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Abstract—Worst-case estimates of crosstalk in cable bundles are
useful for flagging potential problems, but may also flag problems
that only occur very rarely, due to the random variation of wire
positions and other characteristics of the harness. Prediction of
crosstalk that may realistically occur requires statistical methods.
Monte Carlo simulation techniques are often used to account for
statistical variation, but are time consuming and do not provide
intuition toward the cause of, or solution to, problems. Here, we
investigate prediction of the statistically “reasonable worst-case”
crosstalk by forming probability distributions using inductance
and capacitance parameters from a single harness cross section and
using lumped-element approximations for crosstalk that account
for strong coupling within the harness when the circuit is electri-
cally small. The accuracy of this technique was evaluated through
comparison to simulation results using the random displacement
spline interpolation method for multiple random instantiations of
several harness configurations. Tests were performed while vary-
ing the size of the bundle, its height above the return plane, the
value of load impedances, and the presence of a return wire. The
reasonable worst-case crosstalk was estimated within about 5 dB
or less in each case.

Index Terms—Automotive, cable harness, crosstalk, multicon-
ductor transmission lines, statistics.

I. INTRODUCTION

PREDICTING electromagnetic interference problems early
in the design process is a significant challenge in many

industries. Complex simulation tools have the potential to es-
timate interference very accurately, but significant time is re-
quired to enter design information and perform simulations,
and results are not always easy to interpret. While the pres-
ence of a problem may be found with these tools, the problem’s
cause or solution may not be obvious. Statistical variation of
system parameters, like the random variation of wire position
within a harness, adds to the challenge [1], [2]. Accounting for
statistical variations using simulation models typically requires
simulation of many possible design configurations to estimate
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the range of interference problems. Worst-case analysis using
lumped-element models provides rapid solutions at low frequen-
cies with a clear indication of the parameters that may cause a
problem [3], though solutions based on worst-case analyses may
be too conservative and overestimate interference that is statisti-
cally likely to occur [4]. Methods are needed to quickly estimate
statistically reasonable estimates of crosstalk in a way that pro-
vides a clear link between the observed interference and the
system characteristics that cause that interference.

Several methods have been developed for estimating the sta-
tistical variation of crosstalk in cable harness bundles. Efforts to
develop a closed-form estimate of statistical variation have so far
been unsuccessful, requiring at least some numerical interven-
tion to generate results [5]. Most solutions rely on Monte Carlo
simulations of multiple harness configurations. For example,
Ciccolella and Canavero use Monte Carlo methods to estimate
a cumulative distribution function for crosstalk through numer-
ical solution of multiconductor transmission-line equations [6].
Position is varied by segmenting the harness along its length and
choosing a random position for each wire within each segment.
Sun et al. develop a similar method called the random displace-
ment spline interpolation (RDSI) method that allows for smooth
variation of the position of the wires from one segment to an-
other [7]. Both methods rely on the numerical solution of many
harness configurations, thus requiring significant computational
effort.

Another method for dealing with the statistical variation of
crosstalk that promises to significantly reduce computational
effort was proposed by Bellan and Pignari [8]. The method es-
timates the statistical variation of crosstalk using lumped two-
wire models for crosstalk and the statistical variation of induc-
tance or capacitance within a single harness cross section. This
method works well at low frequencies (e.g., 1 kHz), where weak
coupling may be assumed. This method was extended in [9] to
work at frequencies where weak coupling does not apply by
proposing simple limits to estimate the “reasonable worst-case
crosstalk” (e.g., the worst crosstalk that would occur in 99% of
configurations).

Here, we further extend the work proposed in [8] and [9]
to develop closed-form estimates of the statistically reasonable
worst-case crosstalk when the harness is electrically small, but
weak coupling cannot be assumed, and demonstrate the applica-
bility of the model over a wide frequency range and over many
harness configurations. The following paragraphs will explain
the theory behind the approach and will show the ability of the
method to predict the reasonable worst-case crosstalk through
comparison to simulations using the RDSI method. Multiple
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Fig. 1. Cross section of a 14-wire harness.

harness configurations will be explored, including the impact of
high and low termination impedances, the use of return wires,
the influence of bundle height above the return plane, and the
influence of the number of wires in the harness.

