-related parameters explicitly, indicating where
design optimization can be made for high bandwidth applications using the backtracked
propagation method. Our closed-form formulation is applied to high-speed channel
examples, where effective mitigation of negative impact from reflections on signal
integrity can be identified to be used as a pre-layout channel design guide. Our proposed
formulation of the reflection theory provides more accurate prediction of high-speed
channel behavior to minimize the negative signal integrity impact from reflections.

Keywords: Eye diagram, High-speed channel, Multi-reflections, Signal integrity.



1. INTRODUCTION

High-speed channels up to 112Gb/s are widely used in industry protocols,
commercialized through computer and communication equipment. Even though much
higher speeds (224 Gb/s and above) are being conceived with cable (copper and optical)
solutions, concurrent interconnections are still primarily implemented on PCBs [1]. At
higher speeds, signal reflections in the channels become more severe than before due to
unavoidable characteristic impedance discontinuities, in packages, connectors, pin fields,
and transition vias [2, 3]. Because of low-loss materials being used for most high-speed
channels for the purpose of decreasing insertion losses, reflections in the form of multi-
reflection become more pronounced, leading to a primary cause for channel failures [4].

The conventional high-speed design would resort to full-wave modeling and
simulation tools, which require high computational resource and time, producing desired
channel performance in many cases. However, this traditional design approach may
obscure the reflection mechanisms, leading designers not to know where a potential
problem exists and how to solve it. As the complexity of PCB designs increases,
component placement and PCB layout become a sensitive and critical process,
determining the signal integrity of the high-speed channels. In the past, component
placement may be flexible with few considerations for the reflections. With the
unprecedented higher speeds, a slight displacement of a critical component may incur an
unforeseen channel quality disturbance, which leaves a little clue of disturbance source to

the channel designers [5].



There are three major technical obstacles for high-speed signals regarding inter-
chassis and within chassis transmissions: insertion loss, return loss, and crosstalk [4, 6].
The insertion loss issues have been mainly solved by using low loss and ultra-loss
materials upon proper equalization schemes. At the same time, crosstalk concerns can be
mitigated by appropriate layout and spacing. The more challenging issue is return loss,
which may be only solved by advanced equalization techniques. However, it is possible
that there may be ways to lower the return losses with less power consumption and lower
chip development costs. Theoretically, the reflection theory can explain the intricacies
embedded in the channel return losses, which can lead to a technical insight on how
reflection can be minimized without additional active solutions.

Reflection theory has been developed with radio frequency (RF) and microwave
engineering for many decades [7], mainly limited to addressing bandlimited applications.
Its applications to the high speed and high bandwidth signal transmission emerged about
30 years ago when data rates increased to the Gb/s ranges for inter-chassis and within
chassis communications. For instance, the first generation of PCI Express started
operating at 2.5Gb/s less than two decades ago. Since then, a few industry protocols,
including Ethernet, SAS, SATA, and Infiniband, began increasing the bandwidth with a
multiplier for every new generation. When Ethernet’s data rates increased to the 100Gb/s
range, high-speed signals have become truly super wideband from DC to their
fundamental frequencies with lower-order harmonics spanning to their speed ranges in
GHz [8].

With much higher data rates emerging in concurrent communication protocols,

signal quality must be guaranteed in the wide frequency ranges without intolerable



degradations, which imposes stringent requirements for understanding the reflection

mechanisms. High-speed channels used in digital data communication are different from

the ones used in the RF and microwave applications with the following features:

1.

2.

Multiple PCBs with sizable dimensions

Hybrid connection with connectors and cables

Cascaded interconnections with different system reference impedances

Long transmission distance

Thick PCB boards with up to dozens of layers

Multiple channels running in close vicinity

Discontinuities are separated from small to large distances along the transmission
lines

Involving discrete passive components such as DC block capacitors and transition
vias

All the above physical features must satisfy the same signal condition — ultra-high

bandwidth. Traditional reflection theory may seem inadequate to be applied to all the

above attributes for the concerned high-speed channels.

In this paper, we analyzed the reflection theory and reformulated the reflection

mechanisms with a couple of new proposals targeted at the concerned high-speed

channels specifically [9-12]. We proposed a new insertion loss formulation with reflected

components represented explicitly, indicating how multi-reflection impacts the received

signal quality in a closed-form fashion [13]. To reveal the multi-reflection happening

between different interfaces formed by interconnecting components modeled with S-

parameters, two theoretical methods were created to quantitatively account for the



reflected waves explicitly. As a validation of our unique formulations, we compared our
results with those generated from commercial tools, which confirms the accuracy of our
theory.

The second part of this paper shows application of our newly proposed
formulations to high-speed channel optimization. Channel optimization on reflection-
related structures has special and immediate effects if performed correctly. Reflection-
related structures in a normal high-speed channel are those with impedances different
from what the system specifies or those with poor return loss modeled separately, also
called discontinuity structures. High-impacting discontinuity structures may include vias
and pins in series connection with the high-speed channels, directly degrading signal
quality.

In this paper, we propose a set of approaches that enable optimizing the
distributed discontinuities in a high-speed channel. We tackle two different problems
through our approaches: optimizing the distance between discontinuities and optimizing
the reflections in the transmission lines based on our closed-form formulations. Our
optimization targets are the minimized ripples seen at the receiver and the improved eye
opening in eye diagrams, respectively, with our proposed approaches. Our results have
been verified with commercial tools, confirming with high confidence.

The organization of this paper is briefly summarized here. In Section II, the
derivations on the closed-form formulations are discussed based on the multi-reflections
in cascaded channels, and two methods to handle cascaded S-parameter networks are also
proposed. In Section III, the accuracy of the derived formulations is validated using a

numerical example. In Section IV, the methods to optimize cascaded channels are
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discussed based on practical channel configurations: 3 segments of PCB striplines with 2
via transition structures. In Section V, discussions and conclusions of this paper are

given.
2. CLOSED-FORM FORMULATIONS

The derivation of the closed-form formulations for the insertion loss S,, (w) and
the group delay t,(w) of a single-ended cascaded channel have been discussed in detail
in [13]. In the cascaded channel, each segment is modeled using a frequency-dependent
PCB stripline model. In this section, the formulation derivation is reviewed briefly, and
the formulations are extended to handle more practical cases: differential channels with

cascaded S-parameter networks.

2.1. FREQUENCY-DEPENDENT PARAMETERS FOR PCB STRIPLINES

The solutions for frequency-dependent RLGC parameters for both single-ended
and differential PCB striplines are introduced in [14], and the formulations for RLGC
parameters from PCB cross-sectional geometries are also presented below.

The free-space permittivity and permeability are represented as &, and p,,
accordingly. The relative permittivity of the PCB dielectric is represented as &, (w),
which is frequency-dependent and complex. To ensure the causality of the system, the
Djordjevic model for €, (w) is implemented [15]:

2nfy +j - w) )

& (w) =£°°+a.ln(2nf,4+j-w



where €., is the real relative permittivity value when w — o0; a is a constant factor; f;
and fy are the pre-defined lower and upper frequency limitations. By defining the real
part of the relative permittivity &, and the loss tangent tan §,, at a certain frequency
wy, the complex relative permittivity &,.(w,) at frequency w, can be written as:

& (W) = &, = J &,  taN By, (2)

Then the unknown constant in the Djordjevic model €., and a can be solved by:

‘ i Erw, " tAN 84y,

B 2nfp+j-w }

Imag{ln (anL ¥ a))
. 3

) Real {ln <M)} ®

_ , , . 6 ) T[fL +] )

goo gr,wo + ET,(L)O tan wo ZﬂfH +] * W

\ imag[n (GG}

For a single-ended symmetrical PCB stripline, the cross-sectional geometry is
shown in Figure 1. W and t are the width and thickness of the metal trace; b is the total
thickness of the PCB dielectric; p is the resistance of the metal material; G, = 1.5 is the

factor related to the conductor loss contributed by the current in the ground plane for

symmetrical striplines.

Figure 1. Cross-sectional geometry of a single-ended symmetrical stripline.

When W >> t, the skin-effect onset frequency is defined as:
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4p
t2mug

fsur f = (4)

Then, the frequency-dependent RLGC parameters for the single-ended stripline

are:
( p PGy
Rp(w) =2+ —220 %
se( ) Wt Wt '—znf:gurf
Leo(@) = Z PR S
w) = & + —mm—  —
< se SE IuO ocr th \/5 (5)
& JHofots
Goo(@) = w— - YT
&r Zsg
C..(®) _ & JHofolr
\ %¢ & Zsg
where
30m(b —t)
ZSE - bC (Sa)
==f
Ve (w+2L)
2b—t t t(2b —t)
cf_zm(b_t)—gn—(b_t)z (5b)

The cross-sectional geometry of a differential symmetrical PCB stripline is shown
in Figure 2. In addition to the single-ended stripline cross-section, the spacing between

the 2 signal conductors is defined as s.

&

btj:H H
o w S w

Figure 2. Cross-sectional geometry of a differential symmetrical stripline.
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To investigate the signal propagations and reflections in differential channels, the
focus should be on the odd-mode characteristics of the system. Similar to the single-
ended RLGC parameters, the odd-mode RLGC parameters of a differential stripline can

be written as:

( P PGy

R W =—+—""-+-" "o
odd( ) Wt th
pG 1
Loga(@) = Zopp~HoEo&r + W =
f
< sur (6)
& +/HoEoEr

Goga(@) = w—-
odd &  Zopp

!
& A/ Ho€oér

\ Coqa(w) = o

r  Zopp
where
30m(b —t)
Zopp = (6a)
bCs In[1 + tanh(6
Ve [+ et (14 B
and

2b—t)_t lt(Zb—t) _ s

b—t) " b-02|"" " 2b (6b)

Cf,odd =2 ln(

For both the single-ended and the odd mode in the differential systems, the
frequency-dependent characteristic impedance Z-(w) and the propagation constant ¥ (w)

can be calculated using RLGC,(w) and RLGC,44(w), respectively:

_ |R(w) +jwL(w)
Ze(w) = j G(@) 1 jaC(@) )

y(@) = V[R(w) + jwL(@)] - [6(w) +jwC(w)] (8)
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Then, the signal reflections and transmissions at the interfaces between different
segments and the signal propagations inside each segment in the cascaded channel can be

evaluated using the derived frequency-dependent Z-(w) and y (w).

(©)

Figure 3. An example of 3 cascaded striplines and wave propagations and reflections in
(a) the 1% stripline; (b) the 2™ stripline; and (c) the 3™ stripline.
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2.2. A CASCADED CHANNEL WITH TRANSMISSION-LINE SEGMENTS

For both the single-ended and the differential systems with cascaded
transmission-line segments, the method presented in [13] can be used to derive the
closed-form formulations for the insertion loss S,, (w) of the system.

In Figure 3, a cascaded channel with 3 stripline segments and the wave
propagations and reflections in each individual segment is shown.