II. ESTIMATION OF VARIATION OF INDUCTANCE

AND CAPACITANCE

Lumped-element models can be used to estimate crosstalk at
low frequencies, where circuits are electrically small, given the
self-inductance and mutual inductance, and capacitance among
circuits. Estimation of crosstalk in harnesses is difficult because
the position of a wire within the harness is often unknown, the
position changes along the wire length (often associated with
bundle “twist”), and the influence of other wires in the har-
ness cannot necessarily be ignored when calculating crosstalk
between a particular culprit and victim.

A common method for dealing with the random position of
wires within the harness is to calculate values of inductance and
capacitance for a specific, fixed, harness cross section, to as-
sume that this cross section reasonably approximates any cross
section of the harness, and to account for twist by splitting the
harness into segments and by giving circuits a new, random
position within each segment [6]–[8]. Crosstalk is calculated
from the inductance and capacitance parameters of the harness
segments. The rate that wires change along the length of the
wire (i.e., the amount of twist) is controlled by the number of
segments. Here, we use this same approach to first estimate
the statistical variation of the self-inductance and mutual induc-
tance, and capacitance within the harness, and then to estimate
the crosstalk between harness circuits.

An example of a bundle cross section used in this study is
shown in Fig. 1. This bundle consists of fourteen 20-gauge
copper wires separated by the thickness of the polyvinyl chloride
(PVC) insulation, which was set equal to the radius of the wires.
The height of the center of the bundle from the return plane
was typically 2 cm, though experiments were also performed
with the harness lying directly on the return plane. Matrices
[10] describing the per-unit-length self-inductance and mutual
inductance within the harness cross section were found using
the 2-D electromagnetic modeling tool, Ansoft Maxwell 2-D
Extractor. The wire for a particular circuit was assumed to take
on any one position within the harness with equal probability. To
simplify the analysis, the position of a wire within one harness

Fig. 2. Probability distribution for per-unit-length mutual inductance for a
single segment of a harness containing fourteen 20-gauge wires 2 cm above a
return plane.

segment was assumed to be independent of its position in any
other segment.

The statistical distribution of the per-unit-length inductance
or capacitance from one wire to any other wire within the harness
or to the return plane can be determined from the inductance
and capacitance matrices calculated using a 2-D modeling tool.
The probability distribution for self-inductance with respect to
the return plane is found from the number of occurrences of a
value along the main diagonal of the inductance matrix. The
probability distribution for mutual inductance is found from the
upper triangle of the matrix. Probability distributions for self-
capacitance and mutual capacitance can be found in a similar
manner.

Crosstalk is calculated from the average per-unit-length in-
ductance and capacitance along the harness, and from the har-
ness length. The average per-unit-length inductance or capac-
itance is a weighted sum of the per-unit-length inductance or
capacitance for each segment. Since these are random quan-
tities, the average per-unit-length inductance or capacitance is
a weighted sum of random variables. As each random vari-
able is independent and has the same probability distribution,
say fs(x), the probability distribution for the average per-unit-
length inductance or capacitance for the harness, say fh(x), is
given by a convolution of probability distributions for the seg-
ments. For example, for two segments of equal length, the prob-
ability distribution of the average per-unit-length inductance or
capacitance of the harness is given by [11]

fh(x) =
∫ ∞

−∞
fs(2x − y)fs(y)dy. (1)

More than two segments would require a series of similar
convolutions.

Typical probability distributions generated using this tech-
nique are illustrated in Figs. 2–5. Plots were generated using the
harness cross section shown in Fig. 1 with 14 wires and a height
h of 2 cm above the return plane. Fig. 2 shows the probability
distribution for the per-unit-length mutual inductance gener-
ated from the upper triangle of the inductance matrix. Fig. 3
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Fig. 3. Probability distribution of “effective” per-unit-length mutual induc-
tance for a wiring harness containing fourteen 20-gauge wires 2 cm above a
return plane.

Fig. 4. Probability distribution of per-unit-length mutual capacitance for a
single segment of a harness containing fourteen 20-gauge wires 2 cm above a
return plane.

Fig. 5. Probability distribution of the “effective” per-unit-length mutual ca-
pacitance for a wiring harness containing fourteen 20-gauge wires 2 cm above
a return plane.

Fig. 6. Low-frequency model for crosstalk.

shows the probability distribution for the average or “effective”
per-unit-length mutual inductance over the entire harness after
breaking the harness into 8, 16, or 32 segments, and assuming a
new, random position of each wire for each segment. The nearly
uniform nature of the probability distribution for a single seg-
ment causes the probability distribution for multiple segments to
get progressively narrower as the number of segments increases.
Figs. 4 and 5 show the probability distributions for the per-unit-
length mutual capacitances for a single segment and for 8, 16,
and 32 segments. In this case, the probability distribution for
a single segment is asymmetrical, as very small values of mu-
tual capacitance are much more likely than large values, and the
probability distribution envelope becomes wider and the median
value moves to the right (i.e., to larger values of capacitance) as
additional segments are added.

III. ESTIMATION OF “REASONABLE WORST-CASE” CROSSTALK

At low frequencies where the harness is electrically small,
crosstalk can be estimated using simple lumped-element equa-
tions with information about only the culprit and victim circuits,
and the mutual inductance or capacitance between them [8], [9].
A two-wire-harness model for crosstalk in this case is shown
in Fig. 6. When inductive coupling dominates and weak cou-
pling applies (i.e., the voltage/current induced in a victim only
weakly influences the voltage/current in the culprit), mutual ca-
pacitance can be ignored and the far-end inductive crosstalk is
given approximately by

xtalkind =
VFE IND

VS

≈ −jwL12

(Rs + RL + jwL11)
RFE

(RNE +RFE + jwL22)
(2)

where self-capacitance is ignored assuming that (RNE//RFE)
� 1/jwC11 or 1/jwC22 . When capacitive coupling dominates
and weak coupling applies, mutual inductance can be ignored
and

xtalkcap =
VFE CAP

VS

≈ RL

RS + jwL11 + RL
(RNE//RFE)jwC12 (3)

where it is assumed that the influence of self-inductance in the
victim circuit is negligible and that

(RNE//RFE) � 1/jwC11 or 1/jwC22 .
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Fig. 7. Circuit model approximating strong inductive coupling.

Worst-case crosstalk among harness configurations can be
estimated from the largest value of mutual capacitance or in-
ductance, though this value of crosstalk may occur only very
rarely. “Reasonable” worst-case crosstalk can be estimated from
the largest values of mutual inductance or capacitance that will
occur over a large percentage of harness configurations. For ex-
ample, for the case shown in Fig. 3, the worst-case value of per-
unit-length mutual inductance is about 650 nH/m; yet, in more
than 99% of configurations, the worst effective mutual induc-
tance over the length of the harness is less than 570 nH/m when
wires change position 32 times over the harness length. A sta-
tistically reasonable estimate of worst-case inductive crosstalk
(i.e., the worst crosstalk in 99% of configurations) could be
found using a mutual inductance of 570 nH/m in crosstalk
calculations.