Zciand y; (i = 1,2, 3) are the characteristic impedances and the propagation
constants of each segment of stripline, and the lengths of striplines are [, [, and l5. Z;,
and Z,., are the impedances of the transmitter and the receiver. The wave incident from

0. indicates the group of multiple

the transmitter to the 1% stripline segment is V,, and MW,

waves incident from stripline segment i to stripline segment j. The transmission
coefficient and the reflection coefficient from the stripline segment i to the stripline

segment j are:

ZZC,]' (w)
Zcj(w) +Zci(w)

Ty j(w) = 9

Zcj(w) — Z¢i(w)
Zcj(w) + Zci(w)

[ j(w) = (10)

Notice that both the transmission coefficients and reflection coefficients defined
in (9) and (10) have a directional indication. To simplify the formulation writing, for a
cascaded channel with N segments, let the subscript i or j represent the transmitter or the
receiver when the value is 0 or N + 1, respectively. For example, Z¢ g = Z¢y, Zcy41 =
Zrxs Toq = Tex1s Tnean = Trans o = Toews Tvwer = Ivre and MWy g = MWy oy

In(9)and (10),i =0,1,..,N+1,j=01,..,N+1,and i # .
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Then, the wave incident from the 1% stripline to the 2™ stripline is

MWL, (M) = VoTyy 1 Type (1 + Ty o1y e ™21l + T2, T2 e ™41l 4o 4 TMTM e~ 2MYiln)

1- (F1,2F1,txe_2}/111)M+1

1 =Tyl e~k

= VOTtx,lTl,Ze_hll CM; (M) (11)

= VoTex 1Tz 71k

where M = 0,1,2, ... is defined as the number of wave reflections in the same stripline
segment, and

M+1

1 — (Tyqqly g e”2vik)

CM;(M) = 12
(M) 1 =Tl 2vik (12)
Generally, due to the loss and reflections: |Fi_i+1Fi,i_1e‘2Vili| <1
Therefore,
lim CM;(M) = ! (13)
M ) T [igaliioqe”2vik
and the incident wave including infinite number of reflections is:
Jlim MW, (M) = Jim VoTex 1 Trze 11 CMy (M)
Tl‘ze—hh
S VOTtx,l (14)

1= Tyqlyqe72vili
The superscript 0 in MW, indicates 0" orders of reflections between different
segments, which will be defined more specifically later.
Similarly, the wave incident from the 2" stripline to the 3™ stripline and the wave
incident to the receiver can be calculated:
MWZ3(M) = MW, (M) - T,z 12"2CM, (M) (15)
MW2, (M) = MW, 5(M) - T3,xe 73 CM3 (M) (16)
Based on (11), (12), (15) and (16), a more generalized formulation for the incident

wave in a cascaded transmission line system with N segmentations can be written as:
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A
MWy (M) = VT | [[e7 - Ty - cM,(00) (7)

i=1
for1<A<N.

Then, the reflections between multiple segments need to be evaluated, as shown

in Figure 4.

Figure 4. Wave reflections between multiple transmission line segments; all inter-section
reflections.

In Figure 4, M Wl";’ " indicates the total wave incident from stripline segment i to
stripline segment j, and the superscript M’ is defined as the number of reflections and

transmissions between multiple stripline segments.
Because there is no further discontinuity before the transmitter and after the
receiver, there is no wave reflecting into the 1% segment or reflecting back at the last

segment, which are marked with dashed arrows in Figure 4, and for M" > 0:
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MW (M) = MW (M) = 0 (18)
MWL x (M) = MWy (M) = 0 (19)
When M’ = 0, the formulation has been derived as (17).

For M' > 0, the backward components:

MWAAill,A(M) = [MWAAle’-I_-ll(M) ceTvanlanl, o, + MWAAiIZ,A+1(M)]
seTVavilanT, . CMy (M) (20)

forl1<A<(N-1).

Therefore, the insertion loss of the cascaded system can be derived as:
] w
S22(0,M, M) = 2 MW (0, M) 21)
% %=0
Based on the definition of the S-parameters, all wave components received at the

receiver needs to be considered. So, the actual transmission coefficient of the system is

MI

1
Sy (w) = 7IVI}ViI;n Z MWy 41 (0, M) (22)
0 B —00 k=0

2.3. SSPARAMETER NETWORKS IN THE CASCADED CHANNEL

In many practical designs, there are some parts of the channel that are not ideal
transmission-line structures, like the via transition structures. For these non-ideal
transmission-line structures, S-parameter networks from full-wave simulations or
measurements are usually used in channel analysis. Thus, the reflections and
propagations with cascaded S-parameter network are analyzed and the formulations are

extended to handle the cascaded channel with non-ideal transmission-line structures.
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As shown in Figure 5, at the ports of S-parameter network, there are 2 kinds of
reflection mechanisms: 1) the reflections due to the impedance mismatch between the

external cascaded channel and the S-parameter reference impedance (Z¢ # Z,.y); and 2)

the reflections inside the S-parameter network (return loss S;;).

Zc
— —port 5]

ref

Figure 5. An S-parameter network (with reference impedance Z,. ) cascaded to a
transmission-line at Port i.

The S-parameter reference impedance Z,..f is the system impedance of the
network. For example, the common system impedance for a VNA is 50 Ohms.

To use the similar method to analyze the wave reflections and propagations with
S-parameter networks, special treatments are needed, and 2 different approaches are
proposed.

2.3.1. Method 1: Adding Pseudo Segments. By adding a pseudo segment in the
middle between the external channel and the S-parameter network port, the reflections
due to 2 different reflection mechanisms can be separated, and the previous method to
derive the closed-form formulations can be applied. The length of the pseudo segment
should be 0, and the characteristic impedance of the pseudo segment should be the
reference impedance of the S-parameter. The reflections at the S-parameter network with

the additional pseudo segment are shown in Figure 6.
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® @
i Pseudo segment ;

ZC é Zref ;
s E— e E— e B Y [S]

ref

FZ,l > < l—‘1,2

I35 > <A I3

Figure 6. Adding a pseudo segment at ports of S-parameter network to separate 2 kinds of
reflections.

Since the length of the pseudo segment is [,)5¢yq0 = 0 and there is no loss and no
phase delay for the wave propagation on the pseudo segment:
e Vlpseudo = 1 (23)
At the interface #1, there are only the reflections due to the impedance mismatch

Z¢c # Zyes, and

Zref_ZC
[, =——— 24
TR A (24)
ZC_Zref
[[, =——— 25
s (25)

At the interface #2, there are only the reflections from inside of the S-parameter
network S;;, and
I3, =Sy (26)

[3=0 (27)
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Based on this method, an example of all the wave propagations and reflections in

a cascaded channel with S-parameter network is shown in Figure 7.

i The 1% Segment | Two Pseudo Segments and S-Parameter Network ! The 3" Segment |
i i : ‘ 1 !
T ; ; Zsyef H H Zsref ] ]
X Zan ly=0 lo=0 Zes,vs Rx
- — —— » [S,] P2 .
| 5 5 3 | !
' | ' !
2Z¢y : 275 ref | 1 | 1 27¢4 3 27y
Zix+Zca \ Zor+ Zsper ' ' — Zsrer + Zcs ! Zcs + Zyy
‘ | | ‘ |
7 Zit;; ] 2Z¢y | 1 : 1 : 2Zsref ' 273
wrha ZeytZsrer | 1 | Zsrer +Zc3 ! ZostZpe !
: ‘
i : H ! E 3
Zaa—2u\|/ Zix—Zc Zsyer —Zex\| / Zc1 = Zsres 1 1 Zes — 2, \  Zsrer — 2, Zix = 2c3N\_\ / Zm—17
i k S o 0 s . 3 ~ Zsref 1 sref —Zc3 I c3 — Zrx
Zix+Zcy >3 Zix+Zey Zsyer + ZC1>E Zsrer +Zc1 " >:< >}< v Zsyer +Zca >E< Zsrer +Zcs  Zrxt ch>3< Zyx + 23
! H H ] 1
1 | !

I
- I ~volo — ! Sy ! - ' -
el ! e~Yolo = 1 ' v,21 ‘ e~Yolo =1 | e Vsls

T i H
e-vili ~Yolo — i
! ¢ =1 Sv1z2

Figure 7. Method 1: Adding Pseudo Segments - wave propagations and reflections in a
cascaded channel with S-parameter network.

After adding the pseudo segments at the ports of the cascaded S-parameter
network, the same method in the previous section can be used to derive the closed-form
formulation of this cascaded channel.

2.3.2. Method 2: S-Parameter Re-Normalization. Rather than adding additional
pseudo segments at the ports of S-parameter networks, another possible approach is to
remove the reflections due to the impedance mismatch by S-parameter re-normalization.
When Z; = Z,.f, there will only be the reflections due to the return loss of the S-
parameter network.

As mentioned in the previous section, the characteristic impedance of the external
cascaded channel can be frequency-dependent and complex, which is not common for S-

parameter reference impedance. In addition, the characteristic impedances of the external
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channels can be different at different S-parameter ports. Therefore, the S-parameter re-

normalization needs to be done at each single frequency, and the re-normalized S-

parameter may have different reference impedances at different ports.

In [16], the formulation for S-parameter re-normalization is introduced:

[Snewl = [P17*([So1a] = [yD (U] = [¥1[So1aDH[P]

(28)

where [S;ew ] and [S,;4] are n X n S-parameter matrices after and before the re-

normalization; [P] and [y] are diagonal matrices. Let Z,, ;; and Z,;4 ;; be the new and

old reference impedances at port i:

7 g
Vi = Znew,u - Zold,u (29)
new,ii old,ii
Re(Zp101) |Znew,ii| 2Z01a,ii 30
Re(Znewii) |Zowii| Zowii T Znew,ii

p1 [S] p2

2Z¢3
Ze3 + 7,
1
1
Zix—Zc3 N\~ Zes— 7,
- 1
Zeat Zix >|< Zes + 27,

Figure 8. Method 2: S-Parameter Re-Normalization - wave propagations and reflections
in a cascaded channel with S-parameter network.

After the S-parameter re-normalization, an example of all the wave propagations

and reflections in a cascaded channel with S-parameter network is shown in Figure 8.
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Also, the same method in the previous section can be used to derive the closed-form
formulation of this cascaded channel. Both methods proposed above are equivalent,

applicable to different scenarios are shown below.

3. VALIDATION OF THE FORMULATIONS

As shown in Figure 9, an example of a differential channel with the S-parameter
of a via transition structure from the full-wave simulation is designed to validate the
correctness of the derived formulations and the handling of cascaded S-parameter

networks.

Ze1u Y Ze3 V3
p1 [Sv] m

Figure 9. An example of a differential channel with S-parameter of a via transition
structure with 50 Ohms reference impedance.

The odd-mode impedances of the transmitter and the receiver are Z;,, = Z,., =
50 Q. The 1% and the 3" segments are symmetrical differential striplines with the same
cross-sectional geometries, and the related parameters can be found in Table 1.

The S-parameter network is from a full-wave simulation on a via transition
structure. The via structure is shown in Figure 10. The geometry information of the via
structure can be found in Table 2. The frequency range of the full-wave simulation is

from 10 MHz to 100 GHz.