At higher frequencies, the weak coupling assumption breaks
down and the influence of the other circuits in a multiconductor
harness must be taken into account [9]. This scenario can be ap-
proximated using the circuit in Fig. 7. When inductive coupling
dominates, the main influence on crosstalk is the magnetic field
through the “loop” associated with the harness. Each circuit in
the harness contributes to this magnetic field. A culprit circuit
will generate a magnetic flux through the harness “loop” that
will cause a voltage drop across every other circuit in the har-
ness. If one assumes that the harness is sufficiently high above
the return plane and that the mutual inductance from the culprit
to every other circuit in the harness is approximately the same,
then a voltage drop of approximately jωMIY will be induced
across each victim, where M is the mutual inductance between
the culprit and each victim, and IY is the current in the culprit.
This voltage drop will create a (different) current in each vic-
tim that is inversely proportional to the total impedance in each
circuit. These currents, in turn, will create additional magnetic
flux that will further influence the voltage drop in each circuit,
including the culprit. The total magnetic flux generated by the
victims is associated with the net current through the victims. If
one assumes that the victim circuits are sufficiently high above
the return plane, and that their self-inductances and the mutual
inductances between them are approximately equal, then the
influence of the magnetic flux associated with the net current
through the victims can be represented approximately using a
single inductance for the harness Lharness . One can also think

Fig. 8. Circuit model approximating strong capacitive coupling.

of Lharness as the common-mode inductance of the victim cir-
cuits. Using these approximations, the far-end crosstalk due to
inductive coupling in the victim of interest (circuit 2) is given
approximately by

xtalkind ≈ −
(

RFE2

RNE2 + RFE2

)

×
(

jωMZ

(ωM)2+ (Rs+ RL+ jωL11)(Z + jωLharness)

)

(4)

where Z is the effective impedance of the victim circuits, Z =
(RNE2 + RFE2)||(RNE3 + RFE3)|| · · · ||(RNEN + RFEN), M
is calculated from the net per-unit-length mutual inductance
along the harness, M = lm × length, where lm is the per-unit-
length mutual inductance between the culprit and victim circuits,
and “length” is the length of the harness. L11 can be approx-
imated from the average per-unit-length self-inductance of all
the circuits in the harness, L11 = ls avg × length, where ls avg
is calculated from the average value of the main diagonal of the
inductance matrix. The self-inductance of the harness Lharness
can be approximated by the value of the mutual inductance M
since both are related to the total flux through the harness loop.
In (4), weak coupling is not assumed and the current in the cul-
prit can be influenced by the victim circuits, as shown by the
term (ωM)2 in the denominator of the equation.

A similar approximation can be made for capacitive coupling
when weak coupling cannot be assumed. The victim circuits are
again lumped together, as shown in Fig. 8. The model shows the
mutual capacitance C12 from the culprit to the victim of interest
(represented by resistance RNE2//RFE2). This part of the model
is similar to Fig. 6 when L22 and C22 are ignored, as in (2). The
model in Fig. 8 also represents the capacitive coupling from the
culprit to all other circuits in the harness using the elements Zall
and Cx , where Zall is the parallel impedance of all other circuits
in the harness, Zall = RNE3//RFE3// · · · //RNEN//RFEN , and
Cx is the total capacitance to all other circuits in the harness and
the return plane Cx = Co avg − C12 , where C12 is calculated
from the per-unit-length mutual capacitance cm , as found from
the capacitance matrix, C12 = cm × length, and Co avg is cal-
culated from the average per-unit-length value of capacitance
given on the main diagonal of the (Maxwell) capacitance ma-
trix [10]. The capacitance to the return plane is assumed to be
small compared to other values of capacitance and is ignored in
this approximation. Self-inductance of the victim circuits was
similarly ignored because it is rarely important for capacitive
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coupling. Self-inductance of the culprit circuit was included
since it may limit the voltage across the culprit, and thus, influ-
ence capacitive coupling.

The model in Fig. 8 was constructed to minimize the number
of random variables in the circuit. While we do not know the
values of mutual capacitance for specific circuits in Fig. 8, we do
know the value of Cx once a value of C12 is given, and therefore,
can simplify the statistics considerably by forming a model us-
ing Cx rather than individual capacitances. The premise behind
Fig. 8 is that energy is coupled from the victim to all the circuits
in the harness through some coupling capacitance. Some of this
energy, depending on the impedances in the harness, will be cou-
pled between the victims. While this model is approximate, there
were three essential conditions that were considered in its con-
struction. First is the case where the termination resistances of
each circuit are sufficiently small that 1/jωCij � RNEi ||RFEi