Table 1. Parameters of the Channel

Parameters Values
Total dielectric thickness b 35.6 mils
Trace width W 16 mils
Trace spacing s 32 mils
Trace thickness t 1.38 mils
Length of trace [; and 5 400 mils

Resistance of metal p

1.764 x 1078 Qm

& @ 1 GHz 3.7

tand @ 1 GHz 0.02
Djordjevic model f;, 1 kHz
Djordjevic model fy 1000 THz

Gp 1.5

o 8.854 X 10712 F/m
Uo 47 X 1077 H/m

(a)

(b)
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Figure 10. The via structures in the full-wave simulation (a) top view; and (b) the side

view.
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Table 2. Parameters of the Via

Parameters Values
Via diameter 6 mils
Via spacing 32 mils
Anti-pad diameter 22 mils
Pad diameter 16 mils
Length of active via 91.8 mils
Length of via stub 30 mils

Let M — oo and M’ = 20 in the calculation of S,; using the derived analytical
formulations to ensure that enough number of wave reflections have been included in the
calculation, and the results are shown in Figure 11.

In Figure 11, we have the following denotations on the methods:

e Method 1 is the pseudo segment method. Pseudo segments are added at the ports

of S-parameter networks, as shown in Figure 7.

e Method 2 is the re-normalization method. S-parameters of the middle segment
have been re-normalized to the external channel’s characteristic impedances Z ¢

and Z 3 at port 1 and port 2, respectively (Figure 8).

e Method 3 is the reference result, and it is obtained from ADS simulations.

All these results have good correlations, indicating that the proposed methods

have good accuracy, and the cascaded S-parameter network is properly treated.
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04 —— Method 1
== Method 2
® & Method 3

|521| [dB]

o 5 10 15 20 25 30 35 40
Frequency [GHz]

(a)

—— Method 1
== Method 2
185 A = ® Method 3

0 5 10 15 20 25 30 35 40
Frequency [GHz]

(b)

Figure 11. The comparisons on (a) |S,;| and (b) group delay from 3 different methods.

4. APPLICATIONS TO CHANNEL OPTIMIZATIONS

When evaluating a high-speed signal channel, eye opening in the eye-diagram is a
common criterion, and the inter-symbol interference (ISI) has negative impacts on the
eye opening. ISI can be identified clearly in the single-bit response (SBR) of the channel.
Thus, it is possible to optimize the channel based on the SBR. The reflections in a
cascaded channel generate additional ripples in the SBR after the main peak and are one

of the important contributors to the ISI. Smaller ripples due to reflections in SBR means
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larger eye opening. Also, if DFEs are going to be added at the receiver to improve the

signal quality, less voltage compensation and less power consumption will be needed.

Table 3. Parameters of the Channel in Figure 12.

Parameters Values
Total dielectric thickness b 23.4 mils
Trace width W 4 mils
Trace spacing s 4 mils
Trace thickness t 1.38 mils
Resistance of metal p 1.764 x 1078 Om
& @ 1 GHz 3.7
tand @ 1 GHz 0.02
Djordjevic model f; 1 kHz
Djordjevic model fy 1000 THz

Since the proposed method for evaluating cascaded channels is based on
analyzing the wave propagations and reflections individually, the generation of each
individual ripples in the SBR can be backtracked. The steps of the proposed channel
optimization method are shown below. A cascaded high-speed differential channel with 3
stripline segments and 2 via transition structures is used as the example and the schematic

of the cascaded channel is shown in Figure 12.
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Tx Seg?2 Seg4 Rx

Segl Seg3 Seg5
[>—|:|— [Sy1] ] [S:2] —|:|—I>

Figure 12. A cascaded high-speed differential channel with 3 stripline segments and 2 via
transition structures.

The cross-sectional geometry of the three striplines are the same and the
parameters are shown in Table 3. [;, [ and [5 are the lengths of the 3 stripline segments
and the values are 100 mils, 300 mils and 600 mils, respectively. The odd-mode
transmitter and receiver impedances are Z;, = Z,., = 45 (), and the odd-mode
characteristic impedance of the 3 striplines are also around 45 Ohms. The steps of the
optimization process are given below:

Step 1: Identify the critical ripples to optimize in SBR

Use the method proposed in the previous sections to calculate the S,; of the cascaded
channel. Then, the SBR of the system can be calculated, which is shown in Figure 13. The
data rate of the signal is 56 Gbps. To avoid unwanted behavior in the SBR due to bandwidth
limitation of the S-parameter, a Gaussian filter with cut-off frequency at 84 GHz
(1.5 X data rate) is added on the input single-bit waveform.

Step 2: Backtrack the propagation path and reflections related to the critical ripples

In the SBR of the cascaded channel shown in Figure 13, there is a group of ripples
at around 400 ps (marked with red dashed rectangle) with relatively larger magnitudes,

and these are the most critical ripples contributing to the total ISI.
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Figure 13. Single-Bit responose of the cascaded channel shown in Figure 12, and the

critical ripples after the main pulse.

As discussed in the previous sections, all the ripples in the SBR with different

propagation paths and reflections can be analyzed individually. The steps to sort out all the

ripples are summarized below:

1)

2)

Estimate the magnitudes of the transmission coefficients and reflection coefficients
between all segments in the cascaded channel, and the propagation constant of each
segment. These values are going to be used to estimate the magnitudes of the
transmitted and reflected waves at each interface of cascading. The estimations can be
done at a single chosen frequency using (7) ~ (10).

From the incident wave sent from the transmitter, calculate the estimated magnitudes
of all possible transmitted waves and reflected waves at each interface between
segments. This calculation on the wave magnitude estimation stops when the estimated
wave magnitude becomes less than a pre-defined threshold value, e.g., 0.01. If the

wave magnitude is less than the threshold value, it means that the wave magnitude is
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too small, and the wave is negligible in the total SBR waveforms. After this step, all the
wave components in the cascaded channel with certain magnitudes are sorted out and
their propagation paths in the cascaded channel are recorded.

3) Find the wave components at the receiver of the channel from the results of the
previous step. Based on their propagation paths in the cascaded channel, the frequency-
domain transfer function of each individual ripple can be calculated using the
frequency-dependent coefficients, not the estimated values. Then, the time-domain
waveforms of each individual ripple can be calculated using iFFT.

The first a few ripples in the original SBR and their propagation paths are shown in
Figure 14, where the magnitudes of ripples are diminished away from the main pulse.
The formulation for the main pulse is
Vinain = Vin - €711 - Sy 51 - €735 - S5 51 - €750
"Tex1T1,2T23T3,4 Ty 5Ts x (31)
It is easy to identify that the critical ripples in the SBR (Figure 13) is related with the
propagation path #2 in Figure 14(a), and the corresponding formulation is

_ — —yal —yel
Vripple - Vin -eThh. Sv1,21 ~er3s 'Sv2,21 e st
—2y3l
“Tex1T1,2T2 3 T34 Ta s Ts ry - €7 Y353 5 3Ty 5 (32)

Based on the previous assumptions, the 3 striplines have the same cross-sectional
geometries, SO y; = Y3 = ¥s. If the total length of the PCB stripline segments are kept the
same, the magnitude of these ripples will be affected by the bolded term e =733, 5T, 5 in
(32). Therefore, to mitigate the ripple magnitude, the possible approaches are: 1) increase the
length of the middle segment [; and 2) reduce the reflections between the middle stripline

and the via structures I’ 3 and I’y 3.
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Figure 14. (a) The first 3 ripples propagation paths in the cascaded channel; (b) the time-
domain response of the ripple with path # 1; (c) the time-domain response of the ripple

with path # 2; (d) the time-domain response of the ripple with path # 3.
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Step 3: Optimize the channel based on the previous analysis
1) Tuning the distance between the 2 vias (l3)
Optimizing the via structures is necessary to reducing the reflections when designing
high-speed channels, but there are always some reflections after the via optimizations. Also,
the most optimized via structures may not be able to be implemented in practical designs due

to limitations on spacing or manufacturing.
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Figure 15. The change of ripples in the SBR with different distances between the 2 vias
(a) ripple energy; and (b) percentage of ripples energy reduction.
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However, the analysis in the previous section indicates that it is possible to mitigate
the ripple magnitudes by tuning the locations of vias in the cascaded channel. While keeping
the total length of the channel and the length of the 1% PCB stripline segment to be 1 inch and
100 mils, respectively, the length of the middle stripline segment is swept from 100 mils to
800 mils, and the changes of ripples are shown in Figure 15.

The ripple energy in Figure 15 is calculated by:

®V2.dt
Eripple :f R (33)
t

0

where R = 45 () is the system’s impedance of the cascaded channel, and the unit of the
calculated ripple energy from (33) is V2 - s/Q, which is equivalent to Joule. This ripple
energy is used in both Figure 15(a) and Table 4 to evaluate the ripple behaviors in the time-

domain response.

Table 4. Ripples and Eye Opening with Different W3 (Tuning I, 3 and I, 3)

W 2 mils 4 mils 6 mils
Estimated I, 3 and [ 3 0.454 0.493 0.503
Ripple energy after the main pulse [pJ] 0.0010167 | 0.0011765 | 0.001275
Percentage of ripple energy after the main pulse 86.4% 100 % 108.4 %
Eye height [V] 0.061 0.098 0.089
Eye width [ps] 8.34 9.37 9.84
Eye area [V - ps] 0.50874 0.91826 0.87576

In Figure 15, the calculation of total ripple energy starts the energy integration at

half UI after the peak of the main pulse, and the main pulse has not ended yet. Thus, a
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part of the main pulse is also included in the ripple evaluation. To completely focus on
the change of the critical ripples happening around 400 ps, the ripple energy calculation
starting from 301 ps is also included in Figure 15. The main pulse has ended before 301
ps and the energy integration after that is dominant by the critical ripples.

The change of ripples is consistent with the analysis in the previous section: when
the length of the middle stripline segment increases, the magnitude and the energy of the
critical ripples reduce significantly.

The eye openings of the original channel (300-mil distance between the 2 vias)
and the optimized channel (800-mil distance between the 2 vias) are also compared, as

shown in Figure 16.

Voltage [V]

Voltage (V]

=15 -1.0 -0.5 0.0 0.5 10 15
Time [s] le-11

(b)

Figure 16. The eye diagram of the 1-inch channel (a) before optimization; and (b) after
optimization.
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The eye height and the eye width of the original channel are 0.098 V and 10.38
ps, respectively; and the eye height and the eye width of the optimized channel are
0.1255 V and 12.06 ps, respectively. Therefore, after changing the distance between the 2
vias from 300 mils to 800 mils, the area of the eye opening becomes 48.8 % larger.

2) Tuning the reflections I'; 3 and I 5

The reflections I'; 3 and Iy 3 can be tuned by changing the characteristic impedance,
or the width, of the middle segment Seg 3 in Figure 12. The differences comparing to the
previous optimization method is that the values of other parameters (T 3, T3 4 and y3) will
change when tuning these reflection coefficients I, 3 and I, 5. These parameters exist in both
(31) and (32), which means that the behavior of the main pulse will also be impacted when

tuning I, 3 and I 3.
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Figure 17. Estimating the reflection coefficient at the S-parameter port based on time-
domain response.

In addition, the reflection at the S-parameter network ports could not be calculated by

the ratio of characteristic impedances, as revealed by (10). Since the behavior of ripples in
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time-domain responses is discussed and analyzed, the estimated reflection coefficient at the
S-parameter port is defined as the ratio of the peak voltage level of the input pulse and the
reflected waveform at the port, as shown in Figure 17.

In the original design, the trace width of Seg 3 (W3) is 4 mils, and the estimated
reflection coefficient is 0.493. Two more cases with W5 = 2 mils and W3 = 6 mils are
evaluated, and the results are summarized in Table 4.

As shown in Table 4, when the trace width of Seg 3 (W) decreases from 4 mils to 2
mils, the estimated reflection level at the S-parameter ports decreases, and the ripple energy
becomes 86.4 % compared to the original design; when the trace width of Seg 3 (W5)
increases from 4 mils to 6 mils, the estimated reflection level at the S-parameter ports
increases, and the ripple energy becomes 108.4 % compared to the original design. The
change of ripple behaviors is consistent with the expectations. However, when W5 = 2 mils,
the ripple is the minimum in all the 3 cases, but the eye opening is also the smallest. The
reason is that the transmission coefficients and the propagation constant of Seg 3 become
different when tuning the trace width, and the behavior of the main pulse is also impacted.
The 2-mil trace has much larger loss compared to the 4-mil trace, and the larger loss in the
channel introduces a negative impact on the eye opening at the receiver side.

In this section, the channel optimizations based on the derived closed-form
formulations are demonstrated using a few examples. After identifying the propagation paths
and the reflections related to the critical ripples in the time-domain response by backtracking,
the effective approaches to mitigate the ripples and enlarge eye openings can be determined.
The effectiveness of the optimizations is validated using both single-bit response and eye

diagrams. In the optimization example (Figure 12), tuning the distance between the 2 vias is
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the more effective method to mitigate the magnitudes of ripples and improve the eye
opening. The eye height or the eye opening in the eye diagram is more directly related to the
performance of a high-speed channel compared to the ripples in the channel’s SBR. If the
magnitude of the main pulse in the SBR remains the same during the tuning, like tuning the
distance between the 2 vias in the previous example, reducing the magnitudes of ripples in
the SBR can help improve the eye opening. If the channel tuning changes the response of the
main pulse in the SBR, more attention should be paid to the tuning and the balance between
larger main pulse and smaller ripples in the SBR should be determined to achieve the optimal

response of the cascade channel.

5. CONCLUSION

In this paper, novel formulations of multi-reflections in cascaded channels are
proposed. The applications to optimize high-speed channels using the outlined
formulations are also discussed. The formulations are derived by evaluating all wave
reflections and propagations separately. Compared to the formulations published in the
previous studies [13], where only the single-ended systems were investigated, we validate
the correctness and accuracy of the formulation in differential cascaded systems with S-
parameter networks.

One of the most important advantages of the proposed novel formulations in this
study is that ripples in the single-bit response can be backtracked according to our newly
derived reflection formulations combining both frequency-domain and time-domain

responses: the propagation paths and the reflections of each individual ripple in the
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single-bit response can be identified, and the corresponding transmission function can be

determined. After identifying critical ripples in the single-bit response that need to be

optimized, the channel parameters that impact the ripple behavior can be located, which

would provide more precise guidance for designers to optimize the cascaded channel.
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II. IMPROVEMENT OF CONVERGENCE CHARACTERISTICS IN THE

GENERALIZED MULTICONDUCTOR TRANSMISSION-LINE METHOD
NEAR RESONANT FREQUENCIES

ABSTRACT

This paper presents an approach to improve the convergence characteristics of the
generalized multiconductor transmission-line (GMTL) method near the resonant
frequencies of the system. In the GMTL method, the current distributions on cable
harness are solved iteratively using the perturbation method. Therefore, the correctness of
the solution can only be guaranteed when the iterations in the perturbation method are
converged, but this requirement on convergence usually fails near the resonant
frequencies of the cable harness system. Near the resonant frequencies, the cable harness
system tends to be more radiative, and the cable currents associated with the radiation
becomes more dominant. These radiative currents are not considered in the classic
transmission-line theory and cause the failure of convergence. To improve the
convergence characteristics of the perturbation method, additional resistances
representing the radiation loss in the transmission-line system are added in the GMTL
method, and the modified GMTL method with additional resistances show good
convergence characteristics in frequency bands away from the resonant frequencies and
near the resonant frequencies.

Keywords: Cable harness, Convergence, Multiconductor transmission-line, Perturbation

method, Resonance.
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1. INTRODUCTION

Cable harnesses usually contain a large number of wires and are widely used in
modern vehicles to provide power to electric systems that are located at different
locations throughout the vehicle as well as to establish signal channels for data
communications between these systems [1]. The characteristics of the EM radiation
resulting from the currents on cable harnesses in the whole vehicle system need to be
evaluated carefully to avoid potential EM interference problems.

Because of the complexity of the geometry, modeling and analyzing cable
harnesses using full-wave methods can be time-consuming and computational resource-
intensive [2]. Therefore, the hybrid MTL method was proposed to cut down the
computational effort. In the hybrid MTL method, the cable harnesses are segmented, and
each segment is modeled using the lumped circuit components calculated using the
transmission-line theory. Then, the cable harness system can be solved in a circuit solver,
which is much faster than the full-wave method [3, 4].

Although the hybrid MTL method can solve the cable harness system efficiently,
it has been reported that the accuracy of the solution is limited when 1) the length of each
segment is not short enough to be an electrical small structure; 2) the separations between
wires and nearby ground planes are large; and 3) the geometries of the harnesses and
nearby planes are not homogeneous, i.e., there are slots in the nearby planes or the
distance between wires and planes keeps changing [2, 5]. The GMTL method was
proposed to overcome certain limitations. In the GMTL method, correction terms on the

current and potential calculations are added and the perturbation method is implemented
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to solve the currents and potential distributions along the cable harnesses with correction
terms iteratively [6, 7]. The calculation results from the GMTL method have better
consistence to the full-wave solutions compared to the original hybrid MTL results, but
the iterative calculations in the GMTL method may not converge near the resonant
frequencies of the cable harness system [5, 6]. Based on the theory of the perturbation
method, when the calculation is not converged, the calculation will not give correct
results.

In this paper, the failure of convergence in the GMTL method near resonant
frequencies is analyzed to explain why the perturbation method in GMTL will fail near
resonant frequencies of the cable harness system. Then, the solution on this convergence
issue is proposed. By considering the radiation loss of the cable harness system using
additional resistances in the transmission-line model, the iterative calculations of the
perturbation method can remain converged in frequency bands near resonant frequencies
and calculation results consistent with the full-wave solutions can be obtained.

The organization of this paper is briefly summarized here. In Section II, the
GMTL method is briefly reviewed, and the convergence issue in the perturbation method
near resonant frequencies of the cable harness system is analyzed. In Section III, the
resistances representing the radiation loss in MTL systems are introduced and the
modified formulations of the GMTL method with the additional resistances are presented.
In Section IV, the improvement on the convergence characteristics is shown using
numerical examples and the results are discussed. In Section V, discussions and

conclusions of this paper are given.
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2. THE GENERALIZED MTL METHOD

Solving a cable harness system iteratively using the generalized MTL method was
proposed in [6] and the method is briefly reviewed in this section. Then, the requirements
to ensure the convergence of the iterative calculations in the GMTL method are analyzed
and the explanation on the convergence issue near resonant frequencies of a cable harness

system is given.

2.1. REVIEW ON THE GMTL METHOD

The governing equations of the GMTL method are shown below:

4+ iwli=E"+ juD,{i}
g — (1)
Wi+jw0¢=D2{z}

where 55 ,iand E" are the vectors of the electrical potential, the current and the

incident electrical field on the wires in the MTL system, respectively.

Compared to the original MTL equations, there are two more correction terms in

(1):
D {i}j=Li— A )

and
D,{i}=2i—CP 3)

At the observation location 7, A(7) and P(7) can be calculated by
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P(7)= é /, %i(?’) g7 7 d7 )

It can be noticed that the correction terms Bl{i} and Bz{i} in (1) compensate the

differences between the classic transmission-line modeling and the full-wave mixed-
potential integral equations (MPIE). Also, the left-hand side of (1) keeps the same format
compared to the original MTL equations.

Then, the current and potential distributions along the MTL system can be solved

through the perturbation method, where the solutions are calculated iteratively:

For n=0:
d - . - — inc
g OmTiwliem=E
P (©)
Ei@)"‘j&)CQﬁ(n):O
Forn>=1:
d = . == .= (=
71 P () (n) — IR RICE)
dl¢ + jwL iy = jwD {z } o

d - e~ ,
gl TIwCowm= Dz{%ﬂ)}

And the final solution of (1) from the perturbation method can be written as:

¢_5 - Z ¢_5<n>
" ®)

7= E ’i(n)

n=0
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2.2. THE CONVERGENCE REQUIREMENT IN THE GMTL METHOD
The solution (8) of the GMTL method is correct only when the iterative
calculations in the perturbation method are converged. The detailed discussions on the
perturbation method and its convergence can be found in [8], and the key points are
concluded here.

Assuming the original governing equation in matrix format is:

(A—e)-z=b )
where matrix ¢ is a small correction part of matrix 4; z is the unknown vector to be

solved; b is the known vector on the right-hand-side of the equation.

Then, the explicit solution of (9) can be written as:

= = ,1 -_—
T = (A — 5) b (10)
To solve (9) using the perturbation method:
For n=0:
To—=A -b (11)

Forn>=1:

;(n): 171; . 2;'(",1):<Zilz)n . 271 . l_) (12)

Thus, the solution of (9) from the perturbation method is:

R R I 1 S M I

8 |

when (? — 4" Z) is not singular.
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Comparing the explicit solution (10) and the solution from the perturbation
method (13), it can be noticed that these two solutions will be the same after enough

number of iterations in perturbation method if

lim (7171;)“1:

n— oo

ll

(14)

An nxn matrix M has n eigenvalues A; (where i = 1, 2, ..., n), and the spectral

radius p(M ) of M is defined as

p(ﬂ?f)= max |\;| (15)

l<si<n
Based on the theorem of convergence matrices, when the spectral radius

p(A"e)<1, (14) will be satisfied [9].

Therefore, it can be concluded that when the relation of matrices A and ¢ in the

original equation (9) meets the condition that
p(Ae)<1 (16)

the perturbation method can be used to solve the original equation and the solution from
the iterative calculation will converge to the explicit solution.
In the GMTL method, MNA (modified nodal analysis) method is implemented

and the original equation (1) can be written in matrix format [5]:

2 EIEME S
-A jwL 1 0 0 jJwDy 1

where D:C and i are the correction terms to compensate the differences between the

classic MTL modeling and the full-wave mixed-potential integral equations.
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ng A }and [JWDC 0:
- A

— ] be 4 and ¢ in (9), respectively. Thus,
0 jwDy,

In (17), let {
JjwL

it can be concluded that the iterative calculation in the GMTL method will converge if

0 A1 TiwD. 0
P !‘7“’0 ] -{]w ¢ O] <1 (18)

XT

Ql

The matrix {j “ } is the original MNA matrix in the classic MTL method,

jwi

=

[jwbe 0
and the matrix {]w ¢ _
0 jwDy

1s related to the differences between the MTL method and

the MPIE method. Intuitively, the convergence requirement (18) is more likely to be
satisfied when the differences are less significant compared to the original MTL
modeling. In other words, if the differences to correct in the GMTL method are no longer
a small portion compared to the classic MTL method, the convergence in the GMTL
method will fail. This situation is more likely to happen near the resonant frequencies of
the MTL system, because the radiation behavior is more dominant in the MTL system
and the MTL model derived from the transmission-line theory is not able to take the
radiation behavior into consideration. Therefore, the GMTL method has worse

convergence characteristics when the solution frequency is closer to the MTL system

resonant frequencies.