for all circuits i and all j > 1. In this case, the crosstalk cur-
rent drawn from the culprit circuit is relatively small, as de-
termined by the mutual capacitance, and second-order cou-
pling from one victim to another is negligible. This model
will accurately predict crosstalk in this scenario. A second
case of interest is where resistances are large, 1/jωCij �
RNEi ||RFEi for all circuits i and all j > 1. In this case, the
circuits are strongly coupled, the current drawn from the cul-
prit is approximately determined by the parallel equivalent of
the victim terminations, RNE2//RFE2// · · · //RNEN//RFEN ,
and the voltage across each victim termination is approxi-
mately equal. This scenario is also accurately predicted by
the model. A third case of interest is where the sum of cou-
pling capacitances and resistances are approximately equal, i.e.,
where 1/jωC1i + RNEi ||RFEi ≈ 1/jωC1j + RNEj ||RFEj for
i, j > 2. Since they are nearly equal, the parallel combination
of these resistances and capacitances is given by approximately
1/jωCX + Zall . Some of the voltage dropped across the termi-
nation Zall will also be coupled back to circuit 2, the victim of
interest. Since the voltage is approximately the same across all
terminations, RNEi ||RFEi for i > 2, the coupling capacitances
to circuit 2 can be considered in parallel, so that the total cou-
pling capacitance is given by the sum of these capacitances, i.e.,
by Cx . This scenario is also accurately modeled by the circuit.
Other scenarios may not be modeled as accurately, but should
be reasonably close, especially considering that coupling among
the victim circuits is not typically a large contributor to the noise
voltage seen on a particular victim.

Based on this model, the far-end capacitive crosstalk in the
victim of interest (circuit # 2) is approximately, as in (5), shown
at the bottom of the page, where Zx

∼= RL//((1/jwCo avg) +
RNE2//RFE2//Zall).

The reasonable worst-case inductive or capacitive crosstalk
can be estimated from (4) or (5) using the reasonable worst-
case values of mutual inductance or capacitance (e.g., using
570 nH/m for the configuration in Fig. 3). Using these values al-

lows one to calculate the reasonable worst-case crosstalk due to
either inductive or capacitive coupling, but not necessarily due
to both, since large values of mutual capacitance may not occur
for the same configurations that cause large values of mutual
inductance. Since the joint relationship between inductive and
capacitive couplings is complicated, and typically, either one or
the other dominates, a simple heuristic based on a two-wire-
harness model was used here to approximate the total crosstalk.
At the near end, where inductive and capacitive crosstalks are in
phase, the magnitude of the total crosstalk is a sum of the mag-
nitude of the capacitive and inductive crosstalks. In this case,
the reasonable worst-case crosstalk was approximated as the
sum of crosstalk calculated using (1) and (2). This approxima-
tion should predict the reasonable worst-case crosstalk within
6 dB. When both capacitive and inductive crosstalks peak at the
same time, this sum will accurately predict the overall crosstalk
at the near end. If the reasonable worst-case crosstalk occurs
when inductive coupling is zero, or vice versa, then a sum of
the reasonable worst-case inductive and capacitive couplings
will be not more than 6 dB higher than the actual crosstalk. At
the far end, where inductive and capacitive crosstalks are out
of phase by 180◦, the total crosstalk was approximated as the
larger of (4) and (5). When the reasonable worst-case inductive
and capacitive couplings occur at the same time, this approxi-
mation will overestimate crosstalk since the two will cancel. If
the reasonable worst-case inductive coupling occurs when ca-
pacitive coupling is zero, or vice versa, this approximation will
accurately predict the actual crosstalk. While this approximation
may overestimate the far-end crosstalk in some cases, it should
not underestimate crosstalk and should be reasonably close to
the correct value when either inductive or capacitive crosstalk
dominates.