3. THE GMTL METHOD WITH RADIATION LOSS RESISTANCES

Based on the discussion in the previous section, a reasonable approach to improve

the convergence characteristics of the GMTL method near the resonant frequencies of the
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MTL system is to include the impacts of radiation in the MTL system in the MNA matrix
representing the classic MTL method. By including the impacts of the radiation in the
classic MTL matrix, the correction terms in the GMTL perturbation method will still be
less dominant and the iterative calculation can have better convergence characteristics.

In [10] and [11], the equivalent resistances in the MTL system are introduced to
quantify the radiation behavior, and the detailed derivations on the radiation loss
resistances are presented in these references. As shown in Figure 1, the radiation loss

resistances should be added as both the self-terms (R,.,1; and R,.. . ) and the mutual

terms (R,qq.m )-

Wire 1 1 (Rn + jUJLn) - Len Rmuan - Len 1
I I |

1 : 1 1

I g g I

1 = ~ 1

: IR

I (B, + jwLy,) - Len Riyui - Len N 3 I

1 = o 1

i +~ ; i

Wire 2 1 ] ~ :
1 I I 1 1

: (Ry + jwLy) - Len Ryua 22 - Len § :

i € i

1 S 1

1 3 I

1 t 1

Wire 0 : ) :
b L |

1 1

i >

1 Unit Cell Length: Len 1

Figure 1. An example of adding radiation loss resistances in the original two-wire MTL
unit cell.

The general formulation for the per-unit-length radiation loss resistances in matrix

format is:
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(19)

where

V@R

and [c:x] and [ﬁ] are the real part and imaginary part of the matrix of propagation

constant Fy] , respectively:

o]+ i8]=["]={([7]+w[r]) ([¢']+ w[c])}

N[

1)

Also, the matrices [R’] , [f], [CZJ’] and [C’] in (19) ~ (21) are the high-frequency

transmission-line per-unit-length parameters introduced in [10] and [11].

After introducing the radiation loss resistances in the original MTL system, the

equation in the GMTL method (17) will be updated as:
: ¢] (22)

5 M sl
(:) ij:L+Erad ?

inc

0

A. jw L R rad i

To validate the effectiveness of improving the convergence performance of the
GMTL method by adding the additional radiation loss resistances, a four-wire MTL

system with an ideal reference plane beneath the wires is introduced.
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The cross-section of the MTL system is shown in Figure 2. There are two loops:
the loop consisting with Wire 1 and Wire 2 is the aggressor loop with a voltage source
excitation at one end of the loop; the loop consisting with Wire 3 and Wire 4 is the victim
loop and is excited by the EM coupling with the aggressor loop. The length of each wire
is 1.5 m, so the first resonant frequency of this MTL system is 100 MHz. Also, 0.1-Ohm

resistive loads are added at all terminals of these 2 wire loops.

Wire 4
®
30 I 30 30 .
«—>r _«—» Wire 2
o o
Wire 3 Wire 1 40

Figure 2. The geometry information of the cross-section of the four-wire system. (Unit:
mm)

Using the example of the MTL system shown in Figure 2, the effectiveness of the
proposed approach to improve the convergence characteristics of the GMTL method near
the resonant frequencies can be validated. Since the first resonant frequencies of the MTL
system is 100 MHz, so the current distributions on these wires are solved at 100 MHz and
200 MHz using (1) the classic MTL method, (2) the GMTL method, (3) the improved
GMTL method with additional radiation loss resistors, and (4) the full-wave MPIE
method, respectively. In addition, the wire current distributions are also calculated at

another frequency, 135 MHz, which is far away from the resonant frequencies of the

MTL system.
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The comparisons on the wire current distributions at 100 MHz are shown in

Figure 3, and the comparisons at 200 MHz are shown in Figure 4. In both Figure 3 and
Figure 4, the upper two figures include the results from all four different calculation
methods, where the results from the GMTL method (the purple dashed curves) have very
large magnitudes. These large magnitudes on the calculated current distributions indicate
that the iterative calculations in the GMTL method fail to converge at these resonant
frequencies. The lower two figures in Figure 3 and Figure 4 are zoomed-in plots focused
on the current distribution curves without the results from the GMTL method. At both
resonant frequency points, certain discrepancies can be observed between the results from
the classic MTL method and the full-wave MPIE results. However, the improved GMTL
method with the additional radiation loss resistances gives well-matched results on the

wire current distributions compared to the full-wave MPIE results.

v —— MTL Result
e MPIE Result

mm—" G-MTL Result with Radiation
0.03

Figure 3. The comparisons on the wire current distributions at 100 MHz: (a) the current
distribution on Wire 1 in the aggressor loop; and (b) the current distribution on Wire 3 in
the victim loop.
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Figure 4. The comparisons on the wire current distributions at 200 MHz: (a) the current

distribution on Wire 1 in the aggressor loop; and (b) the current distribution on Wire 3 in
the victim loop.

Also, the improvement on the convergence characteristics can be evaluated using
(16). The values of the calculated spectral radius are summarized in Table 1. When
solving the MTL system using the GMTL method, the values of the spectral radius are
larger than 1, indicating that the iterative calculations are not converged. When solving
the problem using the improved GMTL method, the spectral radius becomes less than 1
and the calculated results converge to the full-wave MPIE results. The results on the
spectral radius are consistent with the observations on the convergence characteristics
from Figure 3 and Figure 4.

In Figure 5, the current distributions are compared at 135 MHz, which is far away
from the system resonant frequencies. Under this circumstance, the GMTL method do not

have any convergence issues, and both the GMTL method and the improved GMTL
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method can correct the discrepancies between the results from the classic MTL method

and the full-wave MPIE results.

Table 1. The Values of the Spectral Radius in the GMTL and the Improved GMTL

Methods
Frequency [MHz] 100 200
Spectral Radius in the GMTL Method 27.60 17.51

Spectral Radius in the Improved GMTL Method 0.9983 0.9986

Therefore, it can be concluded that the convergence characteristics of the GMTL
method near the resonant frequencies can be improved by adding the radiation loss
resistances. Also, the solutions from the improved GMTL method have good correlations
to the solutions from the full-wave MPIE method in the frequency bands both near and

far away from the resonant frequencies of the MTL system.

0.045

=———MTL Result = MTL Result
e MPIE Result 0.04 + = MPIE Result
- &  G-MTL Result
0.035 - = = = ® G-MTL Result with Radiation

0.03
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0.025 |

0.02

Magnitude [mA]

Magnitude [mA]

0.015
0.5 0.01 1

0.005

15 0 0.5

n

Location [m] Location [m]

(a) (b)

Figure 5. The comparisons on the wire current distributions at 135 MHz: (a) the current

distribution on Wire 1 in the aggressor loop; and (b) the current distribution on Wire 3 in
the victim loop.
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5. CONCLUSION

In this study, the convergence characteristics of the GMTL method near the
resonant frequencies of the MTL system is improved by adding the radiation loss
resistances in the MTL modeling. By calculating the spectral radius of the matrix in the
GMTL governing equation, the convergence of the perturbation method can be
determined before starting the GMTL iterative calculation. Then, the effectiveness of the
improved GMTL method is validated through a numerical example. After adding the
additional radiation loss resistances in the improved GMTL method, the discrepancies
between the full-wave MPIE solution and the classic MTL solution can be corrected, and
the convergence issue of the GMTL method no longer exists near the MTL system

resonant frequencies.

REFERENCES

[1] H. Bagci, A. E. Yilmaz, J. -M. Jin and E. Michielssen, "Fast and Rigorous
Analysis of EMC/EMI Phenomena on Electrically Large and Complex Cable-
Loaded Structures," in IEEE Transactions on Electromagnetic Compatibility, vol.
49, no. 2, pp. 361-381, May 2007.

[2] M. Ouyang, X. Wang, N. Altunyurt, V. Sanphuang, N. Parsa and J. Fan, "Cable
Harness Modeling Using MTL Parameters Derived from Integral
Equations," 2020 IEEE International Conference on Computational
Electromagnetics (ICCEM), Singapore, 2020, pp. 66-68.

[3] C. W. Ho, "Theory and Computer-aided Analysis of Lossless Transmission
Lines," in IBM Journal of Research and Development, vol. 17, no. 3, pp. 249-255,
May 1973.



[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

53

G. Muller, J. Wendei and K. Reiss, "Efficient analysis of coupled multiconductor
transmission lines," 1999 International Symposium on Electromagnetic
Compatibility (IEEE Cat. No.99EX147), 1999, pp. 646-649.

Y. Wang, Y. S. Cao, D. Liu, R. W. Kautz, N. Altunyurt and J. Fan, "A
Generalized Multiple-Scattering Method for Modeling a Cable Harness With
Ground Connections to a Nearby Metal Surface," in /EEE Transactions on
Electromagnetic Compatibility, vol. 61, no. 1, pp. 261-270, Feb. 2019.

Y. Wang, Y. S. Cao, D. Liu, R. W. Kautz, N. Altunyurt and J. Fan, "Evaluating
the Crosstalk Current and the Total Radiated Power of a Bent Cable Harness
Using the Generalized MTL Method," in /EEE Transactions on Electromagnetic
Compatibility, vol. 62, no. 4, pp. 1256-1265, Aug. 2020.

S. Tkatchenko, F. Rachidi and M. Ianoz, "Electromagnetic field coupling to a line
of finite length: theory and fast iterative solutions in frequency and time
domains," in I[EEE Transactions on Electromagnetic Compatibility, vol. 37, no. 4,
pp- 509-518, Nov. 1995.

Mark H Holmes, Introduction to perturbation methods, 2" ed. New York, NY,
USA: Springer, 2013.

Burden, R.L. and Faires, J.D., Numerical Analysis. Boston, MA, USA: PWS,
1993, pp. 412.

S. Chabane, P. Besnier and M. Klingler, "Enhanced transmission line theory:
Frequency-dependent line parameters and their insertion in a classical
transmission line equation solver," 2013 International Symposium on
Electromagnetic Compatibility, Brugge, Belgium, 2013, pp. 326-331.

S. Chabane, P. Besnier and M. Klingler, "A Modified Enhanced Transmission
Line Theory Applied to Multiconductor Transmission Lines," in /EEE

Transactions on Electromagnetic Compatibility, vol. 59, no. 2, pp. 518-528, April
2017.



54
III. AN IMPROVEMENT ON THE MULTIPLE SCATTERING METHOD FOR

EVALUATING CURRENT DISTRIBUTIONS ON CABLE HARNESS USING
THE SUB-STRUCTURE ANALYSIS

ABSTRACT

In this paper, an approach to improve the Multiple Scattering method is proposed
to simplify the process of evaluating the current distributions on cable harness with the
presenting of nearby metal structures. In the Multiple Scattering method, the calculations
are divided into two separate domains: the cable harness part and the nearby conductive
surface structure part. The cable harness part is solved using the generalized multi-
conductor transmission-line theory, and the nearby metal surface structures are solved
using the full-wave MPIE method. The calculations in these two domains happen
iteratively and alternately to correct the calculated current distributions step by step. By
introducing the sub-structure analysis, the iterations between the cable harness part and
the nearby surface part are no longer required, which simplifies the Multiple Scattering
calculations. In addition, the calculation results and the convergence characteristics of the
improved Multiple Scattering method are discussed based on several numerical
examples. It has been discovered that if the Multiple Scattering method may have
convergence issue under certain circumstances, and the criterion to determine if the
calculations would converge is derived.

Keywords: Cable harness, Multiconductor transmission-line, Multiple scattering, Sub-

structure analysis.
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1. INTRODUCTION

Evaluating current distributions on cable harness accurately and efficiently in a
complex system, like a vehicle or an airplane, is becoming more important nowadays,
because more sensitive equipment are put together in a single system and are connected
with cable harness [1, 2]. For example, an autonomous vehicle requires radars, cameras,
or other sensing devices put at different locations of the vehicle to collect information and
make correct decisions [3]. Most of the communications between these sensors and the
data process unit are transmitted through the cable harness system. The cable harness
system can have very complex geometry structures because a single wire bundle usually
contains lots of wires; in addition, irregularly shaped metal structures with slots and
bumps are common in a system and have their impacts on current distributions on nearby
cable harness [4]. Therefore, complex meshing is required to solve a cable harness
system using classic full-wave methods, like mixed-potential integral equations (MPIE),
and the calculations will be very computational resource consuming [5].

To cut down the required computational resources for solving the current
distributions in cable harness system considering the impacts from the nearby metal
structures, the HybridMTL method was proposed [4, 6]. In the HybridMTL method, the
cable harness system is segmented, and the equivalent RLGC circuit model for each
individual segment is extracted based on the multiconductor transmission-line (MTL)
theory, considering the cross-sectional geometries of both the cable harness and the
nearby metal structures. Thus, an equivalent circuit model with lumped RLGC elements

can be built and the cable harness current distributions can be obtained by solving the
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equivalent circuit model. The circuit solver is generally more efficient compared to full-
wave methods. However, in the MTL theory, it is assumed that only the TEM mode
exists in the system, which limits the accuracy of the analysis [7]. If the separations
between wires or nearby metal structures in the cross section is electrically large, i.e.,

M 10, neglecting the impacts from higher-order modes can introduce a significant amount
of error [8, 9]. Also, near the resonant frequencies of the cable harness system, the level
of radiation energy can be significantly higher, and the antenna-mode current becomes
more dominant compared to the transmission-line-mode current. Using the circuit model
derived from the MTL theory, only the transmission-line-mode current can be included
and missing the antenna-mode current in the analysis results in larger discrepancies to the
full-wave results [1, 10].

In [10], the Multiple Scattering method was proposed to solve the accuracy issue
in the HybridMTL method. In the Multiple Scattering method, the whole system is
divided into two separate parts: the cable harness and the nearby metal structures. When
solving the cable harness part, the nearby metal structures are not considered in the
calculation, and the generalized MTL method is implemented to solve the current
distributions on the cable harness [6, 11]. Then, the scattered electromagnetic fields
resulted from the cable harness currents are evaluated and serve as the incident fields
when calculating the surface current distribution in the following step. The surface
current distribution is solved using the MPIE method with the incident electromagnetic
fields from the cable harness current. After getting the surface current distributions on
nearby metal structures, the scattered electromagnetic fields from the nearby surface

currents can also be calculated. Then, the calculation goes to the cable harness part again
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and the generalized MTL method will use the scattered fields from the surface currents as
the incident excitations. The calculations for the cable harness part using the generalized
MTL method and the calculations for the nearby metal surface part using the MPIE
method happen iteratively and alternately to correct the cable harness current step by
step. The advantage of the Multiple Scattering method is that less computational
resources are required compared to using full-wave methods to solve the whole model
including cable harness and nearby metal surfaces together.

The idea of sub-structure analysis method was first proposed in [12], and it was
developed to simplify the analysis on the characteristic mode, making the investigations
on the radiation characteristics of a structure more efficient. Despite of the fact that the
sub-structure method was developed for studying the radiation behavior, the same
mathematics can be implemented to other problems related to matrix calculations. An
example of using sub-structure analysis in MTL investigation has been demonstrated in
[4].

In this study, evaluating the current distributions on cable harness using the
Multiple Scattering method is improved with the sub-structure analysis, and the
perturbation method is used to solve the cable harness problem iteratively. The advantage
of this perturbation method is that the matrix equation to solve has the same format as an
ordinary MTL problem, where the inverse matrix calculation is on a sparse matrix and
less calculation resources are required compared to inversing a dense matrix when
solving a general MPIE problem. In addition, the requirement for the convergence of the

perturbation calculations is discussed.
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The organization of this paper is briefly summarized here. In Section II, the
generalized MTL method and the Multiple Scattering method are briefly reviewed. In
Section III, the sub-structure analysis method for a cable harness system with nearby
metal structures are discussed. In Section IV, the improved Multiple Scattering with the
sub-structure analysis using the perturbation method is proposed. In Section V, the
proposed Multiple Scattering method is demonstrated using a numerical example. In
Section VI, the convergence characteristics of the proposed improved Multiple Scattering
method and the criterion to determine the convergence are discussed. In Section VII,

discussions and conclusions of this paper are given.

2. REVIEW ON THE GENERALIZED MTL METHOD AND MULTIPLE
SCATTERING METHOD

The generalized MTL method is proposed in [6] and the Multiple Scattering
method is introduced in [1, 10]. The detailed information can be found in those reference

papers, and these two methods are briefly introduced in this section.

2.1. REVIEW ON THE GENERALIZED MTL METHOD
The governing equations of the generalized MTL method are
2%+ jwli=F"+jwD,{i}
dl

d- . =7 = [ ()
Wz-#]quzS:Dz{z}



59
where ¢, i and E™ are the vectors of the electrical potential, the current and the
incident electrical field on the wires in the MTL system, respectively.

There are two correction terms, D, {z} and Eg{i} , in (1) compared to the
equations when solving an original MTL system. After adding these two correction

terms, the discrepancies between the classic transmission-line modeling and the full-wave

MPIE methods. Therefore, the expressions for these correction terms are:

D {i}j=Li— A )
52{%}=%%—073 3)

At the observation location 7, A(7) and P(7) in (2) and (3) can be calculated by

A<;)=u/i(F’)g(?,7’)dF’ @)
P(R)=1 / i g (5)

Also, these two correction terms have unknown parameters i and are added on

the right-hand side of the equations. Thus, the left-hand side of (1) keeps the same format
compared to the original MTL equations.
Then, the current and potential distributions on the wires can be calculated

iteratively using the perturbation method. At the initial step of calculation, n =0, the

correction terms are not considered in the calculation, and the equations to solve are:

inc

d — . = -
a@m"‘]w“(n):E
_ B (6)
— i T JwC ¢y =0
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In the following steps of iterations (n =1), only the correction terms are included

on the right-hand side of the equations, and the equations to solve are:

d ~ . T .= s
E(ﬁ(n)+]wL7’(n):JWD1{Z(nfl)}
(7)

d - e~ = =
gl T IwCowm= Dz{%ﬂ)}

And the final solution of (1) from the perturbation method can be calculated by

the summation of the solutions from each iteration steps:

g = Z ¢_5(n)
" ®)

7 = E i(n)

n=0

If the perturbation calculation is converged, the solution from (8) will be the same

compared to the original MPIE method.

2.2. REVIEW ON THE MULTIPLE SCATTERING METHOD

When solving the current distributions on cable harness using the Multiple
Scattering method, the steps of calculations can be found in the diagram shown in Figure
1, and these steps are explained in detail here.

Step 1: Excite the cable harness system with the lumped sources on wire and
calculate the cable harness current distribution {9, using the generalized MTL method.

As introduced in the previous section, the cable harness current distribution 4, is

calculated iteratively using the perturbation method using (1) ~ (8).
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Figure 1. The diagram for the calculation steps of the Multiple Scattering method.

Step 2: Calculate the field E{3, resulting from the cable harness currents 4., . The

w2s

field E3, scatters from the cable harness to the nearby metal surface and becomes the

w2s
incident field when calculating the surface currents in the next step.

Step 3: Evaluate the surface current density distribution J{” on the nearby metal
surface generated by the incident field E{3, calculated in the previous step.
Step 4: Calculate the scattered field E(), resulting from the surface current density
on the nearby metal surface J. The scattered field E3), is the incident field excitation
(n+1)

for the cable harness current evaluation in the next iteration step i,

Step 5: Calculate the cable harness current distribution in the next step of iteration

it In this calculation, the lumped excitation on cable harness in the initial cable

Lwire
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current calculation i, is no longer included, and the excitation is the field scattered back

from the induced surface currents.

Step 6: Update the cable harness current distribution results based on the
perturbation method, and check if the calculated results have converged or not. The
current distribution can be calculated by the summation of all the previously calculated

cable harness currents:

iwire - zggﬂe (9)
n=0

Step 7: if the calculated current distribution meets the pre-set convergence
requirements, the final solution for the cable harness current distributions can be
determined; if the convergence requirements are not satisfied, one more time of iteration

calculation (n=n+1) will be taken from Step 2 to Step 6.

As discussed in the previous section, to calculate the cable harness current
distributions from the perturbation method iteratively, the currents calculated in each
individual iteration step are summed up to get the final results. Therefore, in the Multiple
Scattering method, the amount of modifications on the calculation results in the new

(nt1).

iteration step is iy " :

. o ‘(n) __ : ‘(n+1)
7/wire,new - Zwrz%re - Zwire,old + Zw@re (10)

n=0
If the maximum value of the wire current elements in 4{,." is smaller than a pre-

determined threshold value, it can be concluded that the iterative calculations are

converged at this stage.
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In this section, the generalized MTL method and the Multiple Scattering method
have been reviewed briefly, and more details can be found in the listed reference paper.
Based on these understandings, it can be noticed that the Multiple Scattering method
corrects the cable harness current distributions using the iterative perturbation
calculations, and in each perturbation step of the Multiple Scattering calculation, the
cable harness current distributions are calculated using the generalized MTL method,
which is also an iterative process. Thus, there are two kinds of iterative calculation steps
in the Multiple Scattering method, and the algorithm can be simplified and the required

time can be reduced if these iterative calculation processes can be properly optimized.

3. SUB-STRUCTURE ANALYSIS METHOD

The sub-structure analysis method was first developed to simplify the analysis on
the characteristic modes of a complex structure which can be divided into different parts,
and to study the radiation characteristics of the structure.

In a cable harness system with nearby metal structure, the whole system is also
possible to be divided into two different parts: the cable harness part and the nearby metal
surface part. Therefore, there are possibilities to simplify the analysis on the cable
harness system using the similar mathematical process as the sub-structure analysis.

An example of a cable harness system with nearby metal surface is shown in
Figure 2. Let the cable harness part be the “AH” part and the nearby metal surface part be
the “P” part. As introduced in [10], the original matrix format equation to solve the

MPIEs with modified modal analysis (MNA) method is
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B -
-AN jwL] i v

where C and L are the matrices of partial capacitances and partial inductances calculated
by the integral equations, respectively [1]; A is the connectivity matrix and it defines the
relationship of connections between the partial capacitances and partial inductances; I°

and v are the vectors of the external current and voltage excitation sources; ¢ and i are

the unknown vectors of the potential and currents to be solved, respectively.