IV. APPLICATION OF THE METHOD

The proposed method of estimating reasonable worst-case
crosstalk was tested by applying it to several test configurations
and comparing results to crosstalk calculated using the RDSI
algorithm [7]. The RDSI algorithm has previously been shown
to produce results that closely match experimental data [7].
Both the RDSI algorithm and the reasonable worst-case esti-
mate were based on the numerical solution of L and C matri-
ces using Ansoft Maxwell 2-D Extractor for a harness cross
section like the one shown in Fig. 1. The RDSI algorithm then
used Monte Carlo methods and HSPICE simulations to estimate
the total crosstalk (inductive + capacitive) for several possible
wire position configurations within the harness. The reason-
able worst-case crosstalk was estimated using (4) and (5), as
explained previously. Each method was configured so that the
wires changed position 32 times along the harness length (i.e.,
32 segments were used for the reasonable worst-case estimate).
The harness was assumed to be 2-m long and positioned above
a large return plane. Simulations were performed from 10 kHz

xtalkcap ∼=
(

Zx

(RS + Zx + jwL11)

) (
[jw(Cx + 2C12) + (C12/Co avgZall)]

((1/Zall) + 2jwCx) (1 + (1/jwCxRNE2//RFE2) + (C12/Cx)) − jwCo avg

)
(5)
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Fig. 9. Near-end crosstalk when all circuits were loaded with 50 Ω.

to 10 MHz, where the harness could be considered electrically
small. The number of wires in the harness, the height above the
return plane, and the value of source and load impedances were
varied, as indicated in the following test configurations:

1) scenario 1: 3 wires, height = 2 cm, and 50-Ω and 1-kΩ
terminations;

2) scenario 2: 14 wires, height = 2 cm, and all terminations
50 Ω;

3) scenario 3: 14 wires, height = 2 cm, and all terminations
1 kΩ;

4) scenario 4: 14 wires, lying on return plane, and all termi-
nations either 50 Ω or all terminations 1 kΩ;

5) scenario 5: 14 wires, lying on return plane, and termina-
tions varied to mimic realistic harness impedances;

6) scenario 6: 14 wires, lying on return plane, and all termi-
nations either 50 Ω or 1 kΩ; presence of return wire.

A. Scenario 1: 3 Wires, Height = 2 cm, and 50-Ω and
1-kΩ Terminations

In the first scenario tested, the harness had only three wires,
was 2 cm above the return plane, and was loaded on both ends
with either 50-Ω loads—and inductive coupling dominated—or
1-kΩ loads—and capacitive coupling dominated. Under these
configurations, the variation in crosstalk among harness instan-
tiations is small and results should be very close to the analytic
calculations. The reasonable worst-case estimate (as well as the
RDSI estimate) was within 1 dB of the analytic estimate across
the entire frequency range, verifying that the technique works
well even for a small number of wires.

B. Scenario 2: 14 Wires, Height = 2 cm, and All
Terminations 50 Ω

For this configuration, inductive coupling should dominate,
since the termination impedances are relatively low. The rea-
sonable worst-case crosstalk and the crosstalk predicted by 273
RDSI simulations of random harness instantiations are shown
in Fig. 9 for the near-end crosstalk and Fig. 10 for the far-end
crosstalk. The reasonable worst-case estimate is within about
5 dB of the worst crosstalk found by the RDSI algorithm.

Fig. 10. Far-end crosstalk when all circuits were loaded with 50 Ω.

Fig. 11. Near-end crosstalk when all circuits were loaded with 1 kΩ.

Fig. 12. Far-end crosstalk when all circuits were loaded with 1 kΩ.

C. Scenario 3: 14 Wires, Height = 2 cm, and All
Terminations 1 kΩ

In this scenario, capacitive coupling should dominate. The
near- and far-end crosstalks are shown in Figs. 11 and 12, re-
spectively. The reasonable worst-case estimate was within about
5 dB of the worst value found using the RDSI algorithm.
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Fig. 13. Far-end crosstalk when the bundle was lying on the return plane and
all circuits were loaded with 50 Ω.