Cable Harness (H)

Nearby Surface (G)

Figure 2. An example of a cable harness system with nearby metal surface.

Then, the matrices in (11) can be separated based on the cable harness part and

the nearby metal surface part:

c—|Yee CGH} (12)
_CHG' OHH

L —|Lee LGH] (13)
_LHG LHH

K: QGG AGH:| (14)
_AHG AHH
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¢=[6c éul (15)
i=lig in) (16)
I'=[1"15"] a7
v =[vs" 31" (18)

and (11) can be written as:

jw_loag OGHH%}L[AZG AZGH%G]:{J
Cuc Cun) Loul New Apn] Lin] [-1

{A AGHH%G} jw{LGG L]H:H 20)
ANuge Agr ¢H Lyc Luyy iy Vn

where the subscriptions with the same letters, i.e., “GG” and “HH”, indicate that the

¢ } (19)

and

matrices are associated with elements within the same part of the divided model; and the
subscriptions with different letters, i.e., “GH” and “HG”, indicate that the matrices are
associated with elements between different the cable harness part and the nearby metal
surface part.

Another thing to note is that, from the integral equations, the partial inductance
matrix and the partial potential coefficient matrix can be calculated, and the partial

capacitance matrix is calculated by the inverse of the partial potential coefficient matrix:

= = = = -1
Ceo CGH}{KGG KGH}

CHG aHH ?HG EHH (2’1)
= = 15 -1 = = =1 = -l= =1
B (K co— K cn K 1 K 1c) ~(Keo— Kon K un K 1) K cn K
7(1:(HH7?HGI:(;71G}:(GH)7II:(HG?L}G (I:(HHilz(HG?EIIG?GH)il

Assume that there is no external excitation on the nearby surface part:
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I
ol

(22)

S| N~
Qe Qe

I
ol

Then, the equation to calculate the unknown parameters related with the cable harness

part can be derived from (19) to (22):

%G:ﬁl'ﬁ_ﬁlf“‘ﬁz'%ﬂ

Sem Iy T (23)
¢G:M3’¢H+M4‘iH
where
= 1l = == .= = = =-1=
M1:<j_wAGGCG1GA£G+JWLGG) (AGH_AGGCGIGCGH)
= 1= =1=71 .= 1= =4=7 .=
My=—(-—AecCscAoet+ jwL g —ANeeCoeApe+ jwLen
Z Jw Jw (24)
— S 1 =1 =7 =
MSZ_CGlGCGH _CclaAgGMl
Jw
]74:__5616'1:\26‘]72__5G1G}:\§G
and
N3 N4 ZH (0
where
ﬁlzngHGﬁ?)_'_ngHH_l_KgHﬁl
< NZZjWEHGM4+KgHM2+K§H (26)
N3:_KHGM3_KHH+.7WZHGM1
N4:_AHGM4+jWLHGM2+jWLHH

The sub-structure analysis method is based on the assumption (22) that there is no

excitation on one part of the model (nearby surface part in Figure 2). Generally, this
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assumption is true for most of the cable harness problems because the sources and loads
are usually on the terminals of the cable harness.

After the mathematical conversion using the sub-structure analysis method, the
dimensions of (25) reduce a lot compared to the original equation (11) because the
unknown parameters in the updated equation are only related with the cable harness
elements, and normally there are a large number of mesh elements on the nearby surface
structures when solving using full-wave methods. The complexity of the matrix equation
to solve a cable harness system with nearby metal surface is possible to be reduced with

the help of sub-structure analysis.

4. THE IMPROVEMENT ON THE MULTIPLE SCATTERED METHOD

The fundamental formulations for the sub-structure analysis method have been
introduced in the previous section. Using the sub-structure analysis method can reduce
the complexity of the equation to solve a cable harness problem with nearby metal

surface structures. Although the dimension of (25) is much less compared to the original

matrix equation (11), but matrix calculations are still required to get the parameters N,

N, N, and N, in the sub-structure equation (25). Also, in a typical MTL MNA matrix

e IEE e
-A JwL yrr ') v

the capacitance matrix C ., and the inductance matrix L ., are sparse matrices because

only the self-terms and the mutual coupling terms between wire elements at the same

cross section location. The coupling between wire elements at different locations are
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neglected in the MTL analysis. If the matrix {Nl NQ} in (25) can also be converted to a
N3 N,

sparse matrix similar to the MTL MNA matrix, the solution for the sub-structure equation
can be less computational resource intensive.

To make (25) from the sub-structure analysis have similar style compared to the
MTL MNA equation, correction terms have to be added on the right-hand side of (25) to
compensate the modifications made on the left-hand side of the equation.

Based on this idea, the sub-structure analysis can be introduced into the previous
Multiple Scattering method to solve the current distributions on cable harness. The
improved Multiple Scattering method is also based on the perturbation method and solve
the cable harness current distribution iteratively. The equation to solve the system using
the improved Multiple Scattering method is:

jo K N ] | M g I;]

*KHH jw'EHH %H

(28)
jw- Di{pu}+ Do{in}+ Dsfin}

e _ _
Dy{¢u}+jw: Dilin}+jw: De{in}

where K ., is the partial potential coefficient matrix, which is the inverse of the partial

capacitance matrix C 51{&,}, D,{in}, 53{511} and D,{i,} are the correction terms
to compensate the differences between the MTL-style matrix on the left-hand side of (28)
and the left-hand side matrix from the sub-structure analysis method in (25); 55{5 H} and

D{ix} are the correction terms in the generalized MTL method [11]. Therefore, in (28),

: o Kuy  Apr . :
the left-hand side matrix |7* " " | is a sparse matrix and the elements are the
~ ANy jw- Ly
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same compared to the matrix when solving a general MTL problem using the MNA
method in (27).

Then, the steps of the improved Multiple Scattering method are summarized
below:

Step 1: calculate the MTL parameters and build the sparse matrix on the left-hand
side of (28). The detailed derivations on these formulations can be found in [14]. The
MTL capacitance and inductance can be calculated using the two-dimensional static
analytical method based on the cross-sectional geometry.

The per-unit-length potential coefficient can be calculated by:

_ 1 5
Kij - Are In (pij) (29)

and the per-unit-length capacitance matrix can be calculated by

-1

C=K (30)
The per-unit-length inductance can be calculated by:
Ly=—4-In(p?) (31)

The thin-wire assumption has been applied to derive the formulation (29) ~ (31).

Also, i and j in (29) ~ (31) represent the numbers of wires in the MTL system. When
i=j, K, and L, are the partial self-potential coefficient and partial self-inductance,
respectively; when i+ j, K,; and L, are the partial mutual potential coefficient and partial

mutual inductance, respectively.
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Also,

Pij = o Z.: J. (32)
dj, 1F ]

where q; is the radius of wire i and d;; is the center-to-center separation between wire 4

and wire j, as shown in Figure 3. In the thin-wire assumption, a, < d;.

Wire j

Wire i dw///@
@ ey

a;

Figure 3. The cross-section geometry of wire * and wire 7.

As introduced in [11], additional resistances can be added into the MTL model to
include the radiation loss in the MTL system and the convergence characteristics of the
perturbation method near the resonant frequencies of a cable harness system can be
improved. The detailed discussions on the convergence characteristics and the calculation
of the radiation loss resistances can be found in [11], [14] and [15], and the formulations
to calculate the per-unit-length radiation loss resistances are summarized below in matrix

format:

(33)

[\
—
Q|
[
N———
N =
—
Q
[E—
o

[E rad,pul] — (WL

where

(34)



71

and [Z] and [ﬂ] are the real part and imaginary part of the matrix of propagation

constant Fy] , respectively:

al+l8=LIH{(®]+ wT) (@)oo

Also, the matrices [R’] , [f], [C:T"] and [F] in (33) ~ (35) are the high-frequency

transmission-line per-unit-length parameters introduced in [14] and [15].

Step 2: calculate the correction terms in (28). There are six correction terms in
(28), and the two terms related with the generalized MTL method can be calculated using
the same formulations from (1) to (7).

For the other four correction terms 51{511}, Dy{in}, 53{%} and D,{i,}

generated from the sub-structure analysis, they can be calculated by

=1 =

Ky + Mat 4y K 3o K o6 K on K
- Mat;llH_[KgH‘F Mat}leI?HGI?;GMat;GKgG]

D{¢u}= “$u (36)

= 27 A Mat AT
[ w” Lge+ AGGMatGGAGG]
‘(KGH+ KGGI:{GHI:(;I;{>

(Wt sty B v K s Mk A A
A 1= =— =77"1
_ 'JWLGG+j_wAGGMatGGAGG
DQ{iH}: B L= — - iy (37)
'[jWLGH_Fj_wAGGMatGGA;G]

=_=_ = =_.1 = =7
- Mat oo K ou K gy Mat o A we
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.= 1= — =r
_[JWLHG+ j_wAHGMatGGAGG]

— - _ -1
DREMES -[ijGG+j%AGGMatGGA§G] bu (39

TRt Ao K an K]+ Ao Ko Ko

1 = - —
FAHGMatGGAIJ;G

= 1 — _ —
o +|:LHG_7AHGMatGGA£Gi| )

D4{iH}— _ 1 = — —p 7t "ty (39)

'[LGG_FAGGMatGGAGG}

= 1= =—/— =1

: LGH_FAGGMatGGAHG

where

WHH:I?HH_I?HG[?;GEGH (40)
WGG:I?GG_I?GHI?;HI?HG (41)

and the potential coefficient matrices K o K "G K o and K o as well as the inductance

matrices L HI L ue , Loy and L. are the partial element matrices obtained from MPIE

method.
Step 3: use the perturbation method to calculate the cable harness current
distributions iteratively.

Step 3.1: calculate the initial current distributions (» =0). Only the excitation

TeT “eT

terms [~ 757 +57]" on the right-hand side of (28) are included in the calculation and the

correction terms are not considered.
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- -1 T - e

w - K A -1

Jw :HH,MTL :HH ]-|:<?H(O)]:|: —eH] (42)
- Apy Jw LHH,MTL iH(o) Vg

Step 3.2: calculate the corrected currents iteratively using the perturbation method

(n=1). Only the correction terms on the right-hand side of (28) are considered in the

iterative calculations.

jW‘ E;{lj{’MTL K;H 1.[¢H(71)]

- Ay Jw - LHH,MTL iH(n)

(43)
Jw- Dy {¢' H(nfl)} + D, {l H(nfl)} + Ds {l H(n,71>}
53{;5H(n71)}+ Jw - 54{£H(n71)}+ Jw - Be{imnﬂ)}
Step 3.3: determine if the calculated current distribution results have converged or

not. Using the perturbation method, the current distributions on the cable harness can be

calculated by

ih =Y inew (44)

n=0

and the update of solved cable harness current at the n™ iteration is 4 s :

U H new = %H,uld + ,;;H(n) (45)

If the maximum modification in the solved cable harness current at the current
iteration step is smaller than the pre-set threshold value, the updates on the solved results
are small enough and the perturbation calculation has converged. If the perturbation
calculation has not converged and the modifications on the solved currents still have
large corrections at current iteration step, the algorithm will go back to Step 3.2 and

calculate the next step of iteration (n+1).
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5. NUMERICAL EXAMPLES

The method to solve the current distributions in a cable harness system using the
improved Multiple Scattering method has been proposed in the previous section, and the
improved Multiple Scattering method has only one iteration calculations after the
improvement using the sub-structure analysis.

In this section, the effectiveness of the improved Multiple Scattering method is
demonstrated using numerical examples. A four-wire MTL system with a slotted metal

plane beneath the wires is shown in Figure 4 and Figure 5.

2
WidthSlot
v Width
L ]

LengthSlot

Length

Figure 4. The four-wire system with a slotted metal plane beneath the wires.

Wire 4

30 I 30 30

“«—> —p> Wire 2

Wire 3 Wire 1 80 Unit: mm

Figure 5. The cross-section of the four-wire system with a slotted metal plane beneath the
wires.
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There are two loops in the four-wire system, and there is only an excitation on the
loop consisting of Wire 1 and Wire 2, which is marked in red color. This is the aggressor
loop in the system. The other loop consisting of Wire 3 and Wire 4 (marked in green
color) has no excitations on it and it is the victim loop in the system. All the current
responses on the victim are resulted from the coupling from the aggressor loop. Resistive
loadings with 0.1-Ohm resistance are added at all for terminals of the cable harness
system, and a 1-V voltage source is added with the load Z; at one terminal of the
aggressor loop, as shown in Figure 4. The length of each wire is 1.5 m, and the first
resonant frequency of this system is 100 MHz. The length of the metal plane is 2.2 m and
width of the plane is 0.8 m. And the slot is in the middle of the plane with the length and
width of 0.4 m and 0.6 m, respectively.

The cross-sectional geometry of the four-wire system is shown in Figure 5. The
distance between wires is 30 mm, and the distance between the cable harness system and
the metal plane beneath is 80 mm.

Using the improved Multiple Scattering method to calculate the current
distributions on the cable harness system at a non-resonant frequency (50 MHz), the
calculated results on the aggressor loop is shown in Figure 6, and the results on the victim
loop is shown in Figure 7. The results are also compared with the full-wave MoM results.
In both Figure 6 and Figure 7, the red curves are the calculated current distributions using
the full-wave MoM results; the thick dashed blue curves are the results from the
improved Multiple Scattering method using the sub-structure analysis and generalized
MTL methods; the thin dashed blue curves are the initial results in the Multiple scattering

method before corrections using the iterative perturbation method.
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Figure 6. The current magnitudes comparison on the aggressor loop.
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Figure 7. The current magnitudes comparison on the victim loop.

The current distributions on both the aggressor loop and the victim loop have
good agreement to the full-wave MoM results. Without the corrections using the iterative
perturbation method in the Multiple Scattering method, the current distributions have a
smooth trend and are similar to an ideal MTL system. However, with the corrections
through the iterative calculations, the discrepancies on the current distributions in both

the aggressor loop and the victim loop can be corrected.
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Then, the distance between the cable harness and the slotted metal plane is
reduced from 80 mm to 40 mm, and the new geometry of the cross section is shown in
Figure 8. After reducing the distance between the cable harness and the metal plane, the

coupling between them should be stronger, and larger corrections are expected from the

iterative calculations in the Multiple Scattering method.

Unit: mm

Figure 8. The cross-section of the four-wire system with a slotted metal plane beneath the
wires and the distance between the metal and cable harenss is reduced to 40 mm.

The current distributions on the aggressor loop and the victim loop at the same

frequency (50 MHz) are shown in Figure 9 and Figure 10, respectively.
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Figure 9. The current magnitudes comparison on the aggressor loop.
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Figure 10. The current magnitudes comparison on the victim loop.

The observations on the current magnitudes comparisons on the aggressor loop
and the victim loop are similar to the observations in the previous example where the
distance between the cable harness and the metal plane is larger. Also, when the distance
between the cable harness and the slotted metal plane becomes smaller and the coupling
between them becomes stronger, the non-ideal MTL-like current distributions on the
victim loop (changing of the slope of the current distribution curve) can also be caught
using the improved Multiple Scattering method.

These two examples prove that the improved Multiple Scattering method is
capable of correcting the calculated the current distributions on cable harness system with
nearby metal surfaces, and the calculation algorithm is simplified using the sub-structure
analysis.

However, in these two examples, the solution frequency is a non-resonant
frequency of the cable harness system, and it has been discovered that the generalized
MTL method is more likely to have convergence issue near the resonant frequencies of

the system [11, 13]. In the improved Multiple Scattering method, the similar issue is also
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likely to happen, and the discussions on the convergence characteristics of the Multiple

Scattering method are discussed in the following section.

6. DISCUSSION ON THE CONVERGENCE CHARACTERISTICS

The detailed explanation on the observation that the generalized MTL method is
more difficult to converge near the resonant frequencies of a cable harness system is
included in [11]. In short, near the resonant frequencies, the radiation behavior in the
cable harness system becomes more dominant than the transmission-line behavior, so
larger corrections are required from the perturbation calculations. However, the
perturbation method is developed to correct a minor part of the differences in the
solution, and if the part to be corrected is no longer a minor part, the perturbation method
will not converge and the final solution from the perturbation method will be different to
the expected explicit solution.

In the improved Multiple Scattering method, when the solution frequencies are
closer to a resonant frequency of the cable harness system, the radiation behavior of the
cable harness part will be stronger, and there will be stronger scattering fields between
the cable harness and the nearby metal surfaces. Therefore, the correction terms in the
Multiple Scattering method will also be larger and is likely to result in convergence
issues in the iterative calculation.

For the same cable harness system shown in Figure 4 and Figure 8, calculate the
current distributions at a resonant frequency of the cable harness system (100 MHz), and

the comparisons on the calculation results are shown in Figure 11 and Figure 12.
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Figure 11. The current magnitudes comparison on the aggressor loop.

In Figure 11 and Figure 12, it can be observed that the calculated current
distributions from the improved Multiple Scattering method are not converged on both
the aggressor loop and the victim loop, and the calculated results have abnormal large
values. In the zoomed-in view of Figure 11 and Figure 12, the discrepancies between the

initial calculation in the improved Multiple Scattering method are larger on the victim
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loop compared to the aggressor loop, and the perturbation calculations make the
discrepancies to the full-wave MoM results larger and larger during the iterations. These
observations are typical behavior when the non-convergence issue happens in the

perturbation method.
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Figure 12. The current magnitudes comparison on the victim loop.
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Then, the current distributions at the resonant frequency 100 MHz are calculated
again in another modified cable harness system. In the modified system, the distance
between the cable harness and the metal surface is increased from 40 mm to 140 mm.
After increasing the distance between the cable harness and the metal surface, the
coupling between them is expected to be weaker, and the perturbation method is more
likely to converge in the modified system. The cross-sectional geometry of the modified
cable harness system is shown in Figure 13, and the comparisons on the current

distributions at 100 MHz of the modified model are shown in Figure 14 and Figure 15.

Wire 4

30 I 30 30 i
“«—>r <«—> Wire 2

- Unit: mm
Wire 3 Wire 1 140

Figure 13. The cross-section of the four-wire system with a slotted metal plane beneath
the wires and the distance between the metal and cable harenss is increased to 140 mm.

The comparisons shown in Figure 14 and Figure 15 indicate that the Multiple
Scattering method converge at the resonant frequency (100 MHz). Also, because the
coupling between the cable harness system and the metal surface becomes weaker, the
discrepancies between the initial results in the improved Multiple Scattering method and
the full-wave MoM results are smaller, meaning that less amounts of corrections are
needed from the iterative calculations in the perturbation method. Thus, the iterative

calculations are easier to converge.
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Figure 14. The current magnitudes comparison on the aggressor loop.
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Figure 15. The current magnitudes comparison on the victim loop.

These observations on the convergence behavior are consistent with the
expectations: near the resonant frequencies of the cable harness system, the perturbation
method is more likely to have non-convergence behavior in the improved Multiple

Scattering method; when the coupling between the cable harness and the nearby surfaces
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is mitigated, the iterative calculations in the improved Multiple Scattering method can
have better convergence behavior.

In [11], a criterion is proposed to determine if the iterative calculations in the
generalized MTL method is converged or not. The improved Multiple Scattering method
uses the similar perturbation method as the generalized MTL method, so a similar
criterion can be developed to evaluate if the improved Multiple Scattering method will
converge or not before the iterative calculation starts.

Let the correction terms on the right-hand side of (28) be:

jo- Duf@uf+ Dafinf+ Dofin} | : 'FH}

Dy{dul+jw Dulinf+jw- Delin} (4

Lu
Then, the criterion of the convergence characteristics of the improved Multiple

Scattering method can be written as:

p(!jw Koan A } e)<1 47)

where p(A) indicates the spectral radius of the matrix A, which is the maximum

eigenvalues of the matrix 4.

Table 1. The Values of the Spectral Radius at 50 MHz and 100 MHz
Frequency [MHz] 50 100

Spectral Radius in the Improved Multiple
0.3725 2.563
Scattering Method
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In the numerical example shown in Figure 8 where the distance between the cable
harness and the slotted surface is 40 mm, the value of the spectral radius at 50 MHz and
100 MHz are shown in Table 1. The results of spectral radius values are consistent with

the observations on the convergence characteristics that the improved Multiple Scattering

method converges at 50 MHz and does not converge at 100 MHz.

7. CONCLUSION

In this study, an improvement on the Multiple Scattering method for evaluating
current distributions on cable harness system with nearby metal surfaces has been made
with the help of the sub-structure analysis method. The proposed improved Multiple
Scattering method is capable of correcting the discrepancies between the transmission-
line results and the full-wave MoM results through iterative calculations in the
perturbation method as the previous Multiple Scattering method, but the iterative steps in
the improved Multiple Scattering method are simplified. The iterative calculations for the
scattering between the cable harness and the nearby surfaces are merged together with the
iterative calculations in the generalized MTL steps. In addition, the convergence
characteristics of the improved Multiple Scattering method are discussed. Near the
resonant frequencies of the cable harness system and with strong coupling between the
cable harness and the nearby surfaces, the improved Multiple Scattering method would
have higher risks on the non-convergence behavior, and the criterion to determine the

convergence characteristics of the Multiple Scattering calculations are introduced.
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SECTION

2. CONCLUSIONS

This dissertation presents the approach to improve the convergence characteristics
of the generalized MTL method near the resonant frequencies of a cable harness system.
By introducing the additional radiation loss resistances into the original MTL matrix, less
corrections from the perturbation method are required and the generalized MTL method
is easier to converge. Also, the Multiple Scattering method for cable harness current
distribution evaluation is improved with the sub-structure analysis method. The iteration
steps in the original Multiple Scattering method are simplified, and the convergence
characteristics of the improved Multiple Scattering method are discussed.

In addition, the multiple reflections in a cascaded high-speed channel are
investigated, and the method has been developed to optimize the single-bit response and
the eye diagram opening by identifying the critical wave components reflecting in the
cascaded channel and backtracking their propagation path. A better understanding on the
multiple reflections in a cascaded channel can be obtained from the analytical

formulations, and the channel response is able to be optimized more efficiently.
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