Fig. 14. Far-end crosstalk when the bundle was lying on the return plane and
all circuits were loaded with 1 kΩ.

D. Scenario 4: 14 Wires, Lying on Return Plane, and All
Terminations Either 50 Ω or 1 kΩ

To study the ability to estimate reasonable worst-case
crosstalk for small heights, simulations were performed with
the harness lying directly on the return plane. This case is ex-
pected to be challenging for the proposed estimation method
since the variation of inductive coupling should be much larger
and the application of some approximations used by the estimate
may not be as appropriate as when the harness is far from the
return plane. Estimates of crosstalk are shown in Fig. 13 when
all terminations were 50 Ω and in Fig. 14 when all terminations
were 1 kΩ. The reasonable worst-case estimate was within a
few decibels of the worst-case estimated using RDSI for both
termination conditions.

E. Scenario 5: 14 Wires, Lying on Return Plane, Terminations
Varied to Mimic Realistic Harness Impedances

In this case, the harness was terminated with a variety of
impedances, as shown in Table I. These terminations are similar
to those used by others in the study of the statistical characteris-
tics of harness crosstalk [1], [2], [6], [7]. The first experiments

TABLE I
NEAR-END AND FAR-END LOADS

Fig. 15. Far-end crosstalk from circuit 2 to circuit 1 when the bundle was
loaded as shown in Table I.

Fig. 16. Far-end crosstalk from circuit 2 to circuit 10 when the bundle was
loaded as shown in Table I.

used circuit 2, with relatively small termination impedances (10
and 100 Ω), as the culprit, and used circuit 1, with relatively
large termination impedances (2 kΩ), and circuit 10, with rela-
tively small impedances (47 and 10 Ω), as the victims. Far-end
crosstalk is shown in Fig. 15 when circuit 1 was the victim and
in Fig. 16 when circuit 10 was the victim. The reasonable worst-
case estimate was within about 3 dB of the worst crosstalk found
using RDSI in these cases.

The second experiments used circuit 1, with a relatively large
termination impedance (2 kΩ), as the culprit, and used circuit 2,
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Fig. 17. Far-end crosstalk from circuit 1 to circuit 2 when the bundle was
loaded as shown in Table I.

Fig. 18. Far-end crosstalk from circuit 1 to circuit 7 when the bundle was
loaded as shown in Table I.

with a relatively small termination impedance (10 and 100 Ω),
and circuit 7, with a relatively large termination impedance
(15 kΩ), as the victims. The far-end crosstalk for these configu-
rations is shown in Figs. 17 and 18. The reasonable worst-case
estimate of crosstalk to circuit 7 was within a few decibels of
the worst crosstalk found by the RDSI algorithm over the fre-
quency range studied. The reasonable worst-case overestimated
the worst crosstalk to circuit 1, however, by about 10 dB below
1 MHz. This overestimation results because neither inductive
nor capacitive coupling dominates for this configuration and the
two cancel each out at the far end, resulting in lower crosstalk
than is found with either inductive or capacitive crosstalk alone.

F. Scenario 6: 14 Wires, Lying on Return Plane, and All Termi-
nations Either 50 Ω or 1 kΩ; Presence of Return Wire

Another case that is expected to be challenging for the pro-
posed estimation technique is the case where a return wire ex-
ists within the harness. This case is challenging since high-
frequency current will return over this wire rather than over the
return plane, and some approximations may not be as appro-

Fig. 19. Far-end crosstalk when the bundle was lying on the return plane and
all wires were loaded with 50 Ω except a return wire.

Fig. 20. Far-end crosstalk when the bundle was lying on the return plane and
all wires were loaded with 1 kΩ except a return wire.

priate as when currents return far from the harness. To perform
this estimation, the extraction of the L and C matrices was per-
formed such that one wire in the harness was designated as a
return wire and was lumped with the return plane in the 2-D
extraction tool, so the return plane and return wire were treated
as the same conductor. Thus, for the harness shown in Fig. 1,
the harness included 13 wires associated with circuits and 1
wire for the return, and the L and C matrices contained 13 rows
and columns. Other estimation steps were performed as before.
Estimated crosstalk is shown in Fig. 19 when all circuits were
terminated with 50 Ω and in Fig. 20 when all circuits were
terminated with 1 kΩ. The reasonable worst case was within a
few decibels of the worst case found with the RDSI algorithm.
Simulations where the harness was 2 cm above the return plane
were also performed with slightly better results than when the
harness was lying on the return plane.

V. DISCUSSION

The proposed method of estimating the reasonable worst-
case crosstalk successfully bound the worst crosstalk found
through multiple RDSI simulations within 5 dB or less for all the
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Fig. 21. Reasonable worst-case mutual inductance and capacitance as a func-
tion of wire twist.

scenarios tested except for the scenario shown in Fig. 17. While
only resistive loads were explored, good results are also ex-
pected with reactive loads, since they do not make a fundamen-
tal change to the algorithm. For similar reasons, good results are
also expected for larger bundle sizes or larger distances above
the return plane.

The estimate of the rate that wires change within the harness
has a direct impact on the estimate of the reasonable worst-
case crosstalk. The rate that wires change position is modeled
here by the number of segments used to estimate the proba-
bility distribution for inductance or capacitance. As shown in
Figs. 3 and 5, using eight segments rather than 32 segments
results in a reasonable worst-case mutual inductance of about
600 rather than 570 nH/m and a mutual capacitance of about
5 rather than 13 pF/m. This change is further illustrated in
Fig. 21. Misestimating the rate that wires change position could
result in a larger or smaller estimate of the reasonable worst-
case crosstalk than occurs in the actual harness. From (4) and
(5), the error in the estimate of crosstalk is approximately pro-
portional to the error in the estimate of mutual inductance or
capacitance. The sensitivity of estimated crosstalk to twist is
then approximately proportional to the slope of the curves in
Fig. 21. Crosstalk is most sensitive to twist when capacitive
coupling dominates, where capacitance (and the estimate of
crosstalk) changes by a factor of three when increasing the num-
ber of twists from 8 to 32 (or about 4% per twist at 16 twists).
This misestimation will also occur with the RDSI or similar
algorithms.

It is challenging to estimate the reasonable worst-case far-end
crosstalk using the proposed method when inductive and capac-
itive couplings are out of phase and approximately equal in size,
as occurred in Fig. 17. The current technique will overestimate
crosstalk in these scenarios since it cannot accurately predict the
value of both inductive and capacitive crosstalk for specific con-
figurations. Accurate estimation requires formation of a joint
probability distribution between inductance and capacitance so
that reasonable levels of cancellation can be predicted. Develop-
ment of this method is left for future work. The current method,
however, can be considered a conservative estimate when in-

ductive and capacitive couplings contribute nearly equally to
far-end crosstalk.

Here, we studied only the variation in the crosstalk due to
the change in wire positions. In real harnesses, the height of the
harness also varies randomly above the return plane as does the
compactness of the harness. The proposed technique might be
extended to account for these conditions by calculating L and C
matrices for a representative sample of possible heights or com-
pactness, attributing a given probability to each condition, and
then using this information to calculate a probability distribu-
tion for inductance and capacitance, as shown in Figs. 3 and 4.
Once these probability distributions are known, the reasonable
worst-case crosstalk can be found using (4) or (5).

VI. CONCLUSION

The proposed method well estimates the reasonable worst-
case crosstalk due to random variation of wire position within
cable bundles. The advantage of the technique is not only an
improved estimation speed, but also the potential to improve the
understanding of why problems occur and how to fix them, since
results are found from relatively simple closed-form approxi-
mations, and L and C matrices. Accurate prediction depends on
accurate knowledge of harness parameters, like harness height
or the rate that wires change position along the harness length.
While random variation in harness height or other parameters
were not dealt with here, the technique might also be extended
to account for variations in these parameters.
